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Abstract. The title statement is derived from analysis of 90
asymmetric reactions (addition, reduction, oxidation, ezc.)
of monofunctional substrates such as benzaldehyde, aceto-
phenone or thioanisole catalyzed by metal complexes with
C1-, C>- and Cs-symmetric chiral ligands. The advantage of
complexes with C;-symmetric ligands is manifested as
higher ee values of the reaction products compared with
C> complexes as catalysts (the average ee values are 97%
and 85%, respectively). The possible catalytic cycles of
effective asymmetric reactions under the action of C>-com-
plexes proposed by different authors attest to C; symmetry
of the key intermediate that controls the asymmetric induc-
tion. If the key intermediate retains the initial C> symmetry,
the reaction enantioselectivity is usually low. The bibliog-
raphy includes 162 references.

I. Introduction

A rapidly developing method for the preparation of opti-
cally active compounds is based on asymmetric homoge-
neous reactions catalyzed by metal complexes with chiral
ligands. The enantioselectivity of the reactions is imple-
mented in asymmetric induction (intramolecular diastereo-
selectivity). This phenomenon has attracted the attention of
chemists for a long time (the Cram, the Prelog and other
rules). Currently, there exist two hypotheses explaining the
asymmetric induction in the reactions provided by metal
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complexes. The first hypothesis is based on the spatial
interaction between the substrate and the chiral complex
according to the ‘lock and key’ principle during the catalytic
reaction.! =3 If the transition state (the key intermediate)
responsible for the asymmetric induction is asymmetric
(having C; symmetry, non-symmetric, devoid of symmetry
elements), the enantiomeric excess (ee) of the reaction
product should be high. The chiral molecular recognition
and induction are based, according to another hypothe-
sis,*> on helical electronic effects in the metal complex
(catalyst) and the coordinated substrate.

According to the first hypothesis, the symmetry differ-
ence (C; or C») in the series of chiral ligands may have no
effect on the reaction enantioselectivity. For example, the
substrates coordinated in the intermediate complex by two
or three functional groups may form products with as high
ee values as possible under the action of complexes with
either C>-symmetric ligands 1—3 [reactions (1) and (2)] or
asymmetric ligands.!

2 2
R~ COORY [Ridiene)L] i ~COOR M
H,, solv
NHR3 NHR3
R! R? R3 L diene ee (%) Ref.
Ph Me Ac 1 nbd 99.9 6,7
Ph H Bz (R-2  cod 100 8
H Me Ac 3 cod 99.9 9

nbd is norbornadiene, cod is cycloocta-1,5-diene, solv is solvent.

T More than 20 bidentate C»-ligands of rhodium catalysts for reaction (1)
with ee > 99% are known, and the search for new efficient C>-symmetric
ligands is still in progress,'® ! although the practical value of this search
for this particular reaction is moderate.
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OH O

PhMOH @
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[RuCly((5)-2)]

P
PhMOH H (80 bar), THF, 40 °C

This is related to the fact that C, symmetry of the
catalytic complex is lost in the first step of reaction (1)
after the substrate coordination (the Halpern mecha-
nism 13716 or the Imamoto hydride mechanism '7-18), asym-
metric induction taking place in the asymmetric intermedi-
ate (see review 3). However, if the intermediate responsible
for the asymmetric induction retains C, symmetry of the
catalytic complex, for example, in the case of monofunc-
tional prochiral substrates, reactions have moderate
enantioselectivity.! Reactions of this type include some
catalytic processes [alkylation of benzaldehyde with dialkyl-
zinc without addition of Ti(OPr')4, transfer hydrogenation
of acetophenone, hydrogenation of ketopantolactone,
hydrogenation of acetophenone and monofunctional aryl-
alkenes on Rh and Ir complexes, conjugated addition of
diethylzinc to chalcone] and also some transformations in
which the metal complex participates in stoichiometric
amount. All these reactions are catalyzed by complexes
with bidentate C>-symmetric ligands.! It can be seen that
most of substrates used in these reactions have no other
functional groups.

It should be emphasized that the symmetry of the ligand
(and the catalytic complex) ¥ can have a crucial effect on the
reaction mechanism, as it dictates the arrangement of the
donor groups, the similarity and the difference of their
electronic properties, etc.

The above-mentioned difference in the enantioselectivity
of several catalytic reactions proceeding through C>- and
C-symmetric intermediates for monofunctional substrates
requires investigation of whether this phenomenon is
unique or common for these reactions. This review consid-
ers the published data about the reactions of monofunc-
tional prochiral substrates catalyzed by complexes with C»-
ligands in which the asymmetric induction occurs in the step
of formation of either C;- or Cs-symmetric intermediates.
The reactions induced by complexes with C»-ligands whose
enantioselectivity is affected by achiral additives are ana-
lyzed. The reactions of monofunctional substrates catalyzed
by complexes with C;-ligands are considered. The enantio-
selectivities of reactions carried out under identical exper-
imental conditions are compared depending on the catalyst
symmetry, i.e., for complexes of the same metal with C»- or
Ci-symmetric ligands with the same donor atoms. The
reactions are formally classified according to the monofunc-
tional substrates used: prochiral aromatic aldehydes,
ketones, a-keto esters, imines, sulfides, and alkenes.

1 Of course, for non-rigid molecules in solution (homogeneous catalysis),
only approximate symmetry can be considered.

I1. Addition reactions in the series
of monofunctional aromatic substrates catalyzed
by metal complexes with C>-symmetric ligands

1. Cyanosilylation and cyanoformylation of aromatic
aldehydes in the presence of Ti, V, Sm and Al complexes
The enantioselective catalytic cyanosilylation of aldehydes
is an efficient route to chiral cyanohydrin derivatives,!'®
which are subsequently converted to biologically active
compounds.?®~22 An example is reaction (3).%3

X

Ph H

. . MesSiO
[Ti(OPr)2(4)] — PrOH (1:2) 3)

Me;SiCN, CH2Cl, 0 °C Ph CN

[91% ee (R)]

The catalytic complex is formed by reaction (4) from
chiral diisopropyl tartrate (4).%

i
Ti(OPriys + 11O A 4)
1 ! .
(OPri)y PrO = (
‘ OH
O
4
i
pio” SO _
p— . Ti(OPr'), | + 2Pr'OH
PriO O/
\
O n
[Ti(OPri)x(4)]

Scheme 1

NC

\/

o\\—l.

OH

BN

Me;SiCN  OSiMe;
R

Ph CN Ph CN

§ Here and below, for the sake of simplicity, free and coordinated ligands
have the same designation (the same number), even if protons are lost
upon coordination, as for example, for diisopropyl tartrate.
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Hayashi er al.??> proposed a possible mechanism for
reaction (3) (Scheme 1). Hydrogen cyanide evolved upon
the reaction of trimethylsilyl cyanide with isopropyl alcohol
reacts with benzaldehyde. The compound thus formed is
coordinated by the titanium complex I to give intermedia-
te II. This asymmetric intermediate is responsible for the
asymmetric induction.

High enantioselectivity was also found for reactions (5)
and (6) of cyanosilylation of aromatic aldehydes catalyzed
by the complexes Ti(OPr')4 and TiCly with C,-symmetric
salen ligands 5, 6.

OSiMes
\ .
H Ti(OPr)s—L CN

Me;SiCN, CH»Cl,, —78 °C ®)
R R
R L ee (%) Ref. R L ee (%) Ref.
H 5 87 (R) 24,25 H 6b 75(8) 27
H 6a  76(S) 26 H 6¢ 72(S) 26,28
MeO 6a 94 — 26 Me 6¢ 88 — 26, 28

Ph Ph

,NHN,
sy

H [TiClx(6¢)]

CN
Me;SiCN, CHCl, 20 °C ©)
R R

R = H, 75% ee (S); Me, 72% ee (configuration is not indicated).? 28

In all of the listed reactions, the ee values of products
fall within a rather narrow range (72% —87%), except for
reaction (5) involving para-methoxy-substituted benzalde-
hyde (94% ee). Note relatively low temperature dependence
(in the range of —78 °C to 20 °C) of the enantioselectivity
of reactions (5) and (6) induced by complexes with the
ligand (R,R)-6c¢.

Among known metal —salen complexes, the (salen)oxo-
vanadium complex catalyzes the cyanosilylation of benzal-
dehyde with the highest enantioselectivity [reaction (7)],2-30
the (R,R)-isomer of the catalyst producing predominantly
the (S)-product.

i [VO(60)]
Ph~” >H MesSiCN, CHCly, 20°C - PR~ “CN

[94% ee (S)]

@)

A schematic structure for the key intermediate (transi-
tion state) for reactions of type (5)—(7) has been pro-
posed.?! It can be seen that this intermediate is asymmetric.

(salen)M—CN
/
(0]

CN
H

(salen)\l\/ffOﬂ“s
R

High enantioselectivity was found for reaction (8)
induced by the Ti complex with the C-symmetric Schiff
base 7.32

o v 0SiMe;
i Ti(OPr)—7 ®
Ph”” “H MesSiCN, CHyCh, —78°C pp”” “CN
But [93% ee ()]
Setelee
N OH o) OPr!

~:
_Ti

N
O OPr!
Bu‘ O

[Ti(OPr')2{(R)-8}]

N OH
Oo

7 But

The Ti complex based on ligand 7 can be compared,in
some measure, with [Ti(OPri),{(R)-8}], because the chiral
fragments and the metal atoms in these complexes are the
same. Nevertheless, cyanosilylation of benzaldehyde on the
Ti complex with ligand 8 at 0 °C is much less enantioselec-
tive (ee <10%) 33 than reaction (8). Previously, it was
noted 2 that for some reactions, the lower the conforma-
tional rigidity of the Co-symmetric structure of the catalytic
complex, the higher the enantioselectivity all other factors
being the same. This may be attributable to the possible
distortion of the C»-geometry of the intermediate respon-
sible for the asymmetric induction. Ligand 8 and the
corresponding titanium complex have more rigid structures
than ligand 7 and the Ti complex with this ligand. This may
be the reason for low enantioselectivity of the Ti—8 system-
catalyzed reactions compared with the reactions induced by
the Ti—7 system; moreover, this indirectly implies that the
structure of the intermediate involving ligand 7 deviates
from C, symmetry. Since the product yields obtained with
both complexes are comparable, the temperature conditions
of the reaction should not affect considerably the asymmet-
ric induction in the intermediates based on these complexes.

L T/)C Yield (%)
7 —78 92
8 0 90

Reaction (9) has high enantioselectivity in the presence
of samarium complex with Cr-symmetric ligand 9.34

(0] OSiMe;

H SmCl;-9 CN
MesSiCN, PhMe, —15°C

(&)
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<Ph

O, O 0
Me Me - \P/ ] R ee(R) (%)
I p N N H 84
/ ’,, H Me MeO 90
Ph O ©o 0 Me ¢

Presumably, the mechanism of reaction (9) is similar to
the mechanisms of analogous metal complex-catalyzed
cyanosilylation reactions (3) and (5)— (7).

A relatively high enantioselectivity was found for the
cyanoformylation reaction (10) catalyzed by bifunctional
aluminium complex [AICI(10)].35

O 0
[AlCl(lO)
PhiH+NCi0M PhMe, 25 °C Ph/'\ * (10)

[78% ee (S)]
NEt;
O\ Lewis base
< /”’Al cl

[AICI(10)]

Lew1s acid

The addition of molecular sieves MS 4 A to the reaction
mixture did not result in the expected increase in the
enantioselectivity (papers that attest to a beneficial influ-
ence of molecular sieves on the asymmetric induction are
considered in Section V). A mechanism of this catalytic
reaction consistent with obtained experimental data was
proposed 33 (Scheme 2). According to this mechanism, the
asymmetric induction takes place at the step of formation of
the asymmetric key intermediate (R)-II1.

Scheme 2

MeO,CO

o \
/§<Ph NEt, H Ph

(R)-IV (R-II  EGLN
OO NEt NCCO>Me
A
A=
CO g
EL,N_ CN-
(R)-III C0o,Me

2. The addition of allyl reagents to benzaldehyde

and acetophenone in the presence of silver

and titanium complexes

The asymmetric allylation of benzaldehyde with allyltribu-
tylstannane occurs in the presence of silver complexes
[reaction (11)].3¢

OH

[Ag(OTA)L]
THF, —20 °C PhM ()

(6]
L+ ~_SnBui
A A

L ee (%)  Configuration of the product
(-2 96 S
11 2 R
Me j/Pth
Me” “PPh,
11

The striking difference between the enantioselectivities
of reaction (11) induced by complexes with ligands (S)-2
and 11 may be attributed to the stereochemical difference of
the mechanisms of their catalytic action.

The asymmetric induction in cyclic mechanism A
(see Ref. 36) is controlled by non-symmetric intermediates
I and II.

H
APk
) , PhCHO PhﬁgO"'{Ag\\P)
Agl > H /=
%\/ P
I A H 11

According to acyclic mechanism B (see Refs 36 and 37), the
asymmetric induction is performed by the C,-symmetric
fragment.

Al )"

)

If one assumes that complexes [{(5)-2}AgOTf] and
[(11)AgOTf] catalyze reaction (11) according to mecha-
nisms A and B, respectively, the pronounced difference
between the enantioselectivities of this reaction under the
action of these complexes becomes obvious. Much the same
mechanism A can account for the high enantioselectivity of
reaction (12), viz., the addition of allyltrimethoxysilane to
benzaldehyde in the presence of complex [{(R)-2}AgF].38

0 OH
[ Si(OMe); _HR)-2}Agk] = 12
Pth i ® MeOH, —20°C phM( )
(94% ee)

The similarity of the cyclic mechanisms of reactions (11)
and (12) is supported by the compliance of the configura-
tions of ligand 2 and the reaction products [S in reaction
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(11) and R in reaction (12)] and by some experimental
data.36-38

More moderate ee values are observed in reaction (13)
with acetophenone as the substrate and the AgF —ligand 2,
12 or 13 system as the catalyst °

O‘ AgF—L Mg OH
Si(OMe); AeF—L _ Ng 13
PhkMe + o~ Si(OMe); ETRTTT PhM (13)
—78°C
L ce(R)(%) L ce (R) (%)
(R2 63 (R-12b 82
(R-12a 46 13 74

0
> &
O PPh, MeO PPh,
O PPh» MeO PPh,
X O
o)

12a,b 13

X = H (a), F (b).

The catalytic reaction (13), like reaction (12), starts with
the formation of Cy-symmetric complexes I, I1, II1.

N
« P * P\ , * P\ PN P---Ag—F
< + AgF —> Ag—F + < ,,'Ag;'\ > + < N

P P P P P---Ag—F

L | 11 I
L The ratio I: T1: TII L The ratio I: 11: TII
(R)-2 32:43:25 (R)-12b 86:5:9
(R)-12a 43:49:18 13 42:33:25

The ratios of these complexes for each of the ligands
used were determined from the 3'P NMR spectra recorded
at —78 °C.3° The possible catalytic cycle of acetophenone
allylation 3° is depicted in Scheme 3. The highest enantiose-
lectivity of the reaction (82% ee) is observed in the presence
of the catalytic complex [{(R)-12b} AgF] of which 86% is the
type I complex. This corresponds to the proposed catalytic
cycle, as the more uniform the Cy-symmetric cyclic complex
A in the above-described mechanism, the higher the
expected ee value.

Scheme 3

(0]
i+ o siOMe),
Ph H

Me, OH ‘ Me, OSi(OMe);

{(R)-
NN [{(R)-L}AgF] - N

i does not occur
—Ag* (I, 11, III) —78 °C

>\/\ FSi(OMe)s

fast slow

MeOH

L =2,12a)b,13.

The binuclear titanium complex, being a Lewis acid, is
an excellent catalyst of the allylation of benzaldehyde
[reaction (14)].40

o OH
[Ti(OPr){(S)-8}1.0

i S 14
CHaCl, 0°C PhM 9

(96% ee)
e
o’ \

O
\ A
_Ti

[Ti(OPr){(S)-8}1.0

(6]
|+ /\/SnBuﬁ1
A

Hanawa et al. %0 discussed the structures of two possible
transition states (TS-I and TS-II) responsible for the asym-
metric induction.

. Ph

pri Ph. _H

] 2
5. O 97 H 0
L*Ti{  TiL* L*Ti{  TiL*
X \ /b+ X X
Pr! O Pr'O o OPr!

TS-1 TS-II

L* is (S)-binaphthoxy.

In the authors’ opinion, the asymmetric structure TS-I is
more consistent with experimental data.

3. Allylation of acetophenone, aromatic a-keto ester

and a-keto phosphonate in the presence of indium(III)
bis(/NV-oxide) complexes

Good enantioselectivity was found for allylation of aro-
matic keto derivatives [reactions (15)—(17)] under the
action of indium complexes with bis(N-oxides) 14, 15.

O _ . Me, OH
i N (Nsn InBr; - 14a (lo. 2) S 15)
Ph Me R DMF, —20°C  p, DN

(85% ee)

R
\ /
o G N A
/07 7O\+ ::\
N\/\/D
14a.b

R = Ph (a), cyclo-CsHy (b).

Zhang et al*' proposed a catalytic cycle for reac-
tion (15) (Scheme 4), which is based on the assumption
that the metal coordinates two bis(N-oxide) 14a molecules
thus giving a complex with four-coordinate metal environ-
ment“4? (complex I). The authors believe 4! that this struc-
ture of the intermediate complex can account for both the
catalyst activity and the asymmetric induction. This com-
plex acts as a bifunctional catalyst. The N-oxide as a Lewis
base activates tetraallyltin, while the indium atom as a
Lewis acid activates the ketone. As can be seen from
Scheme 4, all intermediates (I-1V) of this cycle are asym-
metric. The asymmetric induction occurs at the step of
formation of the key intermediate IV.

Similar mechanisms with asymmetric key intermediates
controlling the asymmetric induction were proposed for the
reactions involving In complexes with other C>-symmetric
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Scheme 4
Ph—NH

M

g

3 HBr ~/—Lewis base
14a + InBr; ——
2:1) / e

\+

ﬁ\/ﬂ\w

Lewis acid I

O—Sh S
PhM I:/Q@\N: SnN >4
X l I
Ph—NH Ph—NH
74
E<N A 1\7
N/i @i/;sn%\/
. ? j
ph%
v Ph Me

bis(N-oxides) [the configuration of the product of reaction
(17) was not determined].43- 44

O HOQ /
| </\%/Sn In(OTf); - 14b * (16)
Ph COQMG 4 DMF,0°C  Ph CO;Me
[93% ee (R)]
(6]

PhkP(O)(OEt)g * <%\>4/SH

w0~

Ph” “P(O)(OE),
(90% ee)*

In(OT; - 15
—_— >
DMF, —20 °C

a7

Z/Q
O

o

g

4. Nitroaldol reaction of aldehydes and a-keto esters

(the Henry reaction) catalyzed by zinc and copper complexes
The Henry reaction of aromatic aldehydes or a-keto esters
with nitromethane catalyzed by chiral metal complexes
[reactions (18)—(20)] affords optically active products,
which can be converted to valuable compounds.*> The

catalyst of reaction (18) is prepared by the reaction of
C>-symmetric triol 16 with two equivalents of Et,Zn.4°

(0]
)‘\ + MeNO,
Ph H

[Zn:Et(16)], MS 4 A H

_—
THF, —78——35°C Ph/\/N02
[91% ee ()]

M'e)

(18)

% /
Ph \ /Zn
N 0
Me [ZnyEt(16)]

Trost and Yeh #¢ proposed a possible catalytic cycle for
reaction (18) (Scheme 5). It can be seen that all intermedi-
ates of the catalytic cycle are non-symmetric, i.e., the
asymmetric induction occurs at the step of formation of
the asymmetric intermediate. The putative mechanism does
not disclose the role of molecular sieves; therefore, this
reaction is not included in Section V where the role of these
additives is discussed.

Scheme 5

Me
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A similar reaction (19) is catalyzed by the copper
complex with dibornyldiamine ligand 17.47

O OH
i + MeNO, 2©A9 H0-17 - = (19)
Ph H ¢ 2 PriOH, 25 °C Ph/\/NO2

[84% ee (S))]

OENE
N N
H H
17 Me

€

The copper complex with chiral bisoxazoline 18a and
with Et3N additive performs the nitroaldol reaction of
a-keto ester [reaction (20)].43

0 OH
‘ Cu(OTf),—18a— EN
+ MeNO; —————— > (20)
R~ TCO.Et 20°C R”| ~CO.Et
NO,
R ee (%)
Me 92
Ph 86
4-CIC¢Hy4 88
Me Me
o)

The enantioselectivity of reaction (20) barely depends
on the nature of the keto ester. Christensen et al.*® pro-
posed a possible mechanism (Scheme 6) in which the key
intermediate I responsible for the asymmetric induction has
an asymmetric structure. The racemate is formed as the
minor product. Since, according to this mechanism, the
triethylamine molecule does not affect the structure of the
catalytically active intermediate, this reaction is not
included in Section IV, which considers the influence of
achiral additives on the enantioselectivity.

Scheme 6
Me Me |7 Me, Me  |*"
oj>“\ro oj>“\ro
| | EGN+( | |
NN NN
Cu B Cu B
But | But But u
NEt} N /07 O
Inactive catalyst 1‘\1
Me Me OEt
o) o 2
N Me \\\Me T
N oj>\ro
7CH2 ‘ ‘
N\ /N
Cu B
But O/ N 0 But
>\ /{
[e) [e) Me I OEt
o) >« o, o OH
H Me OEt N
Me/écozm QHZ Me/i:COzEt
NO» NO,
Racemate

High ee

5. The reaction of benzaldehyde with o-halogeno ester under
the action of dimethylzinc (the Reformatsky reaction)

An example of the classical Reformatsky reaction*° in
the asymmetric homogeneous catalytic version is reac-
tion (21) involving ligand 19.3!

i i
Ph*H+ 2 I\%OEt
SiPrl
LI,
T

o
19 SiPrj

fife)

Me>Zn—(S)-19(2: 1)
il ol i/
Et,0, 20 °C

H O
/\A @
Ph OEt

[84% ee (R)]

A possible catalytic cycle of this reaction is shown in
Scheme 7. According to Fernandez-Ibanez et al.,’! this is
based on C>-symmetric complex I, which loses C>-symmetry
during the reaction thus forming intermediate II; it is the
latter that controls the asymmetric induction. This mecha-
nism resembles the catalytic cycle of the Reformatsky
reaction for imines.>? It has also common features with the
mechanism involving organozinc intermediates.>?

Scheme 7
Oj/OEt Me>Zn
* O\Z O, Me (‘)
AR I\/J\
PhCHO Ol "Me OEt
N
Z‘n
Me 1I

o Mel

o \
7n Hzc)\om

lcycle termination

(0]
‘ OEt
EtO ‘
(0]

6. Vinylation of acetophenone with the vinylaluminium
reagent catalyzed by a titanium complex

The Ti(OPri)s—(S)-2 system catalyzes reaction (22) with
high enantioselectivity (the product configuration is not
indicated).>*

s
O O = (S)-19.

0 4
Bun Y _
i + (THRBWAL X" TOPD. (92 ©2)

Ph Me THF, 0-20 °C

Me OH
—_— *
Ph =~ “Bun
(92% ee)

For most of reactions of monofunctional substrates
considered in Section II, the possible catalytic cycles have
been discussed. It can be seen from analysis of these cycles
that the key intermediates of the reactions that control the
asymmetric induction are asymmetric. In this respect, the
reactions considered here are similar to the reactions of tri-
and bifunctional substrates [reactions (1) and (2)]. However,
unlike reactions (1) and (2), in the case of reactions
(3)—(22), the highest enantioselectivity does not exceed
94% —96% (eemax = 96%).
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7. Catalytic reactions involving C>-symmetric ligands
proceeding with low enantioselectivities

The earlier analysis! of the published experimental data
concerning the addition of diethylzinc to benzaldehyde in
the presence of Csr-symmetric diols, diamines and other
related compounds [in the absence of Ti(OPr')4] showed
very low enantioselectivity of this reaction. Therefore, the
exceptionally low enantioselectivity of related reaction (23)
catalyzed by ligands 18, 2022 comes as no surprise.>>

HO CF;

I 23)
Ph)\CF3 C¢Hi4—PhMe, 5°C PhXEt
L ee(%) L ee (%)
18a 37 20 6
18b 8 21a 0
18¢ 7 21b 0
18d 1 22 0
R! R!
o%ro Ph ~ ph
| | —<
N N Et,N NEt;
Z 20
2 R2
(S,S)-18b—d
R! = Me: R2 = Pri (b), Ph (¢);
R! = Et, R? = Pri (d).
R! R! = ‘
>~
o%o 0 N 0
R3um | | R3 | |
\ N N N N /
R 2lab R? Pri 2 Pri
R! = Me, R2 = Bn, R3 = H (a);

R! = H, R? = R? = Ph (b).

A possible interpretation of this phenomenon was given
previously,! being related apparently to the C,-symmetric
structure of the intermediate complex responsible for the
asymmetric induction (see also Scheme 10 in Section 1V).
Yet another reaction with moderate enantioselectivity is the
hydrogenation of acetophenone in the presence of rhodium,
iridium and ruthenium complexes with Cs-symmetric
ligands 23a.b [reaction (24)].5¢

i MCl;-L /iH
H, (50 bar), MeOH, (24)
Ph Me NaOH. 40 °C Ph Me
M L ee (%)
Rh 23a 12
23b 12
Ir 23a 25
23b 37
Ru 23a 0
23b 0
(CHz),,
Ph\[NH HNIPh
NH HN Ph

S

a b n=12(a),3(b).

The reaction mechanism was not discussed. A possible
reason for the low enantioselectivity of reaction (24) may
also be the C>-symmetric structure of the key intermediate.

III. Oxidation of aryl sulfides in the presence
of metal complexes with C- and C3-symmetric
ligands

1. Oxidation of sulfides on titanium complexes

Optically active sulfoxides resulting from the asymmetric
oxidation of prochiral sulfides in the presence of chiral
metal complexes are valuable synthons;>?-8 some of these
are biologically active.>® %0 Examples are provided by reac-
tions (25)—(27) induced by titanium complexes with salan
C»-ligands 24, 25.°!

o o. 0
N [Ti(L)OL, s/ N e
Ph”~ “Me H,0, CH.Cl,20°C Ph™~ L Me Ph g Me
L ec(R)(%) Yield (%)
A B
2a 450 775 120
24b  46.7 760  16.5
O,
\ $ /
N_ N
/7"1\
X 0 Oko X
I X P
[Ti(24a,b)O]>
X = H (a), Br (b).
S [Ti(L)O):
p-BrCeHy~ “Me H,02 CHaCly, 20 °C (26)
. .0 o. O
”"’s / N V%
—
p-BiCHs™ “Me  p-BrCeHs™  “Me
A B
L ee(%)  Yield (%)
A B
24b  39(R) 683 107
25 16(9) 725 13.5
\ %/
NN
Ti
AN
oéko
M
I Ph Ph 1,
[Ti(25)01
., O O
S [Ti250L /S< + >\s// e
Ph Bn H>0,, CH,Cl,,20°C Ph Bn Ph

(75.0%, 88% ce) (19.0%)

One more example is reaction (28) taking place in the
presence of titanium salen C>-complex.®?
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. (0] O 0]
S maeen0 N N 28)
Ph Me ROOH,solv,0°C Ph Me Ph e
R solv ee (%) R solv ee (%)
PhsC MeOH 63 Bu! CH»Cl, 8
PhsC CH-,Cl» 26 Ph(Me)CHCH, CH.Cl» 19
— N\C‘I;N —
Ti
O/ ‘ \O
[0)
+
L Ph Ph 2

[TiCI{(S)-26}].0

These reactions have moderate enantioselectivity except
for reaction (27), which involves the complex with ligand 25.
For reaction (28), the ee value appreciably depends on the
nature of the hydroperoxide and the solvent. The structure
of Ti complex with ligand (S)-26 was studied by X-ray
diffraction.%?

The binuclear complex has C> symmetry. This structure,
which is reproduced in the key intermediate responsible for
the asymmetric induction, may be the reason for relatively
low enantioselectivity of reactions (25), (26) and (28).

N TN
o N N ©
A N/
Cl—Ti——0—|—Ti—Cl
/N ] /N
o N N O
N N

The reaction (29) carried out in the presence of C>-sym-
metric complex [TiClx{(R,aR)-27}] also has low enantiose-
lectivity.%3

- O
S [TiCL{(RaR)-27T}] 'S 29)
Ph” “Me H.0,, MeOH,20°C. Ph~ Me

&

./ ®
— N\(‘ZI/N —
Ti
O/ ‘ \O
Cl
Ph Ph
O

[TiCla{(R,aR)-27}]

A similar complex [TiClx(6¢)] can be converted to
dimeric C-symmetric titanium p-oxo-salen complex [reac-
tion (30)].3%-%4 The subsequent reaction (31) affords asym-
metric peroxo complex, which performs reaction (29) with
rather high enantioselectivity [82% ee (S)].03

O

o | W
~L
cl Ti_ 0
N/‘\N o N> N/‘ N
~.h. H-»O0, Et;N H,0-» ~oL. O\
(O/T‘I\C)) CH.Cl O>Ti © MeOH (O/T\l\o
Cl N ‘ N 0

<
(30) QJ 31)

Saito and Katsuki % proposed a possible catalytic cycle
for this reaction (Scheme 8). It can be seen that the
intermediate complex that controls the asymmetric induc-
tion is asymmetric.

Scheme 8
MeOH H>0-
>—< ﬁ‘)\
(0] N
S~
) OMe Ti
N | \UN N | N o~ N>
( \Tl// ( \Tl/ -~ 0 ' o)
o | o o | \o> (onil
0 OMe NN
>< QJ

MeOH,R—S—R’  H,0, R—S*O—R’

The oxidation of the sulfide 4-MeCcH4SMe [reaction
(32)] has a moderate enantioselectivity when carried out
with the Ti(OPr);—(R)-8 —2H,0 [H,0,, PhMe, —20 °C,
73% ee (R)]%® and Ti(OPr))s—Fs-8 (1:2) systems
(Fs-8 is 5,5,6,6',7,7,8,8"-octafluoro-1,1’-binaphthyl-2,2'-
diol) [ButOOH, CH,Cl,, —50 °C, 60% ee (S)].°” The high-
est enantioselectivity of the oxidation of this substrate was
observed with the Ti(OPri);—(+)-diethyl tartrate —H,O
catalytic system (1:2:1) and different hydroperoxides
(Bu'OOH, 89% ee; PhMe,COOH, 96% ee; Phs;COOH,
16% ee).%%-%% A possible mechanism of this reaction was
proposed (Scheme 9),7° the asymmetric induction being
related to the step of formation of the non-symmetric key

Scheme 9
E,, OH E, o o E
) ) ’ K \ / H-0
Ti(OPr')4 + /[ = /[ /Tl\ —
E” "OH E o O~
Bu'OOH

E, H E/,,/ —[Ti
» O\T'/O " O\T./O [Ti
SN VN
E (0] OPr! E O

]
OPrt

O
[Ti] S I
E, o 0O ROSR RR
TN
— /TIK(\)
g7 O “oBuw
E, T E,,// -
0O ./o [Ti] O, ./o [Ti]
—> Ti — Ti
/ N\ . % AN .
E O OBU E O O OBU
I
RN

E = COzEt; R = Me; R’ = Ph, Bn, n-CgH;7 (Oct), etc.
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intermediate. Thus, the high enantioselectivity of sulfide
oxidation (96% ee) in the presence of complexes with
C»-symmetric ligands, as in the case of reactions (3)—(22)
is caused by the asymmetric structure of the key intermedi-
ate.

The oxidation of sulfides under discussion also proceeds
enantioselectively under the action of Ti complexes with
Cs- symmetric ligand 28 [reaction (33)].7!

Ti(OPri),—28

S (33)
Ar” “Alk PhMe;COOH, CICH,CH,CL 0 °C
. 0 o. O
“, P N Y
—
A DAk AT Al
Ar Ak ee (S) (%)
4-MeC6H4 Me 45
Ph Bn 84
OH
Ph (\Ph
W N
HO j
28 Ph~ “OH

A possible route to the C-symmetric key intermediate
of this reaction that controls the asymmetric induction was
proposed.”?

OH OPri
Ph,|
Pho 7 Ph i)

. N Ti(OPri), O™ '\ ) PhMe,COOH
HO™ CICH,CHL.CL ! -
j CICH.CH,CI ,&N \/>”"'Ph

Ph
Ph”” “OH
28
Me
éﬁph
PO 0N,
//// o) ¢
O/ 1\ ///////
—_— O

ArSAlk ArSOAIk

2. Oxidation of methyl phenyl sulfide induced by
molybdenum, niobium, zirconium and other metal complexes
In the presence of molybdenum complexes with ligands 29
as the catalysts, the oxidation of aryl methyl sulfides
[reaction (34)] 73 has good enantioselectivity.

., (0]
////,/ /
S MoOs(acac),—L S
~ —_— > O
R Me TGP, CH,CL,0°C Ph Me (34)

TGP is trityl hydroperoxide.

R L ee (S) (%)
Ph 29a 68
Ph 29b 79
4-MeCeHy 29b 81

R/ R’ = CPh; (a), C(CsH4Pr-4); (b).

29a.b

The enantioselectivity increases if reaction (34) is
accompanied by the kinetic resolution on the complex
[MoOx(acac)»(29b)] at —40°C [R =Ph, 92% ee (S);
R = 4-MeCgHy4, 94% ce (S)].7? A high enantioselectivity is
also attained in reaction (35) catalyzed by the
NbCI3(DME) — {(R,aS)-27} system (DME is dimethoxy-
ethane).”*

NbCI(DME) — (R,aS)-27 o,/
—(R.aS)-
S ; A (35)
c

~ r
Ph/ Me UHP, CHxCl, MS4A,20°C Ph

UHP is urea hydroperoxide.

NbCI3(DME): (R.aS)-27  ee (S) (%)
1:1 82
1:2 86

The structure of the complex formed in situ from
NbCI3(DME) and ligand (R,aS)-27 (1:1) was studied by
mass spectrometry. It was found that niobium(IIl) is oxi-
dized to niobium(Vv).74

[NbO{(R,aS)-27}]

Thus, the catalytic complex becomes asymmetric; there-
fore, there are grounds for assuming that the key intermedi-
ate in reaction (35) is also asymmetric. Analogous
manganese 7> and vanadium’% salen complexes provide
lower enantioselectivity in the reaction in question.

The zirconium complex obtained by the reaction of
Cs-symmetric ligand 28 and Zr(OBu")4 (1:1) in the pres-
ence of 2.5 equiv. of H,O catalyzes reaction (36) with high
enantioselectivity.”?

S [{[Zr2(28)>(OBu™)(OH)} - n H>0],, (36)
Ph Me PhMe,COOH, CICH>CH,Cl, 0 °C
. (0] O
o,/ "%
> S+ S
Ph Me Ph Me

(29%, 89% ce)  (T1%)

n=3,4

The mechanism of this reaction is not obvious due to the
intricate structure of the catalytic complex. However, as a
result of such structure, this complex may be non-symmet-
ric. Hence, it is quite possible that the key intermediate,
which controls the asymmetric induction, is asymmetric.
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IV. Beneficial effect of achiral auxiliary reagents
on the enantioselectivity of reactions catalyzed
by metal complexes with C>-ligands

A surprising example of the sensitivity of the ee value of a
catalytic reaction product to the presence of achiral auxil-
iary reagents (AAR) is cyanosilylation of benzaldehyde
under the action of Cz-symmetric aluminium complex with
ligand 30 [reaction (37)].77

i [AICI(30)], Oct}PO
Ph-” “H MesSiCN, CH,Cl,, 10 °C

(37

[93%, 86% ee (S)]

Without the addition of trioctylphosphine oxide, the ee
value decreases to zero, the product yield being 90%.

But Bu!

But! o | O But

[AICI(30)]

This increase in the enantioselectivity may be caused by
the loss of C,-symmetry by the key intermediate of this
reaction upon the addition of AAR. A much less pro-
nounced relative increase in the enantioselectivity (from
79% to 96%) is observed upon the addition of phosphine
oxide in analogous reaction (38) catalyzed by the complex
[AICI(31)].78

0 1) [AICI(31)], MeP(O)Ph,, OH
i Me;SiCN, CH,Cl,, —40 °C‘ B 38)
Ph” SH 2)H* Ph” “CN

[96% ee (S)]

Phy(O)P OO
Lewis base / O

cl1—AlL

/ O
Lewis acid  Ph,(O)P OO

[AICI(31)]

A possible structure of the key intermediate of reac-
tion (38) responsible for the asymmetric induction has been
proposed.”®

The coordination of diphenylphosphine oxide (AAR) by
aluminium atom removes the C, symmetry axis of the
catalytic complex that participates in the formation of the
asymmetric key intermediate of the reaction.

High enantioselectivity (ee reaches 97%) was noted for
cyanosilylation of benzaldehyde in the presence of Ru
complex with Cs-symmetric ligand and LixCO;3; as the
AAR [reaction (39)].7°

]
Ph*H

‘ OSiMe;
[Ru{(8)-2}{(S)-PhGly}], Li>COs3

MesSiCN, Et,O, —78°C  Ph™~ “CN

[97% ee (R)]
i
Ph
Ph, )w\\\\\\
o
R
1
o)
GDET -
0

[Ru{(5)-2}{(S)-PhGly}]

(39)

A possible mechanism of this reaction was proposed.”?

MesSiCN + LiCO; —> Li[Me;Si(NC)OCO,Li] ===

I
. . . Me;SiCN . .
== Me;SiOCOsLi + LICN =———== Li[Me;Si(NC)a],
I
[Ru{(S)-2}{(S)-PhGly}s] + I(orII) —>

—> [(Ru{(5)-2}{(S)-PhGly}>- Li][MesSi(NC)X],

m
ﬁ OSiMe;
Ph” H Pho, “CN
I \/ [(Ru{(S)-2}{(S)-PhGly}>- LiX,
Me;SiCN v

X = OCOsLi, NC.

The asymmetric induction is accomplished at the for-
mation of intermediate III, which cannot be C>-symmetric.

The cyanosilylation of acetophenone in the presence of
N,N-dimethylaniline N-oxide (DMAO) as the AAR and the
C»-symmetric complex with ligand 32 is also characterized
by higher enantioselectivity than this reaction without AAR
[reaction (40)].8° Without AAR, the ee value is only 66%
(the product configuration was not indicated).

TiOPr)—32.DMAO NG, OSiMes

PhAMe Me;SiCN, CH2C12,—20°C‘ Ph 7 Me

(40)

[84% ee (S)]

Ph Ph
—N  N—
But! OH HO Bu!
t t
Bu 3 Bu

The addition of trimethylsilyl cyanide to imines (the
Strecker reaction®!-82) in the presence of C,-symmetric
complexes with ligand 33 and AAR (PriCO,H) can proceed
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with good enantioselectivity [reaction (41)].83 In the absence O OH
of AAR, the ee value reaches only 57%. | OEt [RuCKL)(PRH)ICI A OEt 43)
Ph)\‘/ CeCl3-7 H,0, H, (50 bar), Ph/W
Ph Ph o EtOH, 50 °C I}
N~ “Ph  La(OPh);— 33, PriCO,H HN~ “Ph @
k MesSiCN, EtCN, —20 °C L ee (S) (%) L ee () (%)
Ph H Ph™* "CN
[84% ce ()] AAR  noAAR AAR no AAR
OO (S)-2 88 81 (S)-12b 93 71
SO;H (S)»-12a 96 84 35 95 85

SO;H
99 e
33 O PPh,

Hatano er al.®3 postulated a catalytic cycle and proposed

O Pphz
a possible transition complex (the key intermediate). <:>< O
(6]

35

As can be seen from experimental data for reaction (43),
the addition of AAR (CeCls-7 H,O) to the reaction mixture
resulted in all cases in higher enantioselectivity. A possible
mechanism was proposed for this reaction where the key
intermediate has C; symmetry.

P
H B
<x ;Ru—ch(solv)g T2c1’ </\/HjRqu1(solv)2
P P
o o Fo =9 . 5
\_ ¢ CCh E Ce—Cl
i \ HCI />

Ph OEt Ph O Cl

The AAR (PriCO,H) is incorporated in the structure of
this Cj-symmetric intermediate. Thus, the asymmetric P EtO O Cl
induction in reaction (41) is controlled by the asymmetric .,
intermediate. The increase in the symmetry of the catalytic \ %
complex with the loss of AAR reduces the process enantio- a
selectivity and, conversely, a decrease in the symmetry of /P 1
the key intermediate upon the introduction of the AAR can </\ =35
considerably increase the ee. Apart from reaction (37) P
mentioned above, the reaction accompanied by hydrogen Interesting conclusions can be drawn from analysis of
transfer in the presence of ligand 34 [reaction (42)] can serve  the aldol reaction of acetophenone and benzaldehyde in the
as an example of this situation.®* When no triphenylphos-  presence of ligand 36 [reaction (44)].%°
phine is added, the ee value is only 7%.

0 OH * k EuZn—36—EuN j\/%f (a4)
i [RuCl>(PhH)]>—34—PPh; (1:2:2) /L @2) Me H MS4A DMF  py Ph
Ph”™ "Me PriONa, PriOH, 90— 100 °C Ph™ "Me
lee 94% ()] AAR T/)°C ee (S) (%)
° - | H° Et;N 0 79

Et;N 20 58

N N 3
N
Ph \ \ winPh - 20 38
N N
b o0

A somewhat smaller difference between the product ee
in the presence and in the absence of AAR was observed in

similar reactions accompanied by hydrogen transfer,%>-8% in C
N

s~}
S,

the addition of nitroalkanes to aromatic nitroalkenes 87 (the HO OH N

Michael reaction), in the reaction of benzaldehyde with
ethyl diazoacetate 8% and, for example, in the hydrogenation /\~OH HO
of aromatic a-keto esters involving phosphine 35 [reaction Ph™ ppy 36 Ph
(43)].%9

Ph

Li et al.®® believe that the mechanism proposed previ-
ously °! 93 is applicable to this reaction (Scheme 10). How-
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ever, in our opinion, this mechanism does not reflect the
participation of the AAR (EtsN) in reaction (44). The
catalytic complex I involved in the formation of key
intermediate II, which controls the asymmetric induction,
has C> symmetry. Therefore, this mechanism corresponds to
a reaction with low enantioselectivity [38% ee (S)].

Thus, in all of the studied reactions that have high
enantioselectivity (eemax = 96%) and involve auxiliary
reagents, the C> symmetry of the starting catalytic complex
is lost in the step preceding the formation of the key
intermediate, which controls the asymmetric induction. If
this does not occur and the key intermediate remains
C,-symmetric, the reaction has low enantioselectivity.

V. The increase in the enantioselectivity
upon the addition of molecular sieves

in the reactions performed in the presence
of C>-symmetric metal complexes

The addition of molecular sieves (MS 4 A, MS 3 A) to the
reaction mixture increases the enantioselectivity of catalytic
reactions induced by metal complexes with C,-symmetric
ligands.! Striking examples of this effect are provided by
reactions (45)—(49) involving chiral ligands 8, 18¢ and 37.

1) Ti(OPr)s— 37, MS 4 A,

i + MesSicN — b o (45)
€391 A
P H 2) HCI(IM) Ph” O CN
T/C  MS  Yield (%)  ee(S) (%) (Ref. 94)
—78  4A 79 94
0o — 78 20

MX—L, MS4A OH
_—

CHxCl,, —20°C

(0]
|+ _~~_-SnBuj3
PN

Scheme 10

e

wX L MS ce (%) Ref.
THOPE)s (B8 4A % (R) 95,96
TiCl (S8 4A 97(S) 97
In€ls (5)-8 4A 92(S) 98
In(OPri); (S5)-8 — 0 98
CTHZ j\ TiClo(OPr); —(R)-8, MS 4 A .
Ph)\Me * H CO->Me CHCly, 20 °C (47)
CH, OH
VG
Ph CO,Me
[95% ee (R); without MS 10% ee] *°
ﬁz N i TiCly(OPr) — (R)-8, MS 4 A )
Me Me H CO->Me CH,Cl,, 20 °C
CH, OH
— \
Me CO>Me

[95% ee (R); without MS 7% ee]*?
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Ph_+ O~
Hﬁ&NA(H N7 Mela{(RRI18G)], MS 4A

49
CH,Cl, —78 °C

Ph\N/ GO
-_—> %
N
Ph \ o

$ Mg
Ph / \ Ph
I 1

[Mgl>{(R,R)-18c}]

An increase in the enantioselectivity of the reaction
catalyzed by complexes with C»-symmetric ligands in the
presence of molecular sieves can be attributed, as in the case
of achiral auxiliary reagents, to the loss of C»- symmetry by
the catalytic complex and thus by the key intermediate
responsible for the asymmetric induction.! Indeed, metal
chelates tend to be adsorbed by apical vacancies on the
chemisorbent surface. If the C> symmetry axis lies in the
plane of the chelate ring, the adsorbed complex loses it and
becomes asymmetric. There is indirect evidence supporting
this view.

The Diels— Alder reaction is catalyzed by a Pd complex
with C»>-symmetric ligand [reaction (50)].'0!

Me CH2 ()‘
- Ph
Ty

X |
Me CHz O
2

Me o
. p Ph

O

Me

[96% ce (R); without MS 79% ee]

[PA{(S)-2}(PhCN)>](BFa4)>
MS 3 A, CHCls, 20 °C

(50)

It can be seen that in the presence of molecular sieves,
the reaction enantioselectivity is much higher. The crystal
structure of the complex [Pd{(S)-2}(PhCN),)](PF¢)> was
studied by X-ray diffraction analysis.!°! The coordination
polyhedron of the complex (the metal atom coordinating
two phosphorus atoms of the ligand and two benzonitrile
molecules) has a somewhat distorted C,-symmetric square
planar structure. It is quite possible that this flat molecule is
adsorbed during the reaction by a Pd apical vacancy on the
surface of the chemisorbent (MS 3 A). The C, symmetry
axis of the adsorbed complex is lost in this case, and the
asymmetric induction is controlled by the asymmetric
intermediate.

Meanwhile, the catalytic Michael reaction [reaction (51)]
provides very low ee values of the products even in the
presence of molecular sieves.!0?

(0}

A/H\ /H\ [SmI{(R)-8} - THF], MS 4 A
~N + .
R N~ O+ ArNH, CH.Ch —40°C (51)

R Ar ee (%)

Ph  4-MeOCg¢Hs 28
Prm 2—M€OC6H4 18

It was assumed 2 that binuclear dimers, precursors of
the key intermediate, are formed during the reaction.

(NHvAr),, THF OO
/0

\Sm \ m<
\\ le)
ghes

H F (N HZAr)n

: (NHzAr)” THF

It can be seen that both dimers (A and B) are Ca-sym-
metric (note that in the publication,!°? R,S-dimer is mis-
takenly drawn instead of the R,R-dimer). Dimer A has a
planar structure and can be coordinated on the adsorbent
surface only by the plane normal to the C> symmetry axis,
which is thus retained. The coordination of dimer B on the
adsorbent surface is unlikely due to steric restrictions; if it
still takes place, the C, axis is also retained. Therefore, in
both cases, the intermediates that control the asymmetric
induction are not asymmetric. This is confirmed by low
enantioselectivity of reaction (51).

VI. Reactions in the series of monofunctional
aryl substrates catalyzed by metal complexes
with asymmetric ligands

1. Cyanosilylation of benzaldehyde and acetophenone

in the presence of titanium and aluminium complexes

As shown by reactions (52)—(54),% cyanosilylation of ben-
zaldehyde and acetophenone is performed with high enan-
tioselectivity on titanium complexes with asymmetric
ligands 38—40.103-105

0
i + MesSiCN
Ph” H

1) Ti(OPr)s— 38, MS 4 A QOH

J @
2) HCL CHxCh, —65°C ~ pp” >SN

[96% ee (R)] 103

9 1In the study cited,'® (R)-RCH,OH is erroneously drawn instead of
(R)-RCH(CN)OH as the product of reaction (52).



Asymmetric metal complex catalysis in the series of monofunctional substrates: the lower the catalyst symmetry, the higher the enantioselectivity 895

Ph CH,Ph

W

HO HN—SO,
HO cl

38 Cl

1) Ti(OPri)s — 39,

j\ b MesSICN — 1€l 20°C %)H (53)
Ar H 3 2) hydrolysis A ON
Ar ee (S) (%) (Ref. 104)
Ph 94
4-MeOCgHy 98
OH (‘)‘
ponN "
Y
39 Ph
0 o MesSiO CN
i + Me3SiCN M (54)

Me THF, —30°C Ph Me
[92% ee (R)] 103

Ph

For reaction (54), Hamashima et a/.'° proposed the
possible transition complex in which titanium and oxygen
atoms of phosphine oxide activate the ketone and the
cyanide as a Lewis acid and a Lewis base, respectively.

Reaction (55) in the presence of aluminium complex
with peptide 41 may proceed by a similar mechanism (with
allowance for replacement of the ligand phosphine oxide
group by the amide group).!0°

0 Aope. 4 MesSIO. ON
L+ Mession AXOPELdL, (55)
Ph” “Me MeOH, PhMe, Ph” “Me
MS3A, —78°C
[91% ee (R)]

Pri

JUN
N
MGO@N |
(0]
OH

41

/\H/OMG

(6]

Tz

-

zZ
T
=
-

2. Hydrogen transfer hydrogenation of aromatic ketones and
imines in the presence of Rh, Ir and Ru complexes

Note that the search for new chiral C,-symmetric ligands
for hydrogen transfer hydrogenation has been terminated in
recent years due to its inefficiency.! Reactions (56)—(63)
induced by complexes with C;-symmetric ligands 42—49
confirm this conclusion.

i [RhCLCp),—L /OLH (56)
Ph MC PriONa, PriOH, 20 °C Ph MC

Cp = n>-CsHs, Boc is tert-butyloxycarbonyl.

L ee(S)(%) Ref.

2 97 107
43 96 108
4 96 108
_ ol Ph O 0
pr N~ ‘ OH | OH
H T T
8 _NH _NH Me NH>» Me
oc 2 Boc 43 44
? OH
Me [IrCl(cod)(d5)] Me 7
H> (30 bar), MeONa,
R PriOH, 10 °C R
R ee (S) (%) (Ref. 109)
H 87
F >99
Bz
Lo
N )
P
Y. Ph
@ /7 "\ = cod.
[IrCl(cod)(45)]
i [RuCl2(ANPP)(46)] /'\H 58)
Ph” “Me PrONa, PrOH.60°C  pp~ “Me
[97% ee (S)] 10
Me
Fe
\\ CyZP
N, | WCl
H>\ “Ru
Bu! N~ L P
a9 | CHaMer3.5-OMe-4
Ce¢HoMes-3,5-OMe-4
[RuCl,(ANPP)(46)]

ANPP is 2-(1-aminoneopentyl)pyridine, Cy is cyclohexyl.
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| [RuCly(p-cym)],— 47 (;)H
P (59)
Ar Me H20,HCO:Na, 30 °C Ar/\Me
p-cym is p-cymol.
Ar ee (R) (%) Ar ee (R) (%)
(Ref. 111) (Ref. 111)
Ph 63 2-MeOCsH4 >99
2-MeCeHy4 >99 2-CICsH4 >99
(0]
N H
H 47
O OH
[N e L LT N (60)
Ph H,, HCO-H, Et;N, 20°C  Ph
R ee (%) R ee (%)
(Ref. 112) (Ref. 112)
H 98 (R) OPh 99 (S)
Cl 99.6 (S) OH 98 (S)

Ph [RhCI(48)]

[RuCly(mS-GMB),— 49 QH

HCO>H—EtN, —30°C Ph/LM

i
AMe (61)

Ph e

[90% ee (S)] 113
GMB is hexamethylbenzene.

SH
NH-CI

49

It can be seen from the presented data that most of the
indicated complexes catalyze hydrogen transfer hydrogena-
tion with a very high enantioselectivity (96% —99% ee).
Substituents in acetophenone increase the ee values of the
product (ee > 99%). The mechanisms of hydrogen transfer
hydrogenation of ketones in the presence of, for example,
Ru complexes with ligands 46, 47 have been thoroughly
studied.!!4~ 116 Reactions of this type also demonstrate very
high enantioselectivity on complexes with ligands attached

to a support surface [for example, in reaction (62) involving
ligand 50].117

/‘OJ\ [RuCl,(p-cym)], —50 /?\H ©)
-

Ar Me HCOzNa, HzO, 20 °C Ar MC

Ar ee(S) (%)

Ph 96

4-FC¢Hs 99

Ph Ph

H.N  HN—SO,

0\%/\ _Me
50 OA/Q 16 o

Ruthenium complexes, for example, with ligand 51
catalyze hydrogen transfer hydrogenation of imines with
very high enantioselectivity [reaction (63)].!!8

o
N~ T gyt D IRuCh(reym)l—51, NH,
| KOH, PriOH s
E (63)
Ph” Me 2) HCI, MeOH Ph” Me
N [98% ce (R)]
wnOH
51

3. Reduction of acetophenone with boron complexes

The catalytic system formed in situ from amino alcohol 52
and borane dimethyl sulfide reduces acetophenone with
high enantioselectivity [reaction (64)].'1°

i BH;-SMe,— 52 /iﬂ 4
Ph™ "Me THF.20°C pp” “pe
o [97% ee (S)]
HoN
Ph

Q 52

Acetophenone is reduced with organoboron derivatives
of D-tartaric acid 53a—d in the presence of NaBHy4 [reaction
(65)] with even higher enantioselectivity.!2?

Q /O o NaBH, (2 equiv.)
a equiv.
Phi Me+ 42: 5 PhN;e, zoqcc (65)
R O™ ™co,H
53a—d
OH
. g
Ph” “Me
Com- R ee (R) (%) Com- R ee (R) (%)
pound 53 pound 53
a 3-NO, 99 [ 4-F 90
b H 85 d 4-Cl1 99

Since reagents 53a—d have non-planar (pyramidal)
structure, they are asymmetric. The structure of the key
intermediate of reaction (65), which controls the asymmet-
ric induction, is shown below.
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H
!
R/\ ‘
J nepn
R" S0 \
| 0
B
S
\o 0
o}
CO.H

R = Ph, 2-MeC¢Hy, But, Pri, etc.; R’ = Me, Et, CH,Br, etc.

4. Hydrophosphonylation of benzaldehyde

(the Pudovik reaction) under the action of aluminium

and titanium complexes

Enantioselective hydrophosphonylation is represented most
vividly by reactions (66) '?! and (67) with participation of
chiral ligands 54 and 55.122

O\ (\)\ AICI T
Et, —54
+ P — > OEt
Pth H™/ “OEt CHxClh, —20°C Ph)\P< (66)
OEI H OEt
0
Pr! [97% ee (S)]
—N OH
But OH
Ad 54
Ad is adamantyl.
o
Ti(OPr')y;— L —ci
B e (©7
Ph” H H/ “oMe MeaCoHi
OMe
OH
OMe
e I
|| ~OMe
o}
[99% ee (S)]
L = 55a,b.
X
9@ y
OH o
<90d :
X
55a,b cin

X=1 (2), 3,5-(CF3)2C6H3 (b)

In reaction (67), the catalytic systems are formed by
Ti(OPr')4 and two ligands, binapthyldiol 55a or 55b, and an
additional cinchonine (cin) ligand. Both systems perform
this reaction with equal enantioselectivity.!??> The alkaloid
cinchonine forms a bifunctional catalyst with the complex
[Ti(OPri)(55)]. The structure of the possible key intermedi-
ate of the reaction is presented below.

OMe
MeO\ 4
P:
\ Si-side attack
T
0., O
i

o~ Yo

The Ti'"V atom coordinates the aldehyde in a chiral
structure, while the nitrogen atom of the alkaloid interacts
with the phosphite. This reaction could be placed in
Section IV if the additional ligand was achiral.

5. The addition of dialkylzinc to aromatic aldehydes,

imines and acyclic enones in the presence of Cj-ligands

As in the case of hydrogen transfer hydrogenation (Sec-
tion VI.2), all ligands effective in the asymmetric addition
of dialkylzinc to aldehydes, imines and acyclic enones
[without Ti(OPri),] found in recent years had asymmetric

structures [for example, ligands 56-60 in reac-
tions (68)—(71)].123 127
C" — OH
nMe, —
Ph*H PhMe, 30 °C Ph/LMe (68)
[89.9% ee (S)] '3
®\/ l>j<Ph
N Ph
Fe HO
: 56
i Et:Zn—L OH
M, e )
Ph H s Ph Et
L ee (%) Ref.
57 96(S) 124
58 94(R) 125
Me Me
| OH
N
Me—N” O
57 HO
O 58
i
PPh, PPh,
N/ Et2Zn, Cu”'xl—lz(),sg‘ HIS/ o)
i PhMe, 0 °C :
Ph H Ph Et
i 192% e (R)] 1
+S,,//
"0
PPh,
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Et:Zn, Cu(OTf),—60

i
e AT e Ty
DME, —50 - 0 °C phMPh

[ee >99% (S)]'*7

i
PhA\/kPh

6. Nitroaldol reaction of aromatic aldehydes

(the Henry reaction) and other addition reactions

to benzaldehyde and acetophenone catalyzed

by Cr, Cu and Ir complexes

Asymmetric versions of the Henry reaction in the presence
of Cr'' and Cu!' complexes with ligands 61, 62 show high ee
values of products [reactions (72)'?® and (73)'27].

OH
CrCl(61)DIPEA B
[+ Meno, ISICIGUDIPEAL 2 (72)
Ph” "H CHaCl, =78 > =207C pp” “CH,NO,
[93% ee (S)]
)Cr’
Bu! O é] Bu*
Et Et
Et
Et Et Et
[CrCl(61)]
DIPEA is diisopropylethylamine.
Cu(OA):—62 QH
k + MeNO, — ————»> /'\ (73)
EtOH, 20 °C Ph CH,NO»

NEt(1-Naph) [98% ee (R)]

Naph is naphthyl.

The allylation of benzaldehyde proceeds with very high
enantioselectivity in the presence of chromium complexes
[reaction (74)].13°

1) [CrCI(63)], Mn, Et:SiCl,
. McOCH:CH:0Me ~MeCN (3: 1), 25 °C_
2 H*

(74

[CrCl(63)]

(7

It was assumed !3° that the key intermediate responsible
for the asymmetric induction of this reaction has the
following structure (the chiral ligand is shown conditionally
by four donor atoms).

Ph
o H
HM H

RSN
Nl H

\_O

Thus, as was to be expected, the asymmetric induction
for the C;-symmetric catalytic complex [CrCI(63)] occurs at
the step of asymmetric key intermediate.

The reductive amination of acetophenone is catalyzed
with high enantioselectivity by the iridium complex with
bulky ligands; reaction (75) involving ligand 64 may serve
as an example.!3!

O‘ NH>»

@Me ©
+

OMe

HN@OMe

[Cp*IrX(64)]
H, (5 bar), PhMe, 35 °C

(79)

—
Me
[97% ee (S)]
/‘%r Me
O:?:O Me
Ph Me
2, N
\lr/ Me
e N\ Me
pn” N
2
[Cp*IrX(64)]

9o

Ar = 2,4,6-PriCeH,, X =

I I Ar

7. The oxidation of aryl sulfides induced by aluminium,

iron and vanadium complexes

Aluminium salalen complexes (for example, with ligand 65)
are efficient catalysts for the asymmetric oxidation of
sulfides [reaction (76)].132

. O
=/
S [AICI(65)] S
Ar” “Me H.0. McOH,pH 74 . Ar” Me (76
(phosphate buffer), 20 °C
Ar ee (S) (%) Ar ee (S) (%)
Ph 98 2-CIC¢H4 >99
2-MeOCgsH4 96 3-CIC¢H4 98
4-MeOC¢Hy4 99 4-CIC¢H4 99
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The high enantioselectivity of this reaction almost does
not vary depending on the positions of substituents in the
aromatic ring of ketone. A possible catalytic cycle is
presented in Scheme 11.132 It was assumed '3? that the C;-
symmetric n2-hydroperoxide key intermediate is responsible
for asymmetric induction.

Scheme 11
L*Al—Cl
inOL buffer

H:0 L*AIC | R™ R
"OH
n2-hydroperoxide o
!
H-0, L*Al—OH R™ R
L = 65.

High enantioselectivity was also found for the oxidation
of methyl phenyl sulfide under the action of iron complexes
with salan ligands 66, 67 in the presence of water [reac-
tion (77)].133 134

[FeCI(L)]

S 77
Ph” “Me H.0:(aq.), H:0, 20 °C an
Q o. 0
« N?
—> /S\ + /S\

Ph Me Ph

L ee (%) L ee (%)
66a  88(S) 67a  10(R)
66b 96 (S) 67b  10(S)

R = H (a), Me (b).

R = H (a), Me (b).

Note the enormous difference between the ee values of
the reaction product depending on the configuration match-
ing between the two chiral fragments of the complexes: for
both studied complexes, high enantioselectivity is achieved
only for (S,aR)-isomers. A possible explanation for this
finding is, in our opinion, the C>-symmetric structure of the
key intermediate as the binuclear complex formed through
p-Cl-bridging bonds under the reaction conditions when the
ligand structure is (R,aR); the C-symmetry of the key
reaction intermediate is expected to entail low ee of the
products.

Alkyl phenyl sulfides are also oxidized rather enantiose-
lectively in the presence of vanadium complexes with Schiff
bases 68, 69 [reaction (78)].133

¢
P R %’ Ph/* e 7
R L ee (%) R L ee (%)
Me 68  8(S) Bn 6%  96(R)
Bn 692 96(S) Me 69a  84(S)

But

—

! l —N OH
OH
OYBUl
|
SR
68

MCOCEtz

Isomers: (aR,R) (a), (aR,S) (b).

As can be seen, benzyl phenyl sulfide is oxidized accord-
ing to reaction (78) with higher enantioselectivity than
thioanisole.
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8. Hydrogenation of arylalkenes in the presence

of iridium complexes

Iridium complexes with Ci-symmetric (P,N)-ligands 7074
are fairly enantioselective catalysts of hydrogenation of
non-functionalized arylalkenes. Reaction (79) can serve as
an example.!36- 139

Me [r(cod)L] * [B(Ars)a] - Me
5 *
P X Ph 'H, (50 bar), CHCl,, 20 °C Ph Ph (79)
AI‘F = 3,5-(CF3)2C(,H3.
L ee (%) Ref. L ee (%) Ref.
70 99 () 136 73 >99 (R) 138
71 >99 (S) 137 74 89 (R) 139
72 96 (R) 137
r Phs ‘ ‘
P.. .
)
AN
S—Ph
L S
[Ir(cod)(70)] * [Ir(cod)(7D)]*
Ph, M I 4MeOC6H4
DT
Ph\\\ ‘ < EB
= L 4-MCOC6H4

[Ir(cod)(72)]"

[Ir(cod)(73)] *

—

[Ir(cod)(74)]*

7\ = cod.

To summarize analysis of the reactions catalyzed by
complexes with Cj-symmetric ligands, note that the range of
product ee values is much narrower (eemax = 99%) than
that in reactions involving C,-symmetric compounds.

VII. Comparison of the enantioselectivities

for reactions catalyzed by complexes of the same
metals with C>- and Ci-symmetric ligands having
similar structures under the same conditions

As has already been noted, in the alkylation of aldehydes
with dialkylzinc in the presence of chiral ligands [without
addition of Ti(OPr)4] and in the hydrogen transfer hydro-
genation of ketones in the presence of Rh, Ir and Ru
complexes, the reaction enantioselectivity is higher for
Cy-symmetric ligands than for C,-ligands.! The same trend
is confirmed by most recent experimental data [reactions
(80) 40 and (81) '#'] where diethylzinc alkylation was car-
ried out in the presence of Ti(OPr')4 and ligands 75, 76 and

hydrogenation of ketones proceeded in the presence of
auxiliary ligands (diamines, DAM) and ligand 77.

Lk
O H+ Et:Zn

L ee(R), %

Ti(OPr)s— L
_— >

PhMe, 0 °C ®0)

75 94.7
76 50.8

| [RuClLy(DAM)(77)]
Ph™” “Me Ha(50atm), BuOK, PrOH  Ph~ “Me

@81)

Complex Symmetry ee (R) (%)

[RuCL(DAM-1)(77)]  C»
[RuClL(DAM-2)(77)]  C;

91.2
99.8

A S 2
§<O /c1 \ \O
Ar> H2

[RuCly(DAM-1)(77)] (C2)

Arz Cl H2
P j<CsH4OMe -4
CsH4sOMe-4
e P/(‘jl \
Arz Hz

[RuCL(DAM-2)(77)] (C1)
Ar = 3,5-M62C(,H3 .

In the case of hydrogen transfer hydrogenation, an even
greater [than in reaction (81)] enantioselectivity difference
between C;- and C,-complexes based on ligands 78 was
found in reaction (82).'42

(‘) [FeXY(78)] H
€
PhkMe Bu'OK, PriOH, 22 or 50 °C Ph/LMe ®82)
X Y Symmetry ee (S) (%)
NCMe NCMe Ca 27
NCMe NCBut! C 76
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[FeXY(78)]

Yet another reaction demonstrating the effect of the
symmetry of ligands with similar structures on the process
enantioselectivity is hydrophosphonylation of benzaldehyde
(the Pudovik reaction) in the presence of salen, salan and

salalen aluminium complexes [reaction (83)].143- 143
(0]
Q I
L, TAIXL] )
Ph*H | OMe THE Ph)\ <
OMe Il ~oMe
O
X L 7/°C ee (%) Ref.
Me (R)-26 —75 520 37-41(R) 143
OH 79 0 59 (S) 144
Cl 80 —15 87 (S) 145
—N N—
Al
N
Sl
Me
[AIMe{(R)-26)]
H Q H
\ S /
N N
Al
Bu! o’ l o Bu!
But! But
[AIOH(79)]
Q Me
N /
—N N
Al
N
Bu! o'l "o But
Cl
But Bu!
[AICI(80)]

All three complexes [AIXL] have Ci-symmetry but the
molecules [AIMe{(R )-26}] and [AIOH(79)] contain C>-sym-
metric chiral salen and salan fragments, respectively,
whereas the complex [AICI(80)] is devoid of symmetry
elements. It is this complex that provides the highest
enantioselectivity of reaction (83). A less pronounced differ-
ence between the ee values of the products formed on Ci-
and Cz-complexes was found for the alkylation of aldehydes
with triethylborane in the presence of the Ti(OPri)4—chiral
ligand 8, 81 or 82 system [reaction (84)].14¢

PP

(0]
Ti(OPri);—L
—_—

O H + Et;B O Et  (84)
THEF, 66 °C

L Symmetry ee (R) (%)

(R)-8 &)

81 C

82 Cy

81 (%)

A more complicated relationship between the catalyst
symmetry and the enantioselectivity was found for the

nitroaldol Henry reaction induced by the Cu(OAc),
ligand (18d, 83—-88) and Cu(OAc),

~N,N-
—N,S-ligand (89, 90)

systems [reactions (85)—(89)].147-152

i + MeNO Cu(OAc),—L OH 85
E EEEE—— *
Ph H eNL2 alcohols, 20 °C  py, NO, (®85)
L Symmetry ee (%) Ref.
(S,9)-18d (> 95 (S) 147
83 C, 94 (R) 148
84 C 91 (S) 149
Ph Ph
Me_ Me 7
o?ﬁro N
wl |
: </N N
83(C2) ‘
84 (C)
H

0
k + MeNO,
Ph” H

e

Cu(OAC)z N H20 —L
e s

86
EGN, EtOH, —40 °C pp~" >~ (86)

NO,

L Symmetry  ee (S) (%) (Ref. 150)
85 C> 92
86 Ci 89
H H
= N
= Me
85(Cy H H 86(c)

Reactions (85)

and (86) are catalyzed by C»- and

Ci-complexes with almost equally high enantioselectivity
under comparable conditions. However, another example of

analogous Henry reaction involving the Cu(OAc),—

N,N-

ligand system (87, 88) is known to show an obvious depen-
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dence of the product ee value on the symmetry of the
catalytic complex [reaction (87)].1!

0
i + MeNO,»
Ph” “H

L ee (R) (%)

Cu(OAc), H,O—L
Cu(OA), H0—L

no solvent, 0 °C

OH
A no, @7
Ph

87 86
88 58
NH HN
\ H H
N N

(5.8.5.5.5,9)-(+)-87

HN

iz
T

HNmm

\ /

(5,5.5.5.5.5)-(+)-88

Analysis of the molecular models of complexes formed
by cyclic hexamines 87, 88 with Cu(OAc), leads to the
conclusion that only the complex with ligand 88 can be
either C,- or Cs-symmetric. Therefore, in this reaction, the
highest enantioselectivity is displayed by the Cu complex
with ligand 87, which has a distorted C»- or Cz-symmetry.
The same type of advantage of a less symmetric structure of
the catalytic complex as regards the enantioselectivity is
observed in the Henry reaction induced by Cu(OAc):
complexes with amino sulfides (89) and amino thiols (90)
[reaction (88)]!'°2 and with substituted diamines (91a,b)
[reaction (89)].1%3

(6] OH
‘ n Cu(OAc),-H.O—L E
Ph*H MeNO> 5o, 0°C pp N0 @)
L Symmetry ee (S) (%)
89 C 52
90 C 83

OMe OMe
N N
= | S = | SH
Na 2 Na

89 (%) 90 (C)
(0] OH
. Cu(OAc); —L
. *H MeNO: G 207G ™ g NO2 (89)
R L Symmetry ee (S) (%)
Ph 91a C> 84
Bu! 91a C> 85
Ph 91b Ci 93
Bu! 91b Ci 99
\ 1\? X =Y =H(a);
9lab Y X = OH, Y = Bu'(b).

As a result of consideration of spatial and electronic
factors, a model of the transition state of the Henry reaction
involving copper diamine complexes [reaction (85)—(87)
and (89)] was proposed.!4°

Ow,,,,,” + H
R ””Ni‘<
[ |07 H
", JOAC !
* . u\\\\ i
7N | H
N O——
\ <ph
R

As can be seen, in the case of C-symmetric ligands,
asymmetric induction is performed at the step of formation
of the asymmetric key intermediate.

Thus, comparison of the reactions catalyzed by C»- and
Ci-complexes under identical conditions shows that the
enantioselectivity is either higher for the Cj-complex or
equally high for both C»- and C,-catalysts.

VIII. Conclusion

The review considers about 90 asymmetric catalytic reac-
tions of simple monofunctional substrates, which are coor-
dinated in the key intermediate by only one (reacting) group
(one-point binding). The high degree of freedom of the
coordination of these substrates imposes restrictions on the
structure and symmetry of the catalytic complex as com-
pared, for example, with catalytic reactions of amino acid
precursors as substrates (three-point binding).!>* For reac-
tions having high enantioselectivity, the C>-symmetric cata-
lytic complex T should either have intricate structure [reac-

T In the reactions of non-functionalized substrates catalyzed by Cs-sym-
metric complexes, the trends listed above cannot be followed as the
number of available examples is too small (see review !).
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tions (3), (7)—(9), (11), (12), (14), (16), (18), (36)] or contain
an additional achiral ligand [reactions (37)—(43)]; alterna-
tively, molecular sieves must be added to the reaction
mixture [reactions (45)—(50)] Nevertheless, the highest
enantioselectivity of the reactions catalyzed by complexes
with Cs-symmetric ligands is not higher than 96%
(eemax = 96%). All effective enantioselective reactions of
this type for which a possible sequence of intermediates
(catalytic cycle) was reasonably proposed include asymmet-
ric structures as the key intermediates. In these cycles, the
initial C,-symmetry of the catalytic complex is lost before
the formation of the key intermediate, which controls the
asymmetric induction [see Schemes 1—-9 and structures of
the key intermediates for reactions (5)—(7), (11), (37), (38),
(40), (42)]. If this condition is not fulfilled and the key
intermediate retains the Cs-symmetry, for example, in
reaction (23), as in the mechanism of the related reaction
of diethylzinc addition to benzaldehyde without introduc-
tion of Ti(OPrl)4 (see Ref. 1) or in reactions (24) —(26), (28),
(29), (45) (see Scheme 10) and (51), the reaction enantiose-
lectivity is low or does not exceed 70%. For reactions with
the loss of C>-symmetry, the key intermediate [reactions (3),
(5)-(22), (27), (32)—(50)], the average ee value of the
product is 85%.

In the reactions catalyzed by C;-symmetric complexes,
the highest enantioselectivity increases, eemax reaches values
of >99%. The average ee values of the product of these
reactions is also much higher [ee,y = 97% for reactions
(52)—(79)]. This enantioselectivity of reactions involving
C»- and Ci-symmetric complexes is retained also for most
of the studied cases where one can compare catalysts of
different symmetry [reactions (80)—(84), (87)—(89)] for one
and the same reaction, the same metal and the same
conditions.

It should be emphasized that this type of relationship
between reaction enantioselectivity and the catalyst symme-
try is observed only for simple monofunctional substrates
such as benzaldehyde, acetophenone, thioanisole and so on
that are coordinated in the key intermediate only by the
reacting group. If substrates can be coordinated by two or
three groups, they are able to react with very high enantio-
selectivity also under the action of complexes with Cs-
ligands. A simple explanation can be suggested for the
dependence of enantioselectivity on the substrate structure.
Multifunctional substrates acquire additional difference
(compared to monofunctional substrates) between the free
activation energies of their proS- and proR-positions as a
result of two- or three-point binding in the key intermediate.
This results in higher enantioselectivity. Hydrogenation of
B-keto esters on the Cr-complex Ru-BINAP [Ru-(2)] with
100% conversion and 99.9% ee can serve as an illustra-
tion.!33 It is of interest that this parameters of an asymmet-
ric catalytic reaction are comparable with the corresponding
parameters of a similar enzyme-induced reaction. The bio-
reduction of B-keto ester by various types of carbonyl
reductase proceeds to a conversion of 91%, 95% and 99%,
the ee being 95%, 99% and 100%, respectively.!36~ 158 The
chiral C,-symmetric metal complexes as catalysts of reac-
tions of substrates capable of two- or three-point binding
can compete with enzymes not only as regards the enantio-
selectivity but also as regards the productivity. Pavlov
et al.'> showed that hydrogenation of methyl acetoacetate
on the complex [RuCl(n®-cym){(R)-2}]Cl has high enantio-
selectivity and conversion at the molar ratio substrate: ca-
talyst = 70 000. The similarity of enzymes and metal com-

plexes as catalysts is also in the covalent interaction between
the catalyst and the substrate in the transition state.!®?
However, asymmetric induction of metal complexes with
Cs-symmetric chiral ligands is not encountered in the
metabolism of living organisms. The linear DNA polymer
consists of four nucleotides in an irregular sequence as a
basis for genetic difference. Two DNA molecules form a
double helix through hydrogen bonding between comple-
mentary nucleotides. Both helices and the a-helix of pep-
tides has P-configuration. The structures of all helices are
asymmetric.!®! The proteins are composed only of L-amino
acids, and only D-nucleotides form DNA. Polysaccharides
are also composed of D-monosaccharides (with rare excep-
tions). All these compounds are chiral (asymmetric). The
above-listed enantiomers are the same in the living systems
of humans, animals and microbes.!®? C,-Symmetric chiral
compounds are known in nature only as plant products
[D-(+)-tartaric acid, some alkaloids, lignanes, ezc.]. All
these compounds are minor rather than major products of
plant metabolism. Thus, the advantages of C;-symmetric
chiral compounds over C»-symmetric chiral compounds are
not reduced to asymmetric catalytic reactions of monofunc-
tional substrates but extends also to biochemical reactions.
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