
Abstract. More than 250 asymmetric catalytic reactionsMore than 250 asymmetric catalytic reactions

with enantioselectivity approaching 100% are considered.with enantioselectivity approaching 100% are considered.

The dependences of the enantiomeric excess of the productThe dependences of the enantiomeric excess of the product

on the symmetries of the initial catalytic complex and theon the symmetries of the initial catalytic complex and the

key intermediate that provides the asymmetric inductionkey intermediate that provides the asymmetric induction

and on the number of coordinating functional groups in theand on the number of coordinating functional groups in the

substrate molecule are analyzed. Based on the catalyticsubstrate molecule are analyzed. Based on the catalytic

cycles of asymmetric reactions proposed in the literature,cycles of asymmetric reactions proposed in the literature,

two possible mechanisms of asymmetric induction are dis-two possible mechanisms of asymmetric induction are dis-

cussed, consecutive (stepwise) and cooperative (one-step)cussed, consecutive (stepwise) and cooperative (one-step)

mechanisms. The bibliography includes 283 referencesmechanisms. The bibliography includes 283 references..

I. Introduction

The last few years have seen `intellectual outburst' in

investigations of asymmetric catalytic reactions with enan-

tioselectivity (enantiomeric excess of the product ee)

approaching 100%. These reactions are catalyzed by metal

complexes with chiral ligands. The dependence of enantio-

selectivity of such reactions on the symmetry (C1 , C2 or C3)

of intermediate complexes (transition states) that control

the asymmetric induction (key intermediates) has been

analysed for monofunctional substrates.1, 2 It has been

found out that reactions with high enantioselectivity

(ee44 60%) proceed only via C1-symmetric (asymmetric)

key intermediates when catalyzed by complexes with C2- or

C3-symmetric ligands. The enantioselectivity of reactions

with substrates possessing two or three coordinating groups

reaches ee>99% regardless of the symmetry of the cata-

lytic complex.1 The difference in the enantioselectivity of

reactions with substrates that are coordinated by one or two

(three) groups may be attributed to the minimum difference

between the degrees of freedom (or free activation energy)

of proS- or proR-coordination of substrate in the key

intermediate in a monofunctional substrate. If the substrate

is coordinated by two or three groups, the difference

between the degrees of freedom or the activation energy of

proS- and proR-coordination is much higher and, hence, the

enantioselectivity is also higher. High enantioselectivity of

reactions with such substrates has been revealed experimen-

tally.3, 4 Indeed, in accordance with mechanisms proposed

by Landis and Halpern 4 and Imamoto and co-workers,5 the

hydrogenation of amino acid precursors (three-point coor-

dination) under the action of C2-symmetric complexes

proceeds via the formation of asymmetric key intermediate.6

Considering contemporary literature data and develop-

ing our hypotheses,1 ± 3 in the present review, we attempted

to formulate and substantiate new concepts:

Ð the key intermediates responsible for asymmetric

induction in highly enantioselective reactions must be

asymmetric (in the case of C2 symmetry of these intermedi-

ates, the enantioselectivity would not be high, ee <60%);

Ð the mechanism of asymmetric induction may be one-

step (cooperative) or two(three)-step (stepwise, consecu-

tive);

Ð complexes with C2-symmetric chiral ligands without

additional achiral ligands (AAL) or molecular sieves cata-
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lyze the reactions with high enantioselectivity only for

substrates capable of two- or three-point coordination;

Ð additional achiral ligands or molecular sieves in the

reactions catalyzed by metal complexes with C2-symmetric

chiral ligands lead to the loss of C2 symmetry by the key

intermediate and, as a consequence, to the increase of

enantioselectivity.

The order of consideration of reactions in the present

review corresponds to the order of atomic numbers of metal

catalysts. Here each reaction is considered for the substrate

that has demonstrated the highest enantioselectivity.

II. Asymmetric intermediates controlling
asymmetric induction in the reactions involving
complexes with C2-symmetric chiral ligands

1. Stepwise mechanism of asymmetric induction
The oxidative cross-coupling of 2-naphthols (e.g., com-

pounds 1 and 2 to give binaphthyldiol 3 possessing axial

chirality) occurs in the presence of C2-symmetric chiral

dimeric iron complex with salan ligand L1 (Scheme 1).7

Egami et al.7 have proposed a possible catalytic cycle of

this reaction (Scheme 2). According to this mechanism, the

complex [FeOH(L1)]2 loses C2 symmetry upon the forma-

tion of key intermediates A and B. The asymmetric induc-

tion occurs in two steps: A?B?C.

Hydrovinylation of non-activated linear 1,3-dienes is

catalyzed by [Co(L2)H]+ (Schemes 3, 4).8

The proposed mechanism is given in Scheme 4.

The C2-symmetric cobalt hydride complex loses symme-

try upon the reaction with diene giving (via intermediate A)

syn-anti-allyl cobalt intermediate B. It reacts with ethylene

in the reaction mixture to give intermediate C and then

intermediate D with an asymmetric carbon atom. Thus, the

asymmetric induction happens in the consecutive steps A

(B, C)?D (stepwise mechanism). Apparently, the replace-

ment of the methyl group in the substrate by a considerably

bulkier BnO(CH2)2 moiety will result in a more pronounced

asymmetry of intermediate C. That is why, according to the

hypothesis 1, 2 of enantioselectivity increase on going from

C2- to C1-symmetric key intermediate, such replacement is

expected to increase the enantioselectivity. This agrees with

experimental data.

The enantioselective conjugate addition of a-ketoesters
to nitroalkenes is catalyzed by [Ni(L3)(OAc)2] (Scheme 5,

hereinafter, rt stands for room temperature).9

Nakamura et al.9 have proposed a sequence of reactions

determining the asymmetric induction (Scheme 6). Obvi-

ously, asymmetric induction is realized in two steps via

intermediates A and B (stepwise mechanism). The hypothe-

sized key intermediate A is asymmetric. Unfortunately, the

stereochemical role of triethylamine present in the reaction

mixture is not reflected in this mechanism.
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As an example of catalytic conjugate addition of termi-

nal alkynes to a,b-unsaturated thioamides, consider the

reaction of compounds 4 and 5, resulting in product 6

(Scheme 7).10 The reaction is catalyzed by CuI complex

with chiral ligand L4 in the presence of the AAL

C6H4{P(O)Ph2}2-1,2.
Scheme 7

A possible mechanism of this reaction is presented in

Scheme 8. In accordance with the proposed mechanism, the

asymmetric induction occurs in stages A?B?A, where A

is the asymmetric key intermediate. Thus, the mechanism of

asymmetric induction may be classified as a stepwise one.

Scheme 8

A similar catalyst, namely, CuI complex with L5 ligand,

is also efficient in the g-addition reaction of allyl cyanide to

ketones, e.g., to acetophenone (Scheme 9).11

Scheme 9

According to the authors,11 deprotonative activation of

the ketone is the rate-determining step of the reaction

(Scheme 10), the C2 symmetry of the catalytic complex
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Cu7L5 being lost upon the formation of intermediate A.

The asymmetric induction proceeds in two steps via inter-

mediates A and B. It should be noted that the coordinating

additional achiral ligands [C6H4{P(O)Ph2}2-1,2 and

Ph3P=O] have no influence on the reaction enantioselec-

tivity.
Scheme 10

Asymmetric propargylation of aldehydes (specifically,

compound 7) with propargylborolane 8 is catalyzed by

chiral C2-symmetric copper complex with L6 (Scheme 11).12

Scheme 11

A catalytic cycle of this reaction has been proposed

(Scheme 12). It is based on the interaction of chiral copper

alkoxide with propargylborolane 8, resulting in the forma-

tion of asymmetric intermediate A, which then reacts with

aldehyde. Intermediate B with the asymmetric carbon atom

undergoes borolane ±Cu exchange, thus completing the

catalytic cycle with the formation of the product and

regeneration of chiral copper alkoxide. Thus, according to

this mechanism, asymmetric induction proceeds in two steps

via intermediates A and B.

Hattori et al.13 have studied the amination of propar-
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copper complex with ligand L7. As a result, chiral amines 11

were formed. The highest enantioselectivity was obtained in

the reaction of compounds 9a and 10a, leading to product

11a (Scheme 13). A possible reaction pathway is shown in

Scheme 14.

Asymmetrtic Cu ± allenylidene complex D is formed via

the sequence of asymmetric intermediates A, B, C. Presum-

ably, this complex is the key intermediate (its resonance

form is Cu ± acetylide complex E). According to this cycle,

the asymmetric induction proceeds in several steps, which

end with the step D? F (stepwise mechanism). However,

the doubtfulness of this interpretation of asymmetric induc-

tion consists in the fact that the reaction centre giving rise to

the asymmetric carbon atom (intermediate F) is remote

from the chiral moiety [Cu(L7)].

Copper(I) complex with chiral secondary diamine L8

catalyzes enantioselective conjugate boronation of b,b-di-
substituted enones (e.g., compound 12) with bis(pinacolbor-

ane) [(PinB)2], which leads to chiral alkylboronates (e.g.,

compound 13) (Scheme 15).14

Scheme 15

A presumptive catalytic cycle of this reaction is pre-

sented in Scheme 16. After the formation of copper boryl

intermediate A, the carbonyl oxygen atom of enone 12 is

coordinated by the boron atom (the Lewis acid) of the

aminopinaconyl boronate moiety of the catalyst to afford

asymmetric key intermediate B. The next step of catalytic

cycle leads to intermediate C with an asymmetric carbon

atom. The formation of the product and the regeneration of

complex A proceed via this intermediate upon its protona-

tion by propan-2-ol. The proposed mechanism explains the

low enantioselectivity of this reaction in the presence of

ligand (S,S)-Me2NCH(Ph)CH(Ph)NMe2 (10% ee). Indeed,

in this case the formation of N7B bond becomes impos-

sible.

Thus, in this reaction, asymmetric induction is realized

in two consecutive steps via intermediates A and B.

Many prochiral simple ketones may be hydrogenated

with high enantioselectivity in the presence of RuII ±

ligand L9 complex as a catalyst (Scheme 17).15 The cata-

lytic cycle proposed for this reaction is presented in

Scheme 18.
Scheme 17

Scheme 18

It has been assumed 15 that the hydride (Ru7H) and

proton (N7H) moieties of the catalytic complex form a six-

membered pericyclic transition state with the reacting car-

bonyl group similarly to bifunctional Noyori's catalyst.16

The Ru_O coordination bond (with the carbonyl oxygen

atom) in this transtition state has been later found exper-

imentally.17 As it may be seen from Scheme 18, the C2

symmetry of the starting complex is lost upon the formation

of intermediates A and B, which control the asymmetric

induction. It is realized in two steps, thus being an example

of stepwise mechanism. However, the proposed mechanism

does not explain the pronounced influence of the solvent on

the enantioselectivity of the reaction under consideration.

The reaction of ketoesters with butadiene derivative is

catalyzed by C2-symmetric [RuCl2{(S,S)-L10}]

(Scheme 19).18
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Scheme 19

On the basis of X-ray diffraction data, it was demon-

strated that the ketoester was coordinated to the metal with

the formation of asymmetric (cis-a) structure 14.18

Presumsably, the first and, probably, the key intermedi-

ate of this reaction has a similar structure. As it follows

from the experiment, replacement of the methyl group by a

tert-butyl group leads to a dramatic increase in the enantio-

selectivity. This corresponds to the supposed structure of

the key intermediate similar to structure 14. Indeed, the

lower the symmetry of the catalyst or the key intermediate,

the higher the enantioselectivity of the reaction.1, 2 There-

fore, the enantioselectivity of the diene attack at the second

step of the reaction (stepwise mechanism of asymmetric

induction) should be higher if R=But than in the case of

R=Me, because in the former case, the symmetry of

intermediate is lower.

The C7H functionalization of indoles (e.g., compound

15) by diazo compounds (Scheme 20) is catalyzed by

D2-symmetric chiral binuclear rhodium complex

[Rh2(L11)4].19 Its structure is confirmed by X-ray diffrac-

tion data.
Scheme 20

Taking into consideration the results of DFT calcula-

tions, a mechanism of this reaction resulting in product 16

was proposed (Scheme 21). As can be seen from Scheme 21,

the D2 symmetry of the rhodium complex

[Rh2(L11)4]= [Rh] is lost at intermediate A. According to

this mechanism, the asymmetric induction proceeds in two

steps via intermediates A and B.
Scheme 21

The enantioselective 1,6-addition of arylboronic acids to

enynamides (e.g., the addition of phenylboronic acid to

compound 17 with the formation of chiral allenylsilane 18)

is catalyzed by rhodium complex with C2-symmetric chiral

diene ligand L12 (Scheme 22).20

Scheme 22

Along with allenylsilane 18, the reaction gives diene 19

in small quantities. A possible mechanism of this reaction is

shown in Scheme 23.

The phenyl group exchange between the boron and

rhodium atoms with the subsequent introduction of alkyne

at the Rh7Ph bond furnishes alkenyl rhodium intermediate

C formed from C2-symmetric intermediate A via complex B.

This asymmetric chiral intermediate may be the key inter-

mediate that determines the asymmetric induction. It iso-

merizes to benzylidene-p-allylrhodium D. Hydrolysis of this

complex or of oxa-p-allylrhodium E results in product 18

and regeneration of C2-symmetric intermediate A. Thus,

asymmetric induction occurs in two (or three) steps, i.e., the

stepwise mechanism is realized.

A similar mechanism of asymmetric induction is possi-

ble in the conjugate addition of phenylboronic acid to a,b-
unsaturated carbonyl compounds under the action of rho-

dium complex with chiral C2-symmetric diene ligand L13

(Scheme 24).21
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Scheme 24

A similar addition reaction of phenylboronic acid

catalyzed by rhodium complexes with C2-symmetric

chiral diphosphines L7 and L14 may lead to desymmetriza-

tion of meso-3,5-di(ethoxycarbonyloxy)cyclopentene (20)

(Scheme 25).22 Chiral regioisomeric monoesters 21 and 22

are formed with high enantioselectivity.

Menard et al.22 proposed a detailed mechanism of these

reactions (Scheme 26). The reaction of asymmetric complex

A with phenylboronic acid leads to phenyl group exchange

between the B and Rh atoms with the formation of

intermediate B. In the authors' opinion, after coordination

of the substrate in intermediate C, there may be two

possible reaction routes, one giving product 21 via inter-

mediate D and the other giving products 21 and 22 via
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intermediates E and F. In both cases, the asymmetric

induction is realized via stepwise mechanism.

The a-hydroxylation of 1,3-ketoesters is also catalyzed

by Pd complex with (R)-BINAP [(R)-L15] with high enan-

tioselectivity (Scheme 27).23 For example, using ketoester

23 as the starting compound, it is possible to obtain tertiary

alcohol 24.
Scheme 27

A possible catalytic cycle of this reaction is presented in

Scheme 28. It is supposed 23 that D?A is the rate-deter-

mining step. However, the asymmetric carbon atom is

formed in intermediate D. Therefore, the asymmetric induc-

tion of this reaction, according to the proposed mechanism,

proceeds via consecutive steps involving asymmetric inter-

mediates B?C and D (stepwise mechanism).
Scheme 28

The addition reaction of diarylphosphines to enones

(e.g., compound 25) proceeds with high enantioselectivity

under the action of C2-symmetric palladium complex with

pincer type ligand L16 (Scheme 29).24

Scheme 29

As can be seen from the catalytic cycle given in

Scheme 30, the asymmetric induction goes in two steps via

intermediate B and asymmetric intermediate C, which is

converted to chiral phosphine (the precursor of phosphine

oxide 26).
Scheme 30

The C2-symmetric palladium complex with ligand L17

possessing axial chirality catalyzes alkynylation of trifluoro-

pyruvate by alkynylsilane with the formation of tretiary

alcohol 27 (Scheme 31).25

Scheme 31

According to the possible mechanism of this reaction

(Scheme 32), asymmetric induction is realized in two con-

secutive steps via asymmetric intermediate A. A similar

mechanism has also been proposed for reactions of similar

substrates in the presence of (S)-L15 ± Pd complex as a

catalyst (99% ee).26

Scheme 32

The aldol reaction taking place between nitrosobenzene

and alkenyl trichloroacetate in the presence of

DMD, CH2Cl2,720 8C

O

OBut
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Bun
2Sn(OMe)2 is catalyzed by the silver complex with

C2-symmetric diphosphine ligand L18 (Scheme 33).27 Yana-

gisawa et al.27 proposed a possible structure of intermediate

28, leading to product 29. In the first step, the silver atom of

the complex catalyst coordinates the nitrogen atom of

nitrosobenzene, the C2 symmetry of the starting complex

being lost. The tin enolate complex formed as a result of

reaction of alkenyl trichloroacetate with Bun
2Sn(OMe)2

reacts with nitrosobenzene to give product 29 with regener-

ation of Bun
2Sn(OMe)2 and the starting complex catalyst.

Thus, in the reaction under consideration, asymmetric

induction occurs in two consecutive steps.
Scheme 33

The combined use of complex [La(L19)] { and 1,4-diaza-

bicyclo[2.2.2]octane (DABCO) promotes aza-version of the

Morita ± Baylis ±Hillman reaction of electron-deficient

alkenes with imines in the presence of diphenyl sulfide

(Scheme 34).28

A proposed 28 catalytic cycle based on the kinetic studies

is shown in Scheme 35. Complex [La(L19)] reacts with

zwitter-ion A with the formation of asymmetric key inter-

mediate B. After coordination of iminophosphine oxide to

the La atom (as the Lewis acid) of intermediate C, the

catalytic cycle proceeds via intermediates D and E possess-

ing an asymmetric carbon atom. Intermediate E dissociates

into the reaction product and the starting diamine

(DABCO) and lanthanum complex. The successive steps

B(C)?D(E) provide asymmetric induction via stepwise

mechanism.

The Friedel ± Crafts reaction of indole with b,g-unsatu-
rated a-ketoesters is catalyzed by samarium complex with

C2-symmetric chiral ligand L20 (Scheme 36).29
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La(OPri)37L19, DABCO,

(2-Me-4-OH-5-ButC6H2)2S
+

N

H

PPh2

O

Cy

O

OMe

THF, rt

NH
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O

OMe

O
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(98% ee)

O
SiMe3

HO
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OH
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Me3Si

Me3Si SiMe3

L19=

Scheme 34

{From here on, for the sake of simplicity, we will designate both free and

coordinated ligands by the same number even if the ligand loses protons

upon coordination, as in the case of ligand L19.
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Scheme 36

The structure of the possible key intermediate of this

reaction has been proposed 29 (structure 30).

Obviously, the intermediate that has lost its C2 symme-

try is attacked by indole. The reaction proceeds in two

successive steps.

It is necessary to emphasize that the proposed differ-

entiation of the reactions described in this and next chapters

according to the mechanism of asymmetric induction has a

probabilistic character. It is based on the proposed catalytic

cycles, which have been more or less proved by the authors

of the cited papers. However, the conclusions about the

asymmetry of the intermediates that control the asymmetric

induction are more reliable, as they are based on stereo-

chemical logic and have been partially proved by experi-

ments or calculations (see, e.g., Ref. 30).

2. Cooperative mechanism of asymmetric induction
The asymmetric Mannich-type reaction of aldimines with

cyclic ketoesters is catalyzed by lithium salt of diol (R)-3,30-
(3,4,5-F3C6H2)2BINOL (L21) (Scheme 37).31

For this reaction, the authors 31 have proposed a tran-

sition state 31 in which both reactants are bound to catalytic

complex.

Hence, the asymmetric induction is probably realized in

one step according to the cooperative mechanism with C1

symmetry of the key intermediate.

Chlorination of 3-substituted oxindoles with N-chloro-

succinimide in the presence of C2-symmetric chiral calcium

phosphate complex Ca(L22)2 proceeds enantioselectively

(Scheme 38).32

Scheme 38

Zheng et al.32 proposed the structure of possible inter-

mediate 32 of this reaction. This structure was based on the

bifunctional character of calcium complex, which activates

both nucleophile and electrophile. The coordination of the

Boc and succinimide oxygen atoms by Ca creates the

reaction centre; the hydroxyl group of the oxindole tauto-

mer may be hydrogen-bonded to the P=O group of the

catalyst. Both reactants are bonded to the catalytic com-

plex, which has lost C2 symmetry, and asymmetric induc-

tion is likely realized in one step.

A similar structure of the transition state may also be

present in the reaction of oxindoles with peroxides

(Scheme 39).33 The cooperative mechanism of asymmetric
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induction with intermediate 33 is also most probable in this

case.
Scheme 39

The catalytic system generated from (R)-BINOL (L23),

Ti(OPri)4 , H2O and LiCl catalyzes the aldol reaction of

Brassard's diene and aromatic aldehydes (Scheme 40).34

Scheme 40

The authors have proposed the working model for the

catalytic complex 34 (the transition state of this reaction)

with a pronounced bifunctional character.

It can be seen that the product is formed as a result of

interaction of aldehyde and diene coordinated by the Ti and

Li atoms (the Lewis acids) of BTHL. The reactant coordi-

nation eliminates the C2 symmetry of this complex. Thus,

the cooperative mechanism of asymmetric induction involv-

ing asymmetric complex is quite realistic for this reaction.

It is possible to deduce the cooperative mechanism of

asymmetric induction from the mechanism proposed 35 for

the addition of nitroalkenes to substituted oxindoles in the

presence of Ni complex with C2-symmetric chiral diamine

(97% ee).

The cycloaddition of nitrone to 2-alkenoylpyridine

N-oxide is catalyzed by the copper complex with C2-sym-

metric chiral ligand L24 in the presence of molecular sieves

(MS) (Scheme 41).36

Scheme 41

Barroso et al. 36 proposed a stereochemical model of key

intermediate 35 for this reaction. This structure was asym-

metric, the Cu coordination environment having an extended

square-bipyramidal geometry with two axial triflate anions

(the latter are omitted in structure 35 for clarity). Thus, the

mechanism of asymmetric induction is cooperative.

A similar structure was proposed for the intermediate of

catalytic alkylation of indoles with nitroalkenes (the Frie-

del ± Crafts reaction) under the action of Cu(OTf)2 complex

with C2-symmetric chiral diamine containing two sulfon-

amide moieties (97% ee).37 This suggests that in this

reaction, the mechanism of asymmetric induction would

also be cooperative.

The catalytic addition of dialkylphosphine oxides to a,b-
unsaturated ketones proceeds in the presence of diethylzinc

and C2-symmetric ligand L25 (Scheme 42).38
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Structure 36 has been proposed as a key intermediate of

this reaction.

On these grounds, it is possible to draw the conclusion

of cooperative mechanism of asymmetric induction. A

similar zinc complex catalyzes the hydrophosphinylation

of a,b-unsaturated N-acylpyrroles with dialkylphosphine

oxides with ee>99%.39 In this reaction, which is similar

to the reaction of Scheme 42, the cooperative mechanism of

asymmetric induction is also quite probable.

Reductive cyclization of 3-aza- or 3-oxaalk-5-ynals 37

with substituted acetaldehydes 38 is catalyzed by the Rh

complex with (R)-(H8-BINAP) ligand (L26) (Scheme 43).40

Scheme 43

A possible reaction mechanism is given in Scheme 44.

The authors 40 assume that alkynal 37 and acetaldehyde 38

are coordinated by the rhodium complex to form asymmet-

ric intermediate A. The interaction of the aldehyde group

with the Rh7O moiety leads to intermediate B containing

coordinated chiral product 39. Since according to this

scheme, the key intermediate A is formed in one step, the

mechanism of asymmetric induction is cooperative.

Scheme 44

Cooperative mechanism of asymmetric induction is also

most possible for the addition of substituted trifluorobo-

rates to N-sulfonyl ketimines catalyzed by the rhodium

complex with C2-symmetric chiral diene (98%± 99.5%

ee).41

The cycloisomerization of 4-aza-1,6-enynes to azabicy-

clo[4.1.0]heptenes is catalyzed by binuclear Au(I) complex

with ligand L27 (Scheme 45).42

Scheme 45

According to the mechanism proposed 42 for this reac-

tion, the asymmetric induction is realized in one step

(cooperative mechanism) via asymmetric intermediate A

(Scheme 46).
Scheme 46

Cooperative mechanism of asymmetric induction is also

possible in the epoxidation of homo- and bishomoallylic

alcohols (Scheme 47) catalyzed by hafnium complex with

C2-symmetric ligand L28.43

Scheme 47

A possible structure 40 of the intermediate complex

responsible for asymmetric induction was proposed.43

According to this structure, the product may form in one

step, i.e., by cooperative mechanism. Unfortunately, this

scheme does not disclose the functions of the achiral addi-

tional reagent (ligand), DMPU, and of molecular sieves.
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As it was already mentioned, classification of the asym-

metric induction types into two- or one-step one (i.e.,

stepwise or cooperative mechanism, respectively) was not

proved experimentally in most cases and is based only on

the possible mechanisms proposed by the authors of the

cited papers. However, considering all of the mechanisms

discussed, it is possible to assume that the key intermediates

responsible for the asymmetric induction in highly enantio-

selective reactions (listed above) catalyzed by C2-symmetric

complexes are asymmetric.

III. C2-Symmetric intermediates controlling
asymmetric induction in the reactions involving
complexes with C2-symmetric chiral ligands

The enantioselectivities of the reactions of monofunctional

substrates under the action of C2- and C1-symmetric com-

plexes are significantly different.1, 2 Hydrogenation of pro-

chiral ketones with hydrogen atom transfer is one of the

most well-investigated asymmetric reactions catalyzed by

chiral metal complexes (Scheme 48).44

Scheme 48

Ligand Metal ee (%) Configuration Ref.

of the product

L2 Ru 1 ± 4 S 45, 46

L29 Rh <1 47

Ir 4 ± 28 S 48

L30 Ru 28 R 49

L31 Ru 15 R 49

L32 Rh 0 50

L33 Rh 17 R 47, 48

L34 Rh 67 R 47, 48

L35 Rh 12 S 50

L36 Rh 97 R 51

Ir 96 R 51

The very low ee values of the products of this reaction

induced by Rh, Ir and Ru complexes with C2-symmetric

ligands L2, L29 ±L35 attract special attention.1 ± 3, 45, 46

The optical purity of the reaction products significantly

increases on going to catalytic complexes with asymmetric

ligands, as can be seen, for example, by comparing the data

for Rh complexes with ligands L35 and L36. For the

complex Rh(L33), an equilibrium of chelate intermediates

A, B, C and D is established in solution (Scheme 49).

Scheme 49

If the equilibrium between complexes A and B is

established rather quickly, both structures are C2-symmetric

and actually equivalent as catalytic complexes. As is gen-

erally known, for the reaction under consideration (see

Scheme 48) involving rhodium complexes with diphosphine

and diamine ligands, the step of asymmetric induction

includes simultaneous transfer of the apical hydrogen H

atom of the trans-RuH(Cl)(diphosphine)(diamine) inter-

mediate and of the proton of the ligand RNH group to the

carbonyl moiety of the substrate via a six-membered tran-

sition state.52 ± 54 If this concept is applied to rhodium ± chi-

ral N,N-ligand complexes, a six-membered transition state

may be formed with participation of the pseudo-axial N7H

bond and apical Rh7H bond of intermediate A and the

enantiomeric NH7RhH moiety of intermediate B to give

one and the same enantiomer of the product. The other

enantiomer may be formed from the corresponding moieties

of intermediates C and D. Taking into consideration the

equilibria between intermediates (A, B, C and D), it is

possible to assume that this reaction in the presence of

complex Rh(L33) would have low enantioselectivity, and

this corresponds to experimental data.

The complex rhodium ± ligand L34 has a stable chelate

structure with stereogenic nitrogen atoms, as shown by

DFT calculations 55 (intermediates A and B, Scheme 50).

According to these calculations and analysis of molecular

models, structures A and B are more preferable than C and

D. That is why equilibrium is possibly shifted to intermedi-

ates A and B, from which one enantiomer of the product is

formed. In this case, the reaction should proceed with

slightly higher enantioselectivity than under the action of

complex Rh(L33), which corresponds to the experimental

data. In both cases (see Schemes 49 and 50), key intermedi-

ates A and B responsible for asymmetric induction have C2

symmetry. This corresponds to comparatively low enantio-

selectivity (67% eemax). For asymmetric ligand L36 with

substituents at the nitrogen atom greatly differing in vol-

ume, it is most probable that equilibrium is shifted to one

out of the four possible intermediates. Then one may expect

a large ee value of the product, which corresponds to the

experimental data.
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Scheme 50

The considered reaction is also catalyzed by D2-sym-

metric chiral iron complex with isonitrile ligand L37 or L38

(Scheme 51).56

Scheme 51

It is assumed 56 that the ketone carbonyl group is

coordinated by the iron atom of the complex acting as a

Lewis acid with the formation of intermediates A and B

(Scheme 52). The reduced isonitrile group acts as the

hydride donor. Intermediates C and D (Scheme 53), being

alternative to intermediates A and B of this reaction, lead to

products with the opposite configuration. That is why the

enantioselectivity of this reaction should not be high, which

corresponds to the experiment. It should be noted that the

mechanism under discussion does not hold for substrates

capable of two-point coordination. As an illustration,

compare the reactions of two substrates given in

Scheme 54.56

Scheme 53

Scheme 54

The addition of dialkylzinc to benzaldehyde is another

well-studied reaction with an extremely big difference in the

enantioselectivities depending on the symmetry (C2 or C1)

of chiral complex catalysts. It is the first step of the reaction

shown in Scheme 55.1

The catalytic cycle of this reaction was proposed for

asymmetric ligands of L39 ±L41 types based on calorimetric

kinetic measurements.63

The decrease in the enantioselectivity on going from

these asymmetric ligands to C2-symmetric ligands L33, L42
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hexane, rt Ph Et
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Scheme 55

L ee Configu- Ref. L ee Configu- Ref.

(%) ration of (%) ration of

the product the product

L39 97 R 57 L33 26 S 60

L40 100 R 58 L42 8 R 61

L41 99 R 59 L43 20 R 60

L23 8 S 60 L44 4 S 62
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may be explained using a similar catalytic cycle

(Scheme 56).
Scheme 56

In this Scheme, the key intermediate A is C2-symmetric.

Two possible structures of intermediate B are mirror

images. Thus, according to this Scheme, it is possible to

expect the formation of racemic product or the product with

a low optical purity. This is actually observed in the experi-

ment with C2-symmetric ligands L23, L33, L42, L43 and

L44.

This mechanism also accounts for the relatively low

enantiomeric purity of the product of aldol reaction of

aryl ketones with arylaldehydes (Scheme 57) in the presence

of zinc complex with C2-symmetric ligand L45.64

Scheme 57

The sequence of intermediates given in Scheme 58 has

been proposed for this reaction.64 Apparently, key inter-

mediate A responsible for asymmetric induction has C2

symmetry. An alternative pathway of this reaction is possi-

ble, namely, that via intermediate D (Scheme 59), which is

the mirror image of intermediate B. This pathway leads to
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enantiomeric product via intermediate E. It explains the low

enantioselectivity of the reaction.

A similar explanation of low enantioselectivity is possi-

ble for epoxidation of alkenes catalyzed by manganese

complex with C2-symmetric ligand L46 (Scheme 60) 65 and

for propargylation of aldehydes under the action of chro-

mium complex with C2-symmetric ligand L47

(Scheme 61).66

Scheme 60

Scheme 61

The enantioselectivity of epoxidation of allylic alcohols

catalyzed by C2-symmetric niobium salan complex

[NbO(L48)]2O strongly depends on the solvent

(Scheme 62).67

Scheme 62

The formation of racemic product in methanol is prob-

ably caused by substitution of the solvent for the diene OH

group coordinated to chiral complex (this coordination

starts the enantioselective reaction).

A C2-symmetric key intermediate is also possible in the

desymmetrization of bispropargylic alcohols 41a,b upon the

reaction with carbon dioxide under the action of C2-sym-

metric silver complexes with ligands L49 and L50

(Scheme 63).68

Scheme 63

As in the reaction presented in Scheme 57, intermediates

A and B (Scheme 64), and also alternative intermediates C

and D (Scheme 65) are both possible. They lead to different

enantiomers of products 42a,b. The low enantioselectivity

of the reaction under consideration is explained by this fact.

Scheme 64

Scheme 65

A similar explanation of low enantioselecivity may

apply desymmetrization of cobalt-bis(cyclodiene) com-

plexes in the reaction with arylboronic acid (Scheme 66).69

Scheme 66
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Low enantioselectivity of a series of reactions catalyzed

by palladium complexes with atropoisomeric ligands L51

and L52 (Scheme 67) is also attributable to the C2 symmetry

of the key intermediate determining the asymmetric induc-

tion.70, 71

Scheme 67

R1 R2 R3 ee (R) (%) R1 R2 R3 ee (R) (%)

Me H H 61 Me Cl H 61

Pri H H 37 Et Cl H 51

But H H 18 Me H Br 42

Bn H H 30 Et H Br 51

Ar1 Ar2 ee (%) a Ar1 Ar2 ee (%) a

4-O2NC6H4 2-MeC6H4 10 (S) 2-ClC6H4 4-PhC6H4 13 (S)

4-O2NC6H4 3-MeC6H4 21 (+) 2-ClC6H4 Ph 13 (S)

4-O2NC6H4 4-MeC6H4 48 (+) 2,4-Cl2C6H3 Ph 65 (S)

4-O2NC6H4 2-Naph 20 (7) 2-O2NC6H4 4-PhC6H4 5 (+)

3-O2NC6H4 2-Naph 29 (+) 2,4-Cl2C6H3 3-MeC6H4 50 (+)

3-O2NC6H4 4-PhC6H4 1 (7) 2,4-Cl2C6H3 3-MeC6H4 40 (+)

4-MeOC6H4 4-PhC6H4 6 (+) 2,4-Cl2C6H3 4-MeC6H4 40 (+)

a Product configuration or sign of rotation is given in parentheses.

The ee values of the products given in Scheme 67

indicate that the maximum ee value, as in the reactions

discussed earlier [see Schemes 48, 51, 54 (X=CH), 55, 57,

60, 61, 63, 66] does not exceed 65%. The C2 symmetry of

intermediates determining the asymmetric induction is the

only one common feature of these reactions involving

chemically different reactants and having different mecha-

nisms. Hence, the low enantioselectivity can be attributed

only to this feature.

In our opinion, this conclusion is directly supported by

the influence of the symmetry of the key intermediate

depending on the achiral additional ligand on the enantio-

selectivity of oxidation of racemic secondary alcohols in the

presence of Mn complex with salen ligand (S,S)-L53

(Scheme 68).72

Scheme 68

Brown et al.72 have proposed a reaction pathway

according to which catalytic complex A is transformed

into asymmetric intermediate B in the presence of the

[O]7KBr7H2O system (Scheme 69). This complex is

responsible for the asymmetric induction in B?C step.

The replacement of the KBr additional achiral ligand by

KCl dramatically decreases the enantioselectivity, as it

results in the C2 symmetry of intermediate B.
Scheme 69

IV. Enantioselectivity of reactions of substrates
coordinated by one, two or three groups in the
presence of complexes with C2-, C3- and
D2-symmetric chiral ligands

As it was demonstrated earlier,3, 73 replacement of the alkyl

moiety at the double bond of the substrate by a group

capable of coordination results in significant increase in the

enantioselectivity of hydrogenation of this bond under the
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action of rhodium complexes with C2-symmetric chiral

ligands. This conclusion is confirmed by the results of

hydrogenation of C=O and C=C bonds catalyzed by

complexes of other metals, e.g., ruthenium (Table 1). The

difference in the enantioselectivity of reactions of mono-

functional (see Table 1, line 1), bifunctional (lines 2 ± 7) and

trifunctional (lines 8 ± 11) substrates is evident. A similar

difference is also observed in the presence of C2-symmetric

Rh complexes with ligands L54 and L2 as catalysts.3

However, such a great difference in ee values of products

depending on the ability of substrates to one- or two(three)-

point coordination is not observed in the reactions cata-

lyzed by asymmetric complexes.1 Hydrogenation of bifunc-

tional and especially trifunctional substrates catalyzed by

Ru, Rh and Cu complexes with C2-symmetric ligands is a

model reaction that invariably demonstrates high enantio-

selectivity.1, 2, 82 ± 97

Reactions catalyzed by complexes with C2-symmetric

ligands that demonstrated the highest enantioselectivity are

given in Table 2. The reactions are arranged in the order of

increasing atomic numbers of metal catalysts. Structural

formulas are given only for ligands L55 ±L77 (in some cases

for their complexes), which are not mentioned in Sections II

and III.

All the reactions given in Table 2 induced by Li, Mg, Sc,

Ti, Ni, Cu, Zn, Y, Ru, Rh and Pd complexes with C2-sym-

metric ligands demonstrate high enantioselectivity only in

the case of substrates possessing two or three functional

groups capable of coordination with metal. If reactants lose

one or two of such groups, then the enantioselectivity

decreases. This can be clearly seen when comparing reac-

tions given in Schemes 70 and 71.132, 133 Probably, this is

due to the asymmetric intermediate in which the metal

coordinates to bifunctional or trifunctional substrate. This

regularity may be extended to the reactions with C3-sym-

metric complexes (e.g., see the reaction in Scheme 72).134

The C3-symmetric structure of [Pd3Zn3(L80)3(dba)3]

complex (44) was proposed 134 on the basis of the results

of electron impact mass spectrometry analysis.

Highly enantioselective reactions involving Sc, Ti, Cu,

Cr, Rh, Pd, Ir and Au complexes with C2- and D2-symmet-

P

Ph

OH HO

Ph

P

L54

Table 1. Hydrogenation of C=C and C=O bonds of mono-, bi- and trifunctional substrates under the action of ruthenium complexes with
ligand L15.

No. Substrate Complex Conditions ee of product (%) Ref.
(configuration)

1 [RuBr2{(R)-L15}] NaOH, PriOH, 98 8C 30 (S) a 49

2 [RuCl2{(R)-L15}] H2 (100 atm), MeOH, rt >99 (R) 74

3 [RuCl(Z6-C6H6){(S)-L15}]Cl H2 (100 atm), MeOH, 55 8C 96 (S) 75

4 [RuCl(Z6-Cym){(R)-L15}]Cl b H2 (100 atm), CH2Cl2 , 55 8C 93 (R) 76

5 [Ru(OAc)2{(S)-L15}] H2 (50 atm), MeOH, rt 96 (S) 77

6 [RuCl2{(S)-L15}] H2 (93 atm), MeOH, rt 92 (R) 77

7 [RuCl2{(R)-L15}] . (DMF)n H2 (4 atm), MeOH, 25 8C 98 (R) 78

8 [Ru(OAc)2{(S)-L15}] H2 (100 atm), EtOH, 100 8C 97 (R) 79

9 [RuCl(Z6-C6H6)]27{(R)-L15} H2 (20 atm), EtOH7CH2Cl2 (1 : 1), 75 8C 99 (S) 76

10 [RuHCl{(R)-L15}2] H2 (2 atm), THF7EtOH (1 : 1), 35 8C 95 (R) 80

11 [Ru(OAc)2{(R)-L15}] H2 (1 atm), MeOH, 25 8C 96 (S) 81

a The use of ligand (S)-L31 under the same conditions results in R-enantiomer of the product with 15% ee; b Cym is cymene.

Ph Me

O

Me OMe

O O

Me OMe

O O

Me OMe

O O

Me
NMe2

O

Me
OH

O

Me
P(OMe)2

O O

Cl
OEt

O O

Cl
OEt

O O

CH2 CO2H

NHAc

Me

NHAc

CO2Me

840 V A Pavlov, T N Pavlova



Table 2. Reactions catalyzed by complexes with C2-symmetric ligands.

No. Ligand Reaction ee (%) Ref.

1 95 (S) 98

2 L23 99 (S) a 99

3 99 100

4 99 101

5 98 b 101

6 99 102

7 L23 99 103

8 93 (S) 104

9 L3 95 105

10 99 106

11 99 107

12 99 107
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+
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O
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Table 2 (continued).

No. Ligand Reaction ee (%) Ref.

13 99 108

14 97 (R) 109

15 L15 99 (syn) 110

96 (anti) 110

16 96 111

17 98 111

18 90, 93, 112

95

19 L65 98.5 113

20 L17 99 114

21 >99 114

22 L67 >91 (S) 115
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Table 2 (continued).

No. Ligand Reaction ee (%) Ref.

23 >99 116

24 >99 117

25 >99 118

26 L56 99 119

27 99 120

28 L15+L33 97 121

29 >99 122

30 L15 99 123

31 99 124

32 99 125
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O
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O

PhL69

O

OMe

N2

Ph(CH2)4S(O)2
CuCl, Na[B{C6H3(CF3)2-3,5}4]7L69

CH2Cl2, D

S

Ph

OMe

OO O

N

N

O
Ph

Ph

Pri

N

O
Ph

Ph

PriL70

+
Zn(OTf)27L70

CHCl3,760 8CN
H

N
H OPh

N

O7

+N

O7

+
O

Ph

O

MeO OMe

O O

O

OMe
R

R=4-BrC6H4, 4-CNC6H4

+
Y(OTf)37L56

CH2Cl2, 0 8C

R

CO2Me

O

O

MeO

O OMe

*

I

OH

OH

I
L71

O

H

R

R=Br, CN

N

N2

Ph
+

H

Zr(OBun)47L71

MeCN, MS 3�A, rt

NHPh

O
R

O
O

N

H

H

O

O

NMe2 N

H

H

O

OH

NMe2

H2 (50 atm),
[RuH2(L15){(R,R)-L33}],
KOBut

THF, 0 8C

P(C6H2F3-3,4,5)2MeO

P(C6H2F3-3,4,5)2MeO

L72

O O

Ph

+ PhB(OH)2
[RhCl(C2H4)2]27L72

KOH, PhMe, 20 8C

Ar=3-CF3C6H4

+ ArAlMe2
[Rh(cod)Cl]27(R)-L15

dioxane7THF, 5 8C

O

Me

O

Me

Ar

N

N

PPh2
PPh2

MeO

MeO

OMe

OMe

L73

N

Ph

O

OMe
+

Br7
+PhB(OH)2

[Rh(cod)2]BF47L73, Na2CO3

dioxane7H2O (10 : 1), 60 8C N

Ph

O

OMe

Ph

F

F
F

PhPh

F

L74
R=2,6-Me2C6H3; Ar=3,5-Me2C6H3

N

O

O

RO

O

+ArB(OH)2
[Rh(OH)(L74)]2

dioxane7H2O (10 : 4), 60 8C
N

O

O

RO

O Ar
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Table 2 (continued).

No. Ligand Reaction ee (%) Ref.

33 97 ± 99 c 126

34 L17 99 127

35 L67 99 128

36 99 129

37 99 130

38 99 131

aA possible structure of in situ obtained magnesium complex with L23 and methyl malonate (structure 43) is asymmetric. b The ee value does not

change on the addition of 4-dimethylaminopyridine as the AAL. c Et3N, aqueous KOH, KF, K3PO4 and KHF2 and H2O were used as the AAL;

only in the case of KOH (aq.), the ee value decreased to 97%.

Ph

Ph

H

H

L75

N

NTs
H

Cbz

Cbz is benzyloxycarbonyl

B(OH)2

OMe

+
[RhCl(C2H4)2]27L75

AAL, PhMe, 55 8C

NHTs

OMe

*

Cbz

N

H

O

SiPh3+

.

OH
SiPh3

Rh(acac)(C2H4)27(S)-L17

AcOH, dioxane, 80 8C

acac is acetylacetonate

Pri
NO2

Pri3Si+

Pri

NO2

Pri3Si

[Rh(OAc)(C2H4)2]27L67

dioxane, 80 8C

MeO

MeO

S

S

C6H4Me-4

O7

O7

C6H4Me-4

+

+

L76

O O

Ph

+ PhB(OH)2
[Rh(C2H4)Cl]27L76

PhMe7H2O (10 : 1), rt

P
N

N

O

O

HN

O

Ph Me

Me
Ph

O

HN NH

O

Ph
Me

Me Ph

O

NH

O

O

N

N
P

L77

O

CF3N
H H

[Rh(acac)(CO)2]7(S,S)-L77

CO7H2 (9.5 atm), PhMe, 40 8C

O

CF3NMe

CHO

N

N

Ph
O

Me

O

O

Pd2(dba)3 .CHCl37L78

dioxane, rt

dba is dibenzylideneacetone

N

N

Ph
O

Me

Ph2P

HN

PPh2

NH
OO

(R,R)-L78

O

O

Mg

O

O

OMe

OMe

Br

43

H

(a) [(Z3-C3H5)PdCp]7L78, ButOH, dioxane, 25 8C

N

O

O

OMe

O
MeO N

H

O

Ph

N

CO2Me

(96% ee)

+ O

N

Ph

H

a

O OMe

O

OMe

+

N

Ph

O

H

a

N

O

Ph

H

(79% ee)

OMe

Scheme 70
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ric ligands should also be mentioned.135 ± 145 These reactions

also obey the stated regularity related to the number (n5 2)

of coordinating groups of substrate. However, exceptions

are known.146 ± 149 Probably, they are due to replacement of

the coordination of tetradentate C2-symmetric ligand by the

coordination of its bidentate asymmetric half.

The enantioselectivity of some reactions (see, e.g., lines 5

and 33 in Table 2) does not depend on additional achiral

ligands. In some papers with the use of additional achiral

ligands (see Table 2, lines 20 and 21) or molecular sieves

(see Table 2, lines 4, 6, 13, 27), no comparative study of the

enantioselectivity has been carried out. However, it is

known that additional achiral ligands and molecular sieves

have a favourable impact on the enantioselectivity.

V. Dependence of the enantioselectivity of
reactions catalyzed byC2-symmetric complexes on
additional achiral ligands and molecular sieves

In a series of catalytic reactions an increase in the enantio-

selectivity is observed in the presence of additional achiral

ligands or additional catalysts (co-catalysts).1, 2, 150 Cyano-

silylation reaction of aldehydes induced by complex

AlCl(L81) is a typical example (Scheme 73).151

Scheme 73

Trigonal-bipyramidal structures 45 and 46 possessing

different symmetry have been proposed as possible inter-

mediates of this reaction.152, 153 Unlike the reaction in the

absence of additional achiral ligand, in the presence of such

ligand (Additive), intermediate 46 loses the C2 symmetry

axis. This may serve as an explanation of the increase in the

enantioselectivity in the presence of AAL.

Another startling example of the sensitivity of enantio-

selectivity of a catalytic reaction to AAL is represented by

cyanosilylation of benzaldehyde in the presence of complex

AlCl(L82) (Scheme 74).154

Scheme 74

The dramatic increase in the enantioselectivity in the

presence of additional achiral ligand is probably explained

in the same way as in the previous case.

In the hydrogen transfer reaction catalyzed by the

ruthenium complex with ligand L83 (Scheme 75),155 the

addition of PPh3 into the reaction mixture apparently

results in a non-symmetrical geometry of the key intermedi-

ate, which accounts for the high enantioselectivity. In the

absence of AAL, the ee value is only 7%.

Scheme 75

Another enantioselective reaction depending on the

AAL is hydrogenation of quinaldine catalyzed by the

iridium complex with ligand L84 (Scheme 76).156

HR

O

R H

HO CN
+Me3SiCN

1) AlCl(L81), CH2Cl2,740 8C
2) H+

AlCl(L81) =
O

O
Al Cl

PPh2

O

PPh2

O

R AAL ee (%)

Ph(CH2)2 Bun3P(O) 97 (S)
Ph(CH2)2 7 9 (S)
Pri Bun3P(O) 90 (S)
Pri 7 25 (S)

45

Al Cl

O(Aldehyde)

O(Aldehyde)

O

O

C2

*

46

Al Cl

O(Aldehyde)

O(Additive)

O

O
C1

*

HPh

O

O

N

But

But

AlCl(L82) =

Al

N

O
Cl

But

But

C2

+Me3SiCN
Ph CN

H OSiMe3AlCl(L82), AAL

CH2Cl2, 10 8C

AAL Yield (%) ee (%)

(n-C8H17)3P(O) 90 86 (S)
7 93 0

MePh

O

N

N

N

Ph

Ph
N

N

Ph

Ph

H H

L83=

0.5 [RuCl2(Z6-C6H6)2]27L83

PPh3, NaOPri, PriOH, 90 ± 100 8C
Ph Me

HO H

[94% ee (S)]

O

Me

Me OH

Me

+Me2Zn
Pd(OAc)27L80

PhMe, rt

(99% ee)

L80=
OH

PPh2

OH

OH

PPh2

PPh2

OH

PPh2

*

Ph2

Ph2

Ph2

Ph2

**

*

O
P

O
ZnO

O

Zn
O

P

dba

Pd

P
O

Zn Ph2P

P
Pd

PPh2

dba

Pd dba

44

Scheme 72

N

F

Ts

N

Cl

Ts

rac

Pd2(dba)37L79

AgF, THF, rt

(96% ee)

FCl

rac

Pd2(dba)37L79

AgF, THF, rt

(88% ee)

(R,R)-L79= N
H

N
H

Ph2PPPh2

Scheme 71
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Scheme 76

It may be supposed that the dependence of enantiose-

lectivity on the additional achiral ligands is significant only

for the reactions of monofunctional substrates (see Schemes

73 ± 76). However, this effect is also tangible for the reac-

tions of substrates that coordinate by two or three groups.

In this case, low ee value of the product in the absence of

AAL is a necessary condition. Aldol condensation in the

presence of titanium complex with (S)-L23 (Scheme 77) 157

and [3+2]-cycloaddition involving copper complex with

L85 (Scheme 78) 158 may serve as examples.

Scheme 77

AAL ee (%) AAL ee (%)

7 5 Et3N 74

MS 4�A 23 MgCl2 85

PriNH2 52 LiCl 97

Scheme 78

Meanwhile, some reactions of polyfunctional substrates

that are highly enantioselective in the presence of AAL and

are catalyzed by Mg,159 Al,160 Ca,161 Sc,162 ± 164 Ti,165

Cu,166 ± 169 Zn,170 Rh 171 ± 174 and In 175 complexes have not

been investigated in the absence of these additional coordi-

nating compounds (ligands).

Molecular sieves also have influence on the enantiose-

lectivity of reactions.1, 2, 158 The presence of molecular sieves

(MS 4 �A, MS 3 �A) in the reaction mixture increases the

enantioselectivity of catalytic reactions induced by metal

complexes with C2-symmetric ligands. The addition of

trimethylcyanosilane to benzaldehyde (monofunctional sub-

strate) catalyzed by Ti complex with ligand L86 is an

example of this effect (Scheme 79).176

Scheme 79

It should be noted that in the absence of molecular

sieves at 730 8C, the reaction does not proceed at all.

A similar effect is observed in the case of bifunctional

substrate in ene reaction involving methyl glyoxylate

(Scheme 80).177 Titanium complex with (R)-L23 acts as the

catalyst.
Scheme 80

In the case of polyfunctional substrates, the effect is

significantly weaker. Thus, in a-amination reactions of

3-substituted 2-oxindoles (Scheme 81) 178 and 4-substituted

pyrazolone (Scheme 82) 179 catalyzed by lanthanide com-

plexes with related ligands L56 and L87, respectively, the ee

value of the product increases only by 2%± 8% in the

presence of molecular sieves.
Scheme 81

Scheme 82

N Me N Me
H

[Ir(cod)Cl]27L84

H2, AAL, THF, rt

PPh2
PPh2MeO

MeO
L84 =

AAL ee (%)

AgOTf 7 (R)

AgOTf+HOTf 29 (S)

HOTf 79 (S)

HOTf+piperidine 86 (R)

Me3SiO OSiMe3

OMe
+ PhCHO

1) Ti(OPri)47(S)-L23,

AAL, THF, rt

2) desilylation

OH

Ph

O O

OMe

NPh

O

OMe
Ph

NO2
+

Cu(OTf)27L85

AAL, dioxane, rt

N

NH

N

Ph

Ph

Bn

HN

N

Ph

Ph

Bn

L85=

N

O2N

Ph CO2Me

Ph

H

endo

+
N

O2N

Ph CO2Me

Ph

H

exo

AAL endo : exo ee (endo) (%)

7 83 : 17 51

Et3N 96 : 4 74

Cs2CO3 99 : 1 99

HPh

O

+Me3SiCN

1) Ti(OPri)47L86, MS 4�A, CH2Cl2

2) 1M HCl

CNPh

O

HO

N

OH

N OL86=

AAL T /8C ee (%)

MS 4�A 778 94 (S)
7 0 20 (S)

H OH

MePh CO2MeH

O

+
TiCl2(OPri)27(R)-L23

MS, CH2Cl2, 20 8C

[95% ee (R);

without MS, 10% ee]

Ph

OH

CO2Me

N

R1

O

H

N

N

R2O2C

CO2R2

Sc(OTf)37L56

CH2Cl2,720 8C+

N
H

R1 N

HN
CO2R2

CO2R2

R1 R2 AAL ee (%)

Me Pri 7 90

Me Pri MS 4�A 92

Bn Et MS 4�A 98

N
N

BnO

MePh

+
Gd(OTf)37L87

MS 4�A, 0 8C
N

N

O

MePh

N
CO2Pri

N
CO2PriH

Bn

(96% ee; wihout MS,

93% ee)

N

N

PriO2C

CO2Pri

L87=

++
N

O7

HN
O

Ph Ph

O
7O

H N

N
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As in the case of additional achiral ligand, the increase

in the enantioselectivity of the reaction in the presence of

molecular sieves may be coused by the loss of C2-symmetry

by key intermediates responsible for asymmetric induction.1

Indeed, chelate-type metal complexes tend to be adsorbed

by the apical vacancies on the chemisorbent surface. If the

C2-symmetry axis lies in the plane of the chelate ring, the

complex beng adsorbed loses the symmetry and becomes

asymmetric. For example, the Diels ±Alder reaction involv-

ing the Pd complex with (S)-L15 (Scheme 83) 180 is more

enantioselective in the presence of molecular sieves: 96% ee,

without MS, 79% ee.
Scheme 83

The crystal structure of the complex

[Pd{(S)-L15}(PhCN)2](BF4)2 has been studied by X-ray

diffraction.180 The metal atom is coordinated to two phos-

phorus atoms of the ligand and to two benzonitrile mole-

cules. The complex as a whole has a slighlty distorted square

planar geometry and possesses the C2 -symmetry axis. It is

highly probable that this planar molecule is adsorbed on the

surface of chemisorbent (MS 3 �A) by the apical vacancy of

the palladium atom. In this case the C2-symmetry axis is lost

and asymmetric induction is controlled by the asymmetric

key intermediate. Unfortunately, most researchers who used

molecular sieves in reaction mixtures of asymmetric reac-

tions did not mention reference reactions without molecular

sieves.181 ± 188

VI. Comparison of the enantioselectivities of
reactions in the presence of complexes of the same
metal withC2- andC1-symmetric ligands of similar
structure and under the same conditions

As it was noted earlier, alkylation of aldehydes by dialkyl-

zinc in the presence of chiral ligands [without addition of

Ti(OPri)4] and hydrogenation with hydrogen transfer of

ketones under the action of chiral Rh, Ir and Ru complexes

are reactions in which the enantioselectivity is significantly

higher in the case of asymmetric catalysts than C2-symmet-

ric catalysts. For the latter reaction, this is true only for

monofunctional substrates.1, 2 This is confirmed by hydro-

genation of ketones in the presence of iron complexes with

salan (R,R)-L10 (Scheme 84) 189 and ruthenium complexes

with diphosphine (L88) and diamine (L35 or L89) ligands

(Scheme 85).190

Scheme 84

L Hydrogenating T /8C Catalyst ee (%)

reagent symmetry

MeCN H2 50 C2 27 (S)

ButCN PriOH 22 C1 76 (S)

Scheme 85

L Symmetry ee (%)

of ligand L

L35 C2 91.2

L89 C1 99.8

A similar tendency may also be noted for the hydro-

genation reactions in the presence of rhodium(I) complexes

with diphosphine ligand L90 or L91 (Scheme 86) 191 and

epoxidation with the participance of titanium complex with

salan (L92) or salalen (L93) ligand (Schem 87).192

Scheme 86

L Symmetry ee (%)

of ligand L

L90 C2 92

L91 C1 >99

Scheme 87

L Symmetry ee (%)

of ligand L

L92 C2 40 (S)

L93 C1 80 (S)

50% H2O2

The above-mentioned reaction shown in Scheme 68 may

serve as direct experimental evidence for the discussed

trend. Transition from C2 to C1 symmetry of the key

Me

O

O

Ph

Me

[Pd{(S)-L15}(PhCN)2](BF4)2

MS 3�A, CHCl3, 20 8C

O

H

O

Ph+

Me

Me

Ph Me

O
[Fe{(R,R)-L10}(MeCN)L]2+

KOBui, PriOH, 22 or 50 8C Ph Me

OHH

MePh

O

MePh

[RuCl2{(S)-L88}L]

H2 (50 atm), KOBut, PriOH

Me

Me

O

O P(C6H3Me2-3,5)2

P(C6H3Me2-3,5)2
L88= ,

H2N NH2

Pri

MeO

OMe

L89 =

H OH

*
*

Me CF3

NHCHOMeO2C

Me CF3

NHCHOMeO2C

[Rh(cod)L]BF4

H2 (4.2 atm), MeOH, 60 8C

[Rh(cod)(L90)] = , [Rh(cod)(L91)] =

P

(cod)Rh

P

But But

Me But

+P

(cod)Rh

P

But

H
H

But

+

NN

HOOH
OMeMeOL92= , NNH

HOOH
OMeMeOL93=

TiL

50% H2O2, CH2Cl2, rt

O*
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intermediate of this reaction (see Scheme 69) leads to a

dramatic increase in ee of the product (ee <2 and >99%,

respectively).72 As demonstrated by the comparison of the

results of the reactions given in Schemes 68, 84, 85, 87, with

the reaction in Scheme 86, this trend is more pronounced

for monofunctional substrates.

VII. Reactions catalyzed by complexes with
asymmetric chiral ligands

If a catalyst contains an asymmetric chiral ligand, the

reactions proceed with a high enantioselectivity, and no

multifunctional substrates, AAL or molecular sieves are

needed. This regularity is confirmed by the examples of

reactions involving ligands L94 ±L114 listed in Table 3.

In the reaction of benzaldehyde with dimethyl phosphite

(see Table 3, line 8), the catalytic system consists of

Ti(OPri)4 complex with binaphthyldiol L71 and cinchoni-

dine (L100). Cinchonidine alkaloid forms a bifunctional

asymmetric catalyst on the basis of titanium complexes with

diols.

It should be particularly noted that hydrogenation of

monofunctional substrates of arylalkene type (see Table 3,

lines 18, 19) is enantioselective only when catalyzed by

iridium complexes with chiral P,N- and N,N-ligands (see

also Refs 216 and 217).

The highest enantioselectivity (99% ee and higher) has

been achieved in the reactions of substrates capable of two-

and three-point coordination under the action of Ti,218

V,219, 220 Co,221 Ni,222 Cu,223 ± 233 Ru,234 ± 242 Rh,235, 243 ± 257

Pd,258 ± 264 Ag,265 In,266 Re 267 and Ir 235, 268 ± 270 complexes

with asymmetric chiral ligands. Molecular sieves and addi-

tional achiral ligands also favour high enantioselectivity in

the reactions of mentioned substrates catalyzed by asym-

metric complexes.271 ± 277 Thus, the degree of enantioselec-

tivity achieved using asymmetric chiral complexes as

catalysts exceeds in all types of reactions the degree of

enantioselectivity achieved with the participance of C2-sym-

metric chiral complexes.

The mechanisms of asymmetric induction of reactions

discussed in this Section may be classified as coopera-

Table 3. Reactions of monofunctional substrates catalyzed by complexes with asymmetric ligands.

No. Ligand Reaction ee (%) Ref.

1 >99 (S) a 193

2 99 (S) b 194

3 97 (S) 195

4 96 ± 99 c 196

5 97 197

6 L97 >99 198

L94

NH2

OH

Ph Ph

O

MePh

BH3
. SMe27L94

THF, 20 8C

OH

MePh

R

O

B

O

CO2H

CO2H

L95

R= 3-NO2, 4-Cl

OH

MePh

NaBH4 (2 equiv.)7L95

PhMe, 20 8C

O

MePh

OH

Ad

But

N OH

Pri

L96

Ad is adamantyl

O

HPh

O

P
OEtH

OEt

P

O

OEt

OEt
Ph

OH

+
Et2AlCl7L96

CH2Cl2,720 8C

NN

OH HO

PhPh

Me
(S)

(Ra)(Ra)

(S)

L97

Ar

Ar=Ph, XC6H4 (X=2-MeO, 4-MeO, 2-Cl, 3-Cl, 4-Cl)

S
Me

[AlCl(L97)]

H2O2, MeOH, phosphate

buffer, pH 7.4, 20 8C

S
MeAr

O..

NN

Me

L98

HO But

CMeEt2

OHBut

CMeEt2

P

O

OMe

OMe
Ph

OH

*

O

HPh

O

P
OMeH

+
[AlCl(L98)], K2CO3

Et2O,730 8C
OMe

S S

But

[AlCl(L97)]

30% H2O2, EtOAc, pH 7.4,720 8C

(1S, 2S)

S S

But
O7

+
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Table 3 (continued).

No. Ligand Reaction ee (%) Ref.

7 >98 (S) 199

8 99 (S) 200

9 97 (R) 201

10 L53 >98 (S) 202

11 L47 99 (R) 203

12 99 (R) 204

13 98 (R) 205

14 >99 (S) 206

15 >99 (R) 207

16 >98 (S) 208

17 99 209

H

OH
P

N

N
O

H

L99

1) Ti(OPri)47L99, CH2Cl2, 20 8C
2) hydrolysis

O

H

MeO

CN

OH

MeO

N

H

H

OH

N

L100

L71,

O

HPh
P

OMeH
+

Ti(OPri)47L717L100, K2CO3

1,3-Me2C6H4,720 8C

O

OMe
P

O

OMe

OMe
Ph

OH

OH

OH

N

Ph

Ph

L101

Et

OH

H

O

+ Et3B
Ti(OPri)47L101

THF, 66 8C

O

H+Me3SiCN
[V(O)NCS{(R,R)-L53}]

CH2Cl2, 20 8C

Me
CN

OSiMe3

Me

O

HPh
Br+

OH

Ph2) H+

1) [CrCl(L47)], Mn, Et3SiCl,

DME7MeCN (3 : 1), 20 8C

N N

NN

H H
HO

ButL102

O

HBut

OH

But
NO2+MeNO2

Cu(OAc)27L102

EtOH, 20 8C

+S

O7HO NEt(1-Naph)..

L103

O

HPh

OH
NO2

Ph
+MeNO2

Cu(OAc)27L103

EtOH, 20 8C

OH

PBun2

L104

O

PhPh

O

PhPh

Et
Et2Zn, Cu(OTf)27L104

DMF, at750 to 0 8C

N
OH

L105

4-ClC6H4B(OH)2

OH

BrCl

3) 4-BrC6H4CHO

1) Et2Zn, PhMe, 60 8C
2) L105

O

N
PPh2Ru

L106

OHO

Ru(PPh3)Cl27L106

H2 (10 atm), KOBut, PriOH, 25 8C
Me Me

N

OO

N Ru

MeMe

OH2
CO

Ph

Ph Ph

Ph

Cl

[RuCl(CO)(H2O)(L107)]

O

ButO

N2

+
[RuCl(CO)H2O(L107)]

CH2Cl2, 0 8C
MeO

CO2But

trans

(trans : cis=92 : 8)

MeO

Asymmetric induction in reactions catalyzed by metal complexes 849



tive 271, 278, 279 and stepwise 273, 280 ± 282 in terms of the gen-

eral mechanisms proposed by the authors.

VIII. Conclusion

More than 250 asymmetric reactions catalyzed by chiral

metal complexes with enantiomeric excess of the product

approaching 99.9% (Ref.283) have been considered in the

present review. Relying on the hypotheses expressed ear-

lier,1, 2 on the basis of contemporary experimental data, the

authors tried to reveal and formulate the most important

factors that influence the asymmetric induction for the

highest enantioselectivity. It has been shown that two

factors have a particularly great impact on the asymmetric

induction and the enantioselectivity: one- or two(three)-

point coordination of the substrate and C1- or C2-symmetry

of the key intermediate responsible for asymmetric induc-

tion. In the case of reactions of simple monofunctional

substrates that are coordinated to only one (reacting) group

(one-point adsorption), the high degree of freedom of bind-

ing of such substrates restricts the structure and symmetry

of the catalytic complex.2 If the intermediate that controls

asymmetric induction preserves the symmetry of the start-

ing complex, then better enantioselectivity is expected of the

complexes with asymmetric ligands than the complexes

containing C2-symmetric ligands. The C2 symmetry of the

key intermediate of such processes may be responsible for

the low enantioselectivity (ee <65%) of reactions given in

Schemes 48, 51, 54 (X=CH), 55, 57, 60 ± 63, 66 and 67. The

enantioselectivity of reactions of the substrates possessing

two or three functional groups does not depend on the

symmetry of the catalytic complex. This may be explained

by the fact that in the transformations induced by C2-

symmetric chiral complexes, the symmetry is being lost at

the step that precedes the asymmetric induction. Achiral

additional ligands and molecular sieves increase the enan-

tioselectivity of the reactions in the presence of complexes

with C2-symmetric ligands. They favour the loss of symme-

try by the intermediate responsible for the asymmetric

induction.

The asymmetric induction may comprise two(three)

intermediate steps (stepwise mechanism; see Section II.1)

or one step (cooperative mechanism; see Section II.2).

O
OR

CO2H

O

47

O

BH H

H

B

O

R0

R00

N

S

P

Ph

+

[Ir(cod)(L108)]+

Ir

Ph Ph

R N

S

P

Ph

+

[Ir(cod)(L)]+

Ir

(R=Me, L=L109;

R=Bn, L=L110)

Ph Ph

[Ir(cod)(L111)]+

+

P
Ir

N

O

OMe

O

Ph
But

Ph

Table 3 (continued).

No. Ligand Reaction ee (%) Ref.

18 see d 96 (R) 210 ± 212

19 97 213

20 97 214

21 >99 (R) 215

aOxazaborolidine generated in situ serves as the catalyst; b structure 47 was proposed as a transition state for this reaction; c the highest ee value

(>99%) was achievied for Ar=2-ClC6H4; d ligands L108 ±L111 ( = cod)

Me

Ph

ArF=3,5-(CF3)2C6H3, L=L108 ±L111

Ph

Me

Ph
Ph*

H2 (50 bap), [Ir(cod)(L)]+[B(ArF)4]7

CH2Cl2, 20 8C

Ph

Ph

P N

O

PriIr+

[Ir(cod)(L112)]+

= cod

Me

Ph
Me

Ph*[Ir(cod)(L112)]+[B(ArF)4]7

H2 (50 bar), CH2Cl2, 25 8C

MeO MeO

N

S
Ph

PPh2

L113

*

N

Ph

Ts

N

Ph

Ts

[Ir(cod)(L113)]+[B(ArF)4]7

H2 (50 bar), CH2Cl2, 25 8C

N
O

Me

Ph
Ir+

BnBn

P

O

Cy

Cy

[Ir(cod)(L114)]+

N

Boc

Me

Me

N

Boc

Me
Me[Ir(cod)(L114)]+[B(ArF)4]7

H2 (100 bar), CH2Cl2, 60 8C
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On average, the degree of enantioselectivity achieved

with the use of asymmetric chiral complexes in all types of

reactions slightly exceeds the degree of enantioselectivity

achieved with the help of C2-symmetric chiral complex

catalysts.
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