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This Minireview focuses on asymmetric reactions mediated by two
distinct chiral catalysts (chiral multiple catalysis). Initially, this
approach appears unconventional, but indeed it allows a fast multi-
dimensional optimization and fine-tuning of the catalytic system
required to perform a given transformation. Herein, this emerging
concept is presented and its potential applications are highlighted.

1. Introduction: (Chiral) Multifunctional and
Multiple Catalysis

A significant recognition of the importance of asymmetric
catalysis!! has surely been the 2001 Nobel Prize for Chemistry
awarded to Sharpless, Knowles, and Noyori for their contri-
butions in the field of metal-catalyzed reactions.”! A year
before, two pioneering papers by List, Lerner, and Barbas,
and MacMillan and co-workers initiated the rediscovery of
asymmetric organocatalysis,®) which by now constitutes an
established and complementary tool with respect to transition
metal catalyzed asymmetric transformations. Both method-
ologies have been applied to the synthesis of biologically
relevant chiral nonracemic molecules.””! Several authors have
also shown that these two alternative approaches can
effectively cooperate with each other and their works have
recently been reviewed.”! Despite impressive advances,
researchers are still eagerly looking for new asymmetric
catalyzed reactions, since only a fraction of the known
chemical transformations have an asymmetric version having
a wide substrate scope. The one million dollar question, “what
will asymmetric catalysis look like within the next decade?”,
would surely bring much debate and proposals, and the
answer to it significant credit to the researchers who
recognize, early on, a new and rising field.

To reach the goal described above, the identification of
the best-performing catalyst is one of the most time- and
resource-consuming tasks to be overcome. In addition to the
classic “one catalyst one reaction” approach, more recent
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strategies can be pursued. A single molecule with two or more
functional groups, each one having a different catalytic
activity, is a multifunctional catalyst. If at least one of the
subunits bearing the functional groups is chiral, then the
molecule can be defined as a chiral multifunctional catalyst
(Figure 1, left).l! Examples of such structures can be found
both in organocatalysis”* ¥ and transition-metal catalysis."*¢
A complementary strategy is multiple catalysis, that is the use
of distinct noncovalently bound catalysts.®l This review
analyzes an apparently narrow aspect, albeit with enormous
potential, of the latter: the multiple catalysis with two (or
more) chiral units, or chiral multiple catalysis (Figure 1,
right).l”

Significant and successful applications of this concept can
be found in the early 1990s'!l and a theoretical analysis can be
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Figure 1. Example of multifunctional® and multiple catalysis."®!
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traced back to the origin of asymmetric catalysis, when Kagan
and co-workers described the nonlinear effects observed if
different ratios of the same catalyst enantiomers are used
together in a chemical transformation.” However, it was not
until recently that a conspicuous number of examples
reporting this strategy appeared in the literature. Our goal
is to describe the several aspects of this concept and its
synthetic applications through a choice of relevant examples.
Although the authors did not always perform detailed
mechanistic studies, we grouped the selected examples
according to the most plausible mechanism of activation as
indicated by the authors in their reports.!"

1.1. Why Use Two Distinct Chiral Catalysts?

The main features associated with multiple catalysis and
multifunctional catalysis are summarized in Figure 2. Prob-
ably, the most attractive aspect of multiple catalysis is that the
subunits of the catalytic system (such as amines 2 and 3,
Figure 1) are brought together without covalent bonds
between them and without chemical synthesis,™ which is
generally needed to prepare a multifunctional chiral catalyst.
Expertise is not essential to realize that the preparation of the
hybrid catalysts 1 requires substantially more effort than the
simple mixing of widely available catalysts 2 and 3 (Fig-
ure 2a). With the multiple-catalysis approach, several new
catalytic systems are easily accessed in a combinatorial way. A
two-dimensional library of 10 x 12 different catalysts produ-
ces 120 catalytic systems. If both these classes of structures
present stereoisomers, like the ones depicted in Figure 1
(secondary amines with one chiral center, cinchona alkaloids,
which are commercially available as two quasienantiomers
derived from quinine or quinidine), the library is enlarged
along a third dimension to 480 members.

The improvement of the reaction yield and stereoselec-
tion can therefore be achieved by modifying not only the
catalyst structure and other parameters, such as temperature
and solvent, but also the catalyst configuration (Figure 2b). In
this way, an additional feature of the catalytic system can be
fine-tuned to the specific reaction. Furthermore, this ap-
proach appears attractive in light of the recent development
of high-throughput screening methods, which in some cases
allow determination of the enantiomeric excesses of up to
30000 samples per day.'*! Thus multiple catalysis strategy,
compared to multifunctional catalysis, can be advantageous
because the synthetic efforts needed to prepare the often
complex molecules employed as catalysts require the invest-
ment of a significant amount of time and resources. It is true
that tremendous advances have been achieved in under-
standing the mechanism of several asymmetric transforma-
tions, but it is well accepted that the largest part of
optimization of a new asymmetric reaction is empirical and
dominated by a trial and error approach. An in-depth
rationalization of the mechanism generally occurs a poster-
iori, only after identification of the best-performing catalysts.
Thus, it has little predictive effectiveness.

For the above reason, an approach that permits the easy
generation of libraries of catalytic systems is, at least in
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principle, advantageous with respect to any other method.
Furthermore, it is well known that most asymmetric reactions,
especially organocatalytic ones, suffer from poor substrate
generality, and high stereoselectivity is achieved only in few
specific cases.” The stereocontrol exerted by a catalytic
system is usually directly proportional to its complexity—as is
the case for nature’s enzymes—and, therefore, often inevi-
tably associated with a narrow substrate scope (Figure 2c¢).
So, if multifunctional catalysts possess what can be defined as
an “entropic gain”, since the two or more activating
functionalities are brought close together in the same com-
plex molecule, the use of chiral multiple catalysis provides a
new feature, the “stereochemical resource”. This feature
permits generation of tailor-made catalytic systems poten-
tially for any desired transformation (Figure 2 a), without the
need for lengthy chemical synthesis, thus ultimately allowing
achievement of the goal of an efficient asymmetric synthesis.
Finally, the screening of several structures by the multiple
catalysis approach could be exploited as a “catalyst discovery
strategy” to direct the synthesis of especially effective multi-
functional catalysts by covalently linking the most effective
pair of catalysts in a single molecule.
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Figure 2. Comparison between multiple and multifunctional catalysis.

1.2. The Principal and Secondary Catalyst

When two chiral catalysts are simultaneously employed in
a given asymmetric transformation, it is often observed that
the sense of asymmetric induction essentially depends upon
the configuration of only one of the two catalysts. To account
for this behavior, we propose herein, the definition of a
“principal” catalyst (or ligand) for the catalyst whose
inversion of absolute configuration will, as well, invert the
absolute configuration of the product; whereas the “second-
ary” catalyst (or ligand) is the chiral catalyst (or ligand) that
only modulates the enantioselectivity without inverting the
absolute configuration of the product. For example, in
Figure 1, thiazolidine L-2 is the principal catalyst and quinine
3 is the secondary catalyst (see Section 2.3).

2. Reactions Mediated by Two Chiral Nonracemic
Organocatalysts

The success of asymmetric organocatalysts has also been
greatly favored because of the mild experimental conditions
required to perform the reactions. Additionally, impurities
and traces of water are generally well tolerated because
organocatalysts are among the most robust catalysts. The
simultaneous use of two different chiral units is possible when
one does not interfere with the activity of the other and is
particularly useful when a synergistic effect is present. It
should not be surprising that most of the examples, wherein
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two chiral catalysts successfully cooperate, belong to organo-
catalytic reactions.

2.1. Early Examples

In 2000 Hanessian et al. described the addition of 2-
nitropropane (5) to 2-cyclohexen-1-one (4) catalyzed by the
amino acid L-proline (L-7) and a different amine as the
secondary catalyst (Scheme 1). Although the best-performing
secondary catalyst in terms of enantioselectivity is achiral 2,5-
trans-dimethylpiperazine, significant enantioselectivity is also
obtained with the chiral amines quinine (3) and ephedrine (8,
Scheme 1).11%!

The same reaction was also performed some years later by
Tsogoeva and Jagtap, and they employed the dipeptide H-
Leu-His-OH (9) together with the chiral diamine 10. The
authors highlight the presence of a synergistic effect with
respect to the use of a single catalyst (Scheme 1).1*"!

2.2. Activation through Both Iminium lon Formation and an Acid

One of the easiest methods to assemble a new catalytic
system is the reaction between chiral acids and bases. In the
last few years such a strategy has become an alternative to
Lewis acid activation. Asymmetric catalysis via iminium ion
activation was pioneered by MacMillan and co-workers in
2000.5° Tnitially, stereocontrol was pursued by modifying only
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Scheme 1. Addition of 2-nitropropane (5) to 2-cyclohexen-1-one (4)
mediated by two different chiral catalysts.

the chiral secondary amine structure. The presence of an acid
additive is crucial for the catalytic activation, because the
positively charged iminum ion is a better electrophile with
respect to the imine. Later it was realized that anions in close
proximity to the iminium ion can also effectively shield one of
the two enantiotopic faces and therefore the stereocontrol
can as well be achieved by means of chiral conjugated bases of
acids. This strategy has been defined as asymmetric counter-
ion-directed catalysis (ACDC).!'") If both species are chiral, a
matched and a mismatched pair can be identified.

An important early example of this strategy was described
in a paper that appeared in 2006, in which List and Martin
presented a new class of catalytic salts, formed by the
binaphthyl phosphoric acid (R)-TRIP [(R)-11a] and the
amino acid (S)-12, that were suitable for the asymmetric
reduction of a,fB-unsaturated ketones 13 with the Hantzsch
ester 14 (Scheme 2)."! The acid (R)-11a or amino acid ester
(5)-12 are not efficient catalysts individually (Table 1, en-
tries 1 and 2), but a strong synergistic effect is observed when
they are employed together (entry 3). Additionally, the amino
acid ester (principal catalyst) also shows a matched/mis-
matched relationship with the secondary catalyst: in fact, the
use of (§)-11a, although not affecting the absolute config-
uration of the product, significantly decreases the enantiose-
lectivity of the transformation (entry 4).

In another work, List et al. reported that (S)-11a is also
suitable for the asymmetric epoxidation of cyclic enones 17
when used as the secondary catalyst along with the chiral
diamine (R,R)-16 (Scheme 3).In this reaction the principal
catalyst, (R,R)-16, activates the electrophile 17 to thus
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Scheme 2. Asymmetric reduction of a,B-unsaturated ketones 13 with
Hantzsch ester 14.

Table 1: Reaction of 13 (R'R*=
14 (see Scheme 2).

(CH,),; R*=Me) with the Hantzsch ester

Entry Catalyst Yield [%] ee [%]
18 (5)-12+TFA 66 54
201 H™+ (R)-11a 5 20
30 (S)-12+ (R)-1a 81 94
40! (5)-12+(5)-11a 45 16

[a] Reaction run in 1,4-dioxane. [b] Reaction run in Bu,O.

forming the iminium ion I, which is subsequently attacked
to afford the cyclic product 18.1""

The compound (R)-11b, which is structurally related to
(R)-11a, was used by Xie and co-workers as a secondary
catalyst in combination with the cinchona-alkaloid-derived
primary amine 19a (9-amino-9-deoxyepiquinine) to prepare
the chromene derivatives 22 and 24 (Scheme 4), which belong
to an important class of biologically active molecules.'” The
desired products were obtained by means of the addition of
malonitrile (21) to a,B-unsaturated carbonyl compounds 20
and 23. Primary amine 19a converts the substrates into the
imine II, whereas the acid catalyst (R)-11b protonates the
intermediate, thus forming the more electrophilic iminium
ion III that when attacked by 21, spontaneously cyclizes to
give product 22 or 24. The enantiomers of the secondary
catalyst 11b both gave similar results when used individually,
but when employed as a racemate the enantioselection
suffered a significant decrease (Table 2). Recently a similar
catalytic system was employed for the asymmetric direct y-
alkylation of a-branched enals.!""!

The self-assembled salt 26, developed by Melchiorre
et al., represents another application of ACDC in which both
cation and anion are chiral. It is prepared by mixing the amine
19b with the amino acid 25 (Scheme 5). The salt 26 is used to
catalyze the Michael addition of different nucleophiles, such
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Scheme 3. Catalytic asymmetric epoxidation of cyclic enones 17.

as indoles,” oximes,”!! N-protected hydroxylamines,?? and
thiols.””

In a Friedel-Crafts-type alkylation reaction, simple
enones 28 add to indoles 27 to afford f3-indolyl derivatives
29 with high enantioselectivity (up to 96% ee) and the
method has a broad substrate scope (Scheme 6a). The
screening data indicate that the enantioselectivity depends
mostly upon the amine, whereas the amino acid essentially
influences the reactivity. Nevertheless, the counterion has a
significant effect and the best performance was obtained with
D-N-Boc phenylglycine (25a). The reaction proceeds smooth-
ly and is not particularly affected by the substituent on the
enone, whereas the methylation of the indole nitrogen atom
decreases both the reactivity and enantioselectivity.

For the addition of hydroxylamines the authors suggest an
orthogonal activation mode. The principal catalyst, the chiral
primary amine 19b, activates the enone 28 through the
iminium ion formation to promote the addition of the
hydroxylamine 30. The resulting enamine attacks the nitrogen
atom to give the substitution of a suitable leaving group, thus
affording the desired chiral aziridine 31 in good yields and
enantioselectivity (Scheme 6b).%%*! This procedure is direct,
performs well with a wide range of simple enones, and is not
only restricted to chalcones as in previously reported
works.”*! This approach is successful even with 3-methyl-2-
cyclohexen-1-one (32), which afforded the corresponding
congested aziridine 33 bearing a quaternary stereocenter with
moderate enantioselectivity (Scheme 6b). Very recently this
procedure was improved to access both aziridine antipodes by
employing the pseudoenantiomer of 26.7**) Melchiorre et al.
also reported a new catalytic variant of the sulfa-Michael
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Scheme 4. Addition of malonitrile (21) to a,fB-unsaturated carbonyl
compounds 20 and 23 to provide chromene derivatives 22 and 24,
respectively.

Table 2: Reaction of 20 (R'=H) and 21 in THF (see Scheme 4).

Entry Catalyst Yield [%] ee [%]

1 19+ (R)-11b 75 38
19+ (5)-11b 69 87

3 19+rac-11b 76 27

addition™' of thiols 34 to a.,p-unsaturated ketones 28
(Scheme 6¢).*!

A similar catalytic system was also exploited in an
organocatalytic asymmetric vinylogous a-keto rearrangement
via a semipinacol-type 1,2-carbon migration (IV in Scheme 7)
that gave access to spirocyclic diketones 38 bearing an all-
carbon quaternary stereocenter.”!

The proline derivative (5)-39 [(S)-a,a-diphenylprolinyl
trimethylsilyl ether] is used in combination with the chiral
acid (5)-40 to form the catalytic salt V, which is employed to
promote the asymmetric oxa-Michael reaction of a,p-unsat-
urated aldehydes 41 with salicylaldehydes 42 with a subse-
quent intramolecular aldol condensation (Scheme 8).?”! The
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hydroxylamines 30, and c) thiols 34 to enones. Cbz=benzyloxycarbon-

yl, Pg =protecting group, Ts = 4-toluenesulfonyl.
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authors again point out the presence of a synergistic effect of
the two catalysts influencing the enantioselectivity of this
transformation.

Once established that the pyrrolidine motif was useful for
the activation of carbonyl compounds, many derivatives that
are not commercially available, but can be synthesized quite
easily, have been developed to catalyze a wide range of

= Ph MeQ, CF;
3 A
u/\‘éﬁ?s e ”/\\J
SF
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J) OTMS

|

Scheme 8. Asymmetric oxa-Michael reaction of o,f-unsaturated alde-
hydes 41 and salicylaldehydes 42. TMS = trimethylsilyl.
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Scheme 9. Self-assembled catalyst having a pyrrolidine motif.

Michael reactions.” These catalysts may contain functional
groups that are able to interact with groups present both on
the substrate and on the secondary catalyst to create a self-
assembled catalyst such as 46 (Scheme 9).

Recently, bifunctional catalysts assembled from a pyrro-
lidine and simple amino acids have been developed. In
particular, Xu et al. have presented a catalytic system formed
by two molecules [(S)-47 and (R)-48; Scheme 10)] that both
possess an amine moiety suitable to activate the substrates via
the iminium VI and enamine VII catalysis, respectively. In this
way, the salicyl aldehydes 42 react with 2-cyclohexen-1-one
(4) to obtain differently substituted tetrahydroxanthenones
49 in good yield and enantioselectivity.” The absolute
configuration of the products is determined by the principal
catalyst (5)-47 and the configuration of the amino acid 48 has
a minor role; both catalysts are necessary to achieve high
yield and enantioselectivity (Table 3).

[ =
Q /‘*-./ \/\j
H N/

6222

HO,C™ “NH,
(S)-47 (R)-48
9 (S)-47 + (R)-48
1 + =
@CHO ij {20 mol%) N |
R(/ OH RT, 12-72h 0 ‘\\F{1
42 4 49
R' = H, 3-OMe-CgH,, 3-F-CgH,, 86 - 95% vyield
91 - 98% ee

5-OMe-CgH,, 5-Cl-CgH,,
5-Br-CgH,, 3,5-Br,CqHs

Scheme 10. Reaction of salicyl aldehydes 42 with 4 to obtain differently
substituted tetrahydroxanthenones 49.

2.3. Activation through Both Enamine Formation and a Base
As previously described, in the enamine activation by
chiral secondary amines acids are generally employed as co-

catalysts.’” Recently, some researchers have shown that a
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Table 3: Reaction of salicyl aldehyde 42 (R'=H) and 4 (see Scheme 10).

Entry Catalyst Solvent Yield [%] ee [%)]
1 (R) 1,4-dioxane trace -

2 (S)-4 1,4-dioxane 48 60

3 () 47+( R)-48 1,4-dioxane >99 88

4 (5)-47 4+ (S)-48 CH,CN 3 84

5 (5)-47 + (R)-48 CH,CN 37 86

base additive could also be beneficial. In particular, tertiary
amines enhance the nucleophilic character of the enamine by
deprotonation and effectively shield one of the enantiotopic
faces of the intermediate, thus improving the stereoselectivity.
Hong et al. report one of the early examples of this strategy
employing L-proline (L-7) and (—)-sparteine (50) in the
organocatalytic Robinson condensation of o,f-unsaturated
aldehydes to obtain a precursor for the total synthesis of the
natural substance (4)-palitantine (Scheme 11).5!

[ ( |
AL | T}
H R e H

L-7

(-)-spartein
L-7 + 50
/ECHO Jf _(s0mol%) /@:CHO
CHCI3 R
—40 to —20°C, 53
12-48h

R = Me, Et, iPr, CH,0Ac 72 - 81% yield

82-93% ee

Scheme 11. Organocatalytic Robinson condensation of a,-unsaturated
aldehydes.

Likewise, Bella et al. report a formal [4 + 2] cycloaddition
of substituted arylacetaldehydes 54 and 2-cyclohexen-1-one
(4) that is promoted by the thiazolidine L-2 and quinine 3 via
enamine formation (VIII) and spontaneous intramolecular
aldol reaction (IX; Scheme 12).'"! The stereoselection de-
pends upon the secondary amine L-2, whereas the secondary
catalyst is involved in the enhancement of the nucleophilicity
of the derived enamine, probably through deprotonation of
the carboxylic group. There is a synergistic effect in the
contemporary use of the two catalysts L-2 and 3 because
neither of them is able to efficiently promote the reaction
alone (Table 4).

2.4. Activation through Both Iminium and Enamine Formation

Kotsuki etal. describe an organocatalytic Robinson
annulation mediated by the diamine (S,5)-56 and the dicar-
boxylic acid (S,5)-57 (Scheme 13).%! The diamine (S,S)-56 is
the principal catalyst and promotes the addition of the
aldehydes 58 to the a,f-unsaturated ketones 59 by means of a
double activation of both substrates (aldehyde 58 via enamine
and ketone 59 via iminium ion X), and the cyclization
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HLH (25 mol%) A%o
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Ar veratrol
5-14
54 4 days 55
Ar= Ph, 4-Br-CgH,, 4-C-CgH,,  d.r. > 10:1

4-OMe-CgH,, 2-naphthyl 20 - 41% yield

l 72-70% ee
S \E - o+ i
}{}COZH sl N}*coz BH
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.*‘\r .)Ar
Vil X

B=3

Scheme 12. Formal [4+ 2] cycloaddition of substituted arylacetalde-
hydes 54 and 4.

Table 4: Reaction of 54 (Ar=Ph) and 4 (see Scheme 12).

Entry Catalyst Solvent d.r. Yield [%] ee [%]

1 L2 toluene - n.r. -

2 3 toluene - n.r. -

3 L-2/Li salt toluene 23 —63
1:1.2

4 L-2+3 veratrol® <1:10 41 —-87

[a] A negative ee value indicates formation of the enantiomer. [a] 1,2-
dimethoxy benzene. n.r.=no reaction.

spontaneously occurs after the hydrolysis of the intermedi-
ates.

2.5. Activation through Both Iminium lon/Enamine Formation
and Hydrogen Bonding

The possibility of combining the advantages of multifunc-
tional catalysis with the simplicity of the self-assembled
catalyst approach has turned out to be an attractive feature.
The salt obtained from thioureido cinchona alkaloid deriva-
tive 62a and an amino acid is an example of this approach.
This catalytic system is used by Zhao and Mandal in the direct
addition of carbonyl compounds 63 to nitroalkenes 64, a
reaction chosen as a model to point out the advantages of this
strategy (Scheme 14),% that is, exploiting two orthogonal
activation modes: hydrogen bonding and enamine catalysis.
The reaction proceeds smoothly with a wide range of
substrates, thanks to the versatility of a modularly designed
catalytic system wherein the amino acid, (S)-61 or L-7,
activates the carbonyl compound, and the thiourea 62a
interacts with the nitro group of the Michael acceptor through
hydrogen bonding (transition-state XI). The absolute config-
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Ar = Ph, 2-naphthyl, 4-OMe-CgH, 40 - 62% yield
R'=Me, Et; R? = H, Me 70 - 97% ee

o |

Scheme 13. Organocatalytic Robinson annulation.

uration of the products depends on the amino acid used,
which can therefore be considered the principal catalyst. The
authors also highlight that amino acid derivatives lacking the
carboxylic moiety fail to react, probably because they are
unable to interact with the secondary catalyst and form the
self-assembled structure.

For the same reaction Xu and co-workers employ (S)-66
as the principal catalyst, a molecule characterized by the
presence of a pyrrolidine moiety and an imidazolyl moiety,
with the latter being able to form an ion pair with the
carboxylic group belonging to the secondary catalyst (thiour-
eido acid (R)-62b or (R)-62¢; Scheme 15).P A recurrent
feature of this work, as of others previously mentioned, is a
synergistic effect of the two modules and the possibility of
matched/mismatched ion pairs of the catalysts. The same
approach was also used to catalyze the addition of cyclic
ketones 69 to nitrodienes 70 (Scheme 15).5%

Two catalysts were also employed for the allylic-allylic
alkylation of Morita—Baylis—Hillman carbonates 74 with a,o.-
dicyanoalkenes 73 and 76 (Scheme 16).®! The enantioselec-
tivity depends on the dimeric cinchona alkaloid derivative 72,
whereas the acid additive (S)-11¢ is necessary to improve the
yield and the enantioselectivity of the reaction which
proceeds through the transition-state XII.

3. Reactions Mediated by Two Chiral Nonracemic
Metal Catalysts or Ligands

The use of two different metal catalysts is possible when
the relative stability of each complex prevents cross-exchange
between their ligands. With respect to mixing two purely
organic catalysts, this strategy is less common and so far only
limited examples are present in the literature.

As mentioned in the introduction, a catalytic system built
by two separate chiral binding sites for the electrophilic and
nucleophilic partners of a given reaction, in this case an
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o (S61+3 A
5 NO, (5 mol%) 5
+ Ar — NO.
)J\ benzene, )J\/\/ 2
63a RT, 8 days 65

64

Ar = H, 4-OMe-CgH,, 4-Me-CgH,, 55 - 69% yield

4-Cl-CgH,, 4-Br-CgH,, 2-Br-CgH,, 94 -98% ee
2-NO,-CgHa, 3-CI-CgH,
L-7T+3
0 (5 mol%) G Ph
+ —— NO
HJ\ Ph/\\“/ NOZ benzene, 2
R' R? 64a RT, 3-7days R' R2

63 o
R'=H, Me, iPr d.r. synlanti= 77:23 - 96:4
R?=H, Me, Et, OMe 47 - 92% yield
R' R2= CH,OCH,, CH,SCH, ~ 4-99%ee

(CHy)z, (CHa)3

- T

3,Je
0,C
APNH T NHR

i ~ 1
" +,p Ar N

O=N
& ﬂ iPr
Ph

L X —

e Me0\©\)‘\ﬁ Ar? = CF3
e
N
CF,

Scheme 14. Direct addition of carbonyl compounds 63 to nitroalkenes
64.

Sifaceattack O Ph
favored NO,
—_—

65"

aldehyde and a cyanide donor, was already employed by
Corey and Wang for the synthesis of enantioenriched
cyanohydrins in 1993." The two chiral units were bis(oxazo-
line) (S,S)-78 and bis(oxazoline) magnesium complex (S,S)-79
(Scheme 17). When employed alone, (S.,5)-79 gave good
conversion but moderate enantioselectivity (65 % ee, Table 5,
entry 1), whereas (S,5)-78 gave little conversion and com-
pletely racemic products (entry 2). On the contrary, a strong
synergistic effect was observed if the homochiral compounds
(5,5)-79 and (S,S)-78 were employed together, thus achieving
94 % ee (entry 3). The use of (R,R)-78 led to poor selectivity
(38% ee, entry 4). According to the authors, these experi-
ments show that the highly stereoselective formation of
product 82 is due to the activation of the aldehyde by
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(S)-66 (R)-62b: R' = CH,Ph, R? = H
(R)-62¢: R' = Ph, R?= 3 5-(CF),
) (5)-65 + (R)-66a o A
. (5 mol%) H NO,
Ar/\\\\./Noz cyclohexane/n-butanol
- (4:1)
67 RT

Ar = 4-OMe-CgH,, 4-Me-CgH,,
4-CF3-CgHy, 2-NO,-CeH,

d.r. synfanti = 85:15 - 98:2
85 - 96% vyield

2-naphthyl, 2-furyl 86 - 99% ee
NO,
P
o Z
(S)-65 + (R)-66b
ﬁj (5 mol%)
X CIH,CCH,CI X
69 R RT, 18-36 h 71
70

X=— CH,, O, d.r. syn/anti= 72:28 - 99:1

S, CHtBu, NMe 82 - 93% vyield
R =H, OMe, CI 72 -99% ee

Scheme 15. Addition of cyclic ketones 67 and 69 to nitroalkenes 64
and nitrodienes 70, respectively.

[DHQD]LAQN
e 72+ (S)-11¢
| OBoc (210 mol%)
R1 + I S
rz A | CIH,CCH,CI,
0-40°C,
73 74 10-65h 75
Ar = Ph; R® = CO,Me; 70 - 99% yield
R! = 4-CI-CgH,, Me; R? = Me; 94 - 98% ee
R' = Ph, 2-thienyl; R2=H
NC CN X=8,0,CHy; Y =H,Br; 77
2 | Ar = Ph, 4-OMe-CgH, 82 - 99% yield
4-F-C4H,, 4-NO,CgH,,  76-97T% ee
3-CN-CgH,, 2-furyl;
X R® = CO,Me, COMe, CN
76
NC.__.CN 2 {
| 2
R

-Co,

allylic-allylic alkylation

Scheme 16. Allylic-allylic alkylation of Morita—Baylis—Hillman carbo-
nates 74 with o,a-dicyanoalkenes 73 and 76.
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Ph Ph pr M3 By
(S, 5)-78 ci
(S, S)-719
(S, 5)-78 (12 mol%) + _SiMe,
% o =
RCHO + Me,si-cN (S:S79(20mal%) ¥
6 i EtCN,CH,Cl,  R” CN
-78°C,5-45h 82
R = tBu, CHEt;, n-hexyl, Ph, 24 - 94% yield
cyclohexyl, E NN 52 -95% ee

Scheme 17. Synergistic effect in the addition of Me;SiCN (81) to
aldehydes 80 mediated by two chiral units.

Table 5: Effect of the catalyst combination on the addition of Me;SiCN
(81) to aldehyde 80 (R=cyclohexyl; see Scheme 17).

Entry Catalyst Yield [%)] ee [%)
1 (5,5)-79 85 65

2 (5,5)-78 n.d.l! 0

3 (5,5)-78+ (S,S)-79 95 94

4 (R,R)-78+ (5,5)-79 90 38

[a] n.d.=not determined.

coordination to the Mg complex (S,5)-79 that then reacts with
an activated source of “chiral” cyanide ion derived from
interaction with (S,S)-78.

3.1. Two Distinct Metal Complexes

Catalytic systems comprising a chiral ligand and two
distinct metals (hetero-bimetallic complexes) are largely
exploited to mediate diverse asymmetric reactions and this
area has already been reviewed.”*! The catalysis by two
distinct metals, each one coordinated by its own chiral ligand,
is a general design principle. It is clear that the success of such
an approach relies on the possibility of avoiding ligand
exchange between the two complexes. The (salen)Al complex
83 and PyBOX lanthanide 84 were simultaneously employed
by Jacobsen and co-workers to mediate the asymmetric
conjugate addition of cyanide to unsaturated imides 85 via the
transition-state XTIT (Scheme 18).*”! Minimal conversion was
observed by employing either 83 or 84 (Table 6, entries 1, 2),
whereas the combination of their S,S stereoisomers led to
adduct 86 in almost quantitative yield and high enantioselec-
tivity (96 % ee, entry 3). The aluminum complex can be seen
as the principal catalyst and when used with (R,R)-84 as
secondary catalyst, there was a small amount of catalytic
activity (lower conversion after 3.5 h, 20% versus 87 %) but
especially decreased enantioselectivity (72 % ee, entry 4). An
intermediate value of enantioselectivity was achieved when a
racemic mixture of the secondary catalysts 84 was used. The
authors defined this approach as cooperative dual metal
catalysis and, according to them, no other related reaction had
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Scheme 18. Cooperative dual metal catalysis for the enantioselective
Michael addition of cyanide to imides 85.

Table 6: Effect of the catalyst combination on the enantioselective
Michael addition of cyanide to imide 85 (R=nPr; see Scheme 18).

Entry Catalyst Conv.? Conv.®! ee [%)]
1 (5,5)-83 - <3 n.d.d
2 (5.5)-84 - <3 16
3 (5,5)-83 + (5,5)-84 87 99 9
4 (5,5)-83 + (R,R)-84 20 99 72

[a] After 3 hours. [b] After 24 hours. [c] n.d.=not determined.

appeared within this category prior to the publication of their
manuscript.

3.2. One Metal and Two Chiral Ligands

The examples in which two chiral ligands are assembled in
a complex with a single transition metal are more abundant.
The complexity of several organometallic catalytic systems
renders the identification of the best-performing catalyst a
process that is mostly driven by trial and error rather than
rational design. Currently, the small energy differences
between the two diastereotopic transition states leading to
the two enantiomers of a product molecule are difficult to
calculate, even with the most effective computational meth-
ods available. Among the new strategies emerging to tackle
this problem, a very effective one relies on metal complexes
of hetero-bidentate ligands as an alternative to those of
simple bidentate ligands.®® The advantage of such an
approach is the possibility of applying combinatorial methods
to catalyst discovery. Testing the various stereoisomers of the
ligands adds a new dimension to the screening process, thus
increasing the diversity of the system. The advantages and
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implications of using libraries built by the self-assembly of
ligands and a single metal, as well as the theoretical
foundation of this approach have already been reviewed by
Ding et al.®) We highlight herein some selected examples
where two different chiral nonracemic ligands are employed
and the consequences of using chiral ligands.

In 1997 Mikami and co-workers reported one of the early
examples of this strategy by describing a highly stereoselec-
tive carbonyl-ene reaction mediated by two different chiral
diols as ligands coordinated to a titanium catalyst (XIV in
Scheme 19).1

Since then, other reports have appeared and, though
describing different reactions, a common motif can be
identified: the binaphthols 11 are used as a chiral ligand for
the metal center. For instance, Ding et al. have developed a
new quasi-solvent-free version of the carbonyl-ene reaction
wherein the second chiral ligand is another binaphthol
(Scheme 19).*Yl Binaphthol derivatives have also been em-
ployed in combination with diimine (R,R)-91 for diethylzinc
additions [binaphthyl (R)-11f, Scheme 20];** or for the
hetero Diels—Alder reaction/diethyl zinc addition [(R)-11g
Scheme 20].1¥1 Several other binaphthyl derivatives (11;
Scheme 21) can be exploited in combination with chiral acids
[(S)-94] to mediate a related transformation between diene 93
and aromatic aldehydes 80 (Scheme 22 and Table 7).

P o
><O\/‘0H
0~ ", -OH
R =
NN ~ph
(L),
[ OH (R, R)-87a

% \ OH
% -OH
N iPrO,C._ «OH
l e

R
(R-11c:R=H
(R)-11d: R = | iPrO,C~ "OH
(R)-11e: R = CF; (R, R)-87b (R)-87c
R2 R2
i Ti(OiPr), M
RS "H CO,R? R’ CO,R?
88 89 90
Cat. (10 mol%) 90

Mikami: R = Ph

(R)-11c + (R, R)-87a  50%, 91% ee

R?=H (R)-11c + (R, R)-8Tb  15%, 40% ee
R®=nBu  (R)-11c + (R)-87¢ 66%, 97% ee
. Cat. (0.3 - 0.01 mol%) 90
Ding: R' = Ph, (R)-1(1d +(R)-11e ) 42 - >99%, 92 - 98% ee
4-Me-CgH,,
4-F-CgH,,
R'R?= (CHy),
R2 = H, R® = Et

R cl
SONG
HO
O
o/ Ho
C =1
R XIv cl

Scheme 19. Carbonyl-ene reactions reported by the groups of
Mikamit” and Ding.""
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Scheme 20. Diethylzinc addition to aldehydes 80 (Mikami)?¥ and the
tandem hetero-Diels—Alder/diethylzinc addition reaction to 80a
(Ding) 2
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Scheme 21. Chiral catalysts for the hetero Diels—Alder reaction of diene
93 with aldehydes 80 (see Scheme 22).

OMe
Ti(OiPr
ﬁ+ RCHO )“ﬁo or m
™sO” X g0 ‘At o “R O R
93 95 ent-95

R = Ph, 4-CI-CgHy4, 4-Br-CgHy,4,
4-NO»-CgHj,, 3-Me-CgHy,
3-OMe-CgH,, E-styryl, (CH2),Ph

Scheme 22. Hetero Diels—Alder reaction of diene 93 with aldehydes 80.

Asymmetric hydrogenation is one of the oldest and most
important industrial asymmetric reactions. There has been an
enormous effort in academia to identify the best and most
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Table 7: Hetero Diels—Alder reaction of diene 93 and aldehydes 80 (for R
see Scheme 22)

Entry  Catalyst Product  Yield [%] ee[%] Ref.
16 (S)-11hEl 4 (5)-949 95 81->99  75-97 138]
28 (S)-11i® 4 (5)-941 95 81->99  76-94 [38]
30 (5)-11j+ (5)-941 95 81->99  62-96 [38]
41 (S)-11k" + (5)-9419 95 57->99  43-96 138]
5tal (S)-111P1 4 (5)-94F1 95 50->99  61-96 [38]
61 (R)-11n+(R)-10 95 82->99  97-98 [38]
7t (S)-1TmP 4 (5)-94¢ 95 >99 64-97 139]
8l (R)-11n—+(R)-110 ent-95 57->99  97->99  [40]

[a] Ti(QiPr), (10 mol %), toluene, RT, 4 A M.S. [b] 20 mol %. [c] 5 mol %.
[d] Ti(OiPr),, catalyst loading 0.05 mol%, 24-96 h, RT. [e] Ti(OiPr),
(10 mol %), toluene, 48 h.

general catalytic system. An approach for the search of
effective catalytic systems, based on hetero-bidentate ligands
for rhodium, has been pioneered by the groups of Breit and

o » \
0 PivHN™ “N” PR, N
fN 96 98 my PN OPRe

~ A H
Hoy N7 i /[M]
v —> o 0 N_PR,
" o Nobre Oy
OELN/\&O 97 )\(J/ K\|
T
N s
Me™ ~ S i
99

Scheme 23. Self-assembly of an A-T pair of DNA and chiral metal
ligands through hydrogen bonds. Piv= pivaloyl.

a)
(8)-99b
b) [Rh(L")(L?)]BF, (0.5 mol%),
RK(\ H, (10 bar) R1
=~ "R3 2 \V\Rs
R? CH,Cl,, RT R2
101 102
R' = NHCOMe, CH,NPhth quantitative conversion
GHSOMe 96 - 99% ee
R? = CO,Me, Ph
R*=H, Ph

L' = 98b, L2 = 99a-e
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Reek. In a recent report Breit and Wieland describe, how two
ligands are assembled through complementary hydrogen
bonding(98+99—100; Scheme 23), thereby mimicking the
self assembly of DNA bases (e.g., 96 and 97).1?! According to
their hydrogen-bond properties, two classes of ligands can be
identified, that is, acceptor-donor (AD, 98) or donor-accept-
or (DA, 99), and they were used to build a 10 x 12 library
(Scheme 24 a). This approach is even more attractive consid-
ering that, although the 120 combinations of ligands could
actually be tested individually in a parallel screening, a
combinatorial approach, where more sets of ligands are mixed
together, would allow a faster screening and the identification
of the most catalytically active species (Scheme 24b). In this
specific work, the issue of ligand configuration was addressed
by Breit and Wieland in an early stage of the screening
process by identifying the homochiral §,S combination as the
one giving the highest enantioselectivity. However, in an early
publication by the same group® (Scheme 24c), it was
highlighted that it cannot be assumed whether the homochiral
or heterochiral combination will perform better, because the
matching pair can be different for each specific couple of
ligands and for each substrate.

In a paper published at about the same time, Reek and co-
workers described the identification of the more-effective
catalysts for the asymmetric hydrogenation of a difficult
enamide substrate (Scheme 25).*! The authors examined
only marginally the stereochemical matched/mismatched
effects; nevertheless, they identified a very effective ligand
combination. However, it can be foreseen that an extended
screening, which includes the ligand configuration, can be
very helpful if the best-performing combination is not found,
or when an especially difficult substrate is examined.

(S)-99d

[Rh(cod),]BF, (1
98a/99a,b, H, (1 bar)

mol%),

R1%\ R3

R~ s

R2 CH,Cl,, RT

101 102
R' = NHCOMe, CH,CO,Me quantitative conversion
R? = CO,Me 94 - 99% ee
R®*=H, Ph

Scheme 24. a) Ligands used in the reactions of (b) and (c). b) Asymmetric hydrogenation by self-assembled ligand/rhodium complexes.
c) Asymmetric hydrogenation by a rhodium complex; cod =1,5-cyclooctadiene.
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103a = 0-OR
103b = m-OR

104b

[Rh(cod),]BF, (5 mol%),

H\I( 103/104, H; (1 bar) * H\I(
o) IProNEt (20 equiv), @\A/I/ o)
CH,Cl,, RT
105 106
18 - 86% yield
52 - 56% ee

Scheme 25. Asymmetric hydrogenation of enamide 105 using a library
of catalysts derived from the self-assembly of compounds 103a,b and
104a,b.

4. Reactions Mediated by the Combination of a
Metal Catalyst, an Organocatalyst, and an Enzyme

Hybrid systems comprising organocatalysts and metal
catalysts can effectively work if true orthogonality is ach-
ieved, especially when the organic molecule does not act as
ligand for the transition-metal ion. The development of such
mixed systems has not been straightforward, because the
majority of the organocatalysts initially employed were
amines, which in most cases are also strong ligands.

Several groups have extensively studied the asymmetric
aza-Henry (nitro-Mannich) reaction catalyzed by metal
complexes.” When organocatalysts were used, achieving a
high diastereoselection was quite challenging.*® In 2005
Knudsen and Jgrgensen developed a highly stereoselective
addition of the nitroalkane 109 to imine 110 by employing a
mixed catalytic system formed by the metal complex (R,R)-
107 and the cinchona alkaloid quinine 3 (Scheme 26).*! This
reaction is an example of how chiral amines and chiral metal
complexes can effectively cooperate without interfering with
one another. Although product 111 bears two adjacent chiral
carbon centers, a quaternary one and a tertiary one, it is
formed in high yield (90%), diastereo- (d.r.=14:1) and
enantioselectivity (98 % ee, Table 8, entry 1).

The inversion of the absolute configuration of the product
is observed when using the enantiomer of the metal chiral
ligand [(S,S)-107, thus the principal catalyst; entry 2], and
when the quinidine 108 is used as a secondary catalyst a
decrease in the diastereoselection is observed (entry 3). The
proposed intermediate XV is depicted in Scheme 26.
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Scheme 26. Addition of nitroalkane 109 to imine 110. PMP = para-
methoxyphenyl, Tf=trifluoromethanesulfonyl.

Table 8: Addition of nitroalkane 109 to imine 110 (see Scheme 26).

Entry Catalyst Yield [%)] d.r. ee [%)
1 (RR)-107+3 90 14:1 98
20 (5,5)-107 +3 76 8.5:1 -93
3 (R,R)-107 4108 80 8.5:1 96

[a] ent-111 was formed.

The development of weaker ligands, in particular of chiral
Brgnsted acids, offers new opportunities for the application of
mixed systems.

The reduction of acyclic imines and imines generated
in situ has been performed by means of organocatalytic®™ and
metal-complex-based methods.”!! In this context the use of
mixed catalytic systems represents a new approach. For
example, Xiao et al. exploited the contemporary usage of a
chiral iridium complex and a binaphthol-derived phosphoric
acid in two important papers.”>* In the first article, they
describe the hydrogenation of acyclic imines 113 employing
the catalytic system (R)-11a/(S,S)-112a and suggesting the
transition-state XVI (see Scheme 27).5

It should be noted that iridium complex (S,5)-112¢ does
not catalyze the reaction when used alone (Table 9, entry 1),
but with the addition of the chiral phosphoric acid (R)-11a
compound 114 is obtained with good conversion and high
enantioselectivity (entry 2). There is also a strong matched/
mismatched effect as both the conversion and stereoselection
of this reaction decrease when (R,R)-112¢ is used (entry 3).
When the catalyst (S,5)-112a was used along with the
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Scheme 27. Asymmetric reduction of imines 113.

Table 9: Asymmetric hydrogenation of imine 113 (R'=OMe, Ar=Ph;
see Scheme 27).

Entry Catalyst Conv. [%] ee [%)
1 (5,5)-112c 0 _
2 (5,5)-112c% 4 (R)-11a" 60 97
3 (R,R)-112cF + (R)-11a" 47 —38H
4 (S,5)-112a" + (R)-11a 92 97

[a] T mol %. [b] 6 mol %. [c] A negative ee value indicates formation of the
enantiomer. [d] 1 mol %.

conjugate base of (R)-11a the product 114 was obtained with
almost complete conversion and high enantioselectivity
(entry 4).

In the second publication, which appeared one year later,
the direct asymmetric reductive amination (DARA) of
prochiral ketones in a one-pot strategy was described
(Scheme 28a).”" Notably, for the DARA of alkyl methyl
ketones the catalyst (S,5)-112b gave better results in terms of
yield and stereoselection when used without (R)-11a
(Scheme 28b).

The discovery of new synthetic methodologies to intro-
duce fluorine atoms into organic skeletons has become an
important target in organic chemistry. Substances with high
enantiopurity are usually obtained by means of an enantio-
selective epoxidation with a subsequent epoxide opening by
either fluoride derivatives®™ or HF-containing reagents and a
salen/metal complex as the catalyst;® however, the epoxide
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Scheme 28. DARA of asymmetric ketones.

opening in the presence of a fluoride source is still quite
challenging. Recently Doyle and Kalow described an elegant
asymmetric ring opening of epoxides 121 by combining two
different activation strategies, namely N-heterocyclic carbene
and Lewis acid catalysis. For this reaction the authors
employed either (R,R)-120a or (R,R)-120b and the amine
(5)-119 (Scheme 29a) as the catalysts in presence of benzoyl
fluoride 122, which serves as a the latent fluoride source."

The opening of achiral epoxides 121(Scheme 29b) pro-
ceeded in good yield (up to 88%, Table 10, entry 1) and
enantioselectivity (up to 95% ee, entry 2), but when the
enantiomer of the metal complex [(S,S)-120a; the principal
catalyst) was used, there was a notable mismatched effect
(7% yield, 22 % ee compared to 64 % yield, 77 % ee, entries 3
and 4). The kinetic resolution of the terminal epoxide 124 also
showed very high yield and good enantioselectivity
(Scheme 29¢).

Enzymes are “perfect machines” that nature uses to
obtain products with excellent enantiopurity. In organic
chemistry they can be useful alternatives to newly synthesized
catalysts and several researchers have studied their applic-
ability in different reactions.””’ The combination of an
enzyme with organic or organometallic molecules is still a
relatively unexplored field. In this area, Cérdova et al. have
worked out a one-pot procedure involving L-proline (L-7) in
the first step of the reaction and the enzyme Amano I (126;
lipase extracted from Pseudomonas cepacia) in the second
step (Scheme 30).°¥ The aldol reaction between aldehydes 80
and acetone 63aP? proceeds via XVII, and then the
subsequent kinetic resolution of XVIII affords the desired
products with good yield and excellent enantioselectivity.

The addition of o-ketonitriles 131 to aldehydes 80,
mediated by the metal catalyst (S,5)-129, organocatalysts
DBU or DMAP, and the enzyme 130, is a similar example
(Scheme 31).1 The salen/metal complex promotes the addi-
tion of 131 to 80, and the enzyme selectively hydrolyzes the

www.angewandte.org

6229


http://www.angewandte.org

Minireviews M. Bella et al.

a) / a"f_\\
N7 TCOOH 17

-— —N N=
Ph—-( N — M \ 126 = Pseudomonas cepacia lipase R
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Scheme 29. a) Catalysts used in the reactions of (b) and (c). b) Asym-

metric ring opening of epoxides 121 and c) kinetic resolution of X = Ti(salen)
terminal epoxides 124. HFIP = hexafluoro-2-propanol, TBME =tert- (S. S)-129 o
butyl methyl ether, TBS = tert-butyldimethylsilyl. OJL (S, 3)1-;(2)%1{3 rﬂ;g')%} # OJ\ R?
R'CHO +
R¥ "CN DBU or DMAP (5 - 20 mol%) R' CN

Table 10: Asymmetric ring opening of epoxides 121 (see Scheme 29). 80 131 toluene, g}aﬁr:a%u;fer PHS, 132

) R' = Ph. 4-OMe-CH 67 - 97% yield
Entry Product Catalyst Yield [%)] ee [%)] Cl-beH4, :-peitsl‘, o4 - >99%/3.Iee
1 123a (R,R)-120b+119 88 36 n-CqHys, 2-furyl
2 123b (R,R)-120b+119 87 95 R? = Me, nPr
3 123¢ (5,5-120a+119 7 — 22 , o)

i apparen
4 123¢ (R,R)-120a+119 64 7 g Taaction 5 )LRZ
[a] A negative ee value indicates formation of the enantiomer. Rzﬂ\CN stoichiometry R1J\CN
131 132

129, amine

minor enantiomer of the product (ent-132) by removing the %
carboxylic acid 134. In this way the undesired enantiomer is OJ'I\Rz
converted back into the aldehyde, which can enter the R'CHO i /?\CN
catalytic cycle again. This allows one to obtain products in 80 1 ent-132

high yield and with excellent enantioselection.
enzyme, HZO

. A
5. Conclusion and Outlook HCN RTCN J?\
133 R2" “OH

. . . . 134
The use of chiral multiple catalysts in asymmetric syn-

thesis is a new emerging trend, as evidenced by the  scheme 31. Stereoselective addition of a-ketonitriles 131 to aldehydes
publication of an increasing number of papers belonging to  80. DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene, DMAP = N,N-dimethyl-
this field, even during the preparation of this review. The  amino pyridine.

search of a new efficient asymmetric catalyst can be the

limiting factor in research performed either in academia or in

industry. In this context, an empirical approach based on anism is investigated in depth and the intermediates are
chiral multiple catalysis can be a viable choice, especially fora  known, then considerable investment of time required to
newly discovered asymmetric reaction. If the reaction mech-  prepare a multifunctional catalyst can be worth the effort. A
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combinatorial approach based on chiral multiple catalysis
could also be effective when dealing with very complex
systems, such as hetero-bidentate transition-metal complexes
(see Section 3.2) where the current level of computational
analysis is not developed enough to predict the small differ-
ence of energy between the diastereotopic transition states. In
conclusion, chiral multiple catalysis is an efficient strategy, at
least for the transformations illustrated in this review, and
could be considered a complementary approach to multi-
functional catalysis.
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