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“Asymmetric” Catalysis by Lanthanide Complexes

Koichi Mikami,* Masahiro Terada, and Hiroshi Matsuzawa

Catalysis with lanthanide (Ln) com-
plexes has been underestimated for
long time, although Ln™ complexes
have great advantages as Lewis acid
catalysts for “asymmetric” carbon-—
carbon bond-forming reactions. Lan-
thanide complexes are highly active in
ligand-substitution reactions, especial-
ly with hard ligands. The association
with substrates and dissociation of
products are achieved fast enough for

high catalyst efficiency. The asymmet-
ric catalysis of organic reactions can be
greatly advanced by the use of Ln
complexes with chiral ligands such as
binaphthol (binol). Ln" complexes are
good reducing agents, which can be
used in a wide variety of synthetically
important reactions; when chiral li-
gands are used, many of these reac-
tions are highly stereoselective. In the
context of “green chemistry”, the de-

velopment of asymmetric Ln catalysts,
and their recyclable use, is of increas-
ing importance. This review gives an
overview of the most recent develop-
ments in catalysis with lanthanide(1r)
and lanthanide (i) complexes.

Keywords: asymmetric catalysis « en-
antioselectivity - coordination chem-
istry - lanthanides- Lewis acids
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1. Introduction

“Asymmetric” catalysis of organic reactions is an important
subject in modern science and technology.l! Regarding the
unique coordination chemistry of the f-block elements
(“lanthanide” complexes),?! particularly high coordination
numbers are an advantage as organic reactions can be
promoted catalytically rather than stoichiometrically.”! The
following characteristics are typical of lanthanide complexes:
1) The lanthanide cations, generally in the oxidation states
+2— +4, have an extended Xe-core electronic configuration;
they have 5s?5pS outer-shell electrons and 4f* deep-lying
electrons (n=1-14; Table 1). 2) The inert 4fshell lies
inactive, deep in the interior of the cation and is well-shielded
by the filled 5s? and 5p°® orbitals. The character of these f-block
elements is in sharp contrast to that of d-block elements, in
which the outer d orbital is filled sequentially. Ln** ions are
commonly thought to have a tripositively charged, closed shell
with a noble-gas electronic configuration. Therefore, no o-
donor —mt-acceptor bonding mode occurs. 3) f-Block elements
lack orbital restrictions, so there is no need to maximize
orbital overlap as in d-block transition-metal chemistry.
4) Poor overlap of 4f orbitals with the ligand orbitals and
the lanthanide contraction contribute to the predominantly
ionic character of organolanthanide complexes. According to

[*] K. Mikami, M. Terada, H. Matsuzawa
Department of Chemical Technology
Tokyo Institute of Technology
Meguro-ku, Tokyo 152-8552 (Japan)
Fax: (+81)3-5734-2776
E-mail: kmikami@o.cc.titech.ac.jp

Angew. Chem. Int. Ed. 2002, 41, 3554-3571

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the HSAB classification of Pearson,* lanthanide cations are
considered to be hard acids, ranked between Sr!' and Ti'v. The
ionic-bonding contributions cause lanthanide cations to be
strongly oxophilic, which can be expressed in terms of the
dissociation energy (D,) of Ln—O bonds (Figure 1).[* 7]
5) Table 2 represents the trend in effective ionic radii of these
multiply charged cations, which prefer high coordination
numbers between 6-12.1 As shown in Figure 1, the atomic
and ionic radii decrease linearly with increasing atomic
number (“lanthanide contraction”). Therefore, metal-1li-
gand interactions are determined by electrostatic factors
and thus lanthanide cations preferentially interact with hard
ligands. 6) Ln?>* complexes are strong reducing agents, for
example, Sm?**, Eu**, Tm>* [ and Yb?* have oxidation
potentials of +1.55, +0.35, +2.3, and + 1.15 V, respectively.[®]
7) Lanthanide complexes are active in ligand substitution
reactions and attainment of the association—dissociation
equilibrium is fast.

The Lewis acidity (Z/r*; Z = charge and r=ionic radius), is
particularly low in complexes derived from the large Ln**
cations.’” Hence these systems are considered in organic
synthesis to be mild Lewis acidic catalysts. However the Sc**
ion, as the smallest rare-earth-metal cation, is the most Lewis
acidic and lies on the borderline between lanthanide —early
transition metal —aluminum. The Yb** ion is the second
smallest lanthanide cation (after Lu**) and is hence the most

[*] The elements specified in Figure 1 include scandium and yttrium, which
are not formally defined as lanthanide elements, but as rare earth
metals. For the sake of simplicity, in this review these two elements are
also abbreviated to Ln.
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Table 1. Characteristic features of lanthanide elements.

Configuration of outer electron shell

Element Atom Ln?* Ln* Ln* E° (Ln —Ln*" +3e7) [V] E° (Ln** —Ln* +e7) [V] E’ (Ln** —Ln* +¢7) [V]
La 5d'6s? 5d! [Xe] - +2.52

Ce 46 4P 4f! [Xe] +2.48 174
Pr 413652 413 412 41! +2.46 ca. —3.2
Nd 41*6s? 4t 4f 412 +2.43

Pm 41652 4 4 - +2.42

Sm 41%s? 41° 4 - +2.41 +1.55

Eu 4176s? 417 410 - +2.41 +0.35

Gd 4175d'6s? 4f75d! 4f7 - +2.40

Tb 4°6s? 4 4f 417 +2.39

Dy 4110652 410 4 48 +2.35

Ho 4f'16s? 41 4£10 - +2.32

Er 412652 4112 41 - +2.30

Tm 4113652 4113 4112 - +2.28 ca. +2.3

Yb 4114652 4114 4113 - +2.27 +1.15

Lu 4145d'6s? - 4f14 - +2.26

Lewis acidic rare earth metal but one (Sc**). The higher Lewis
acidity of the Yb** ion over the Lu** ion may originate from
an incomplete 4f orbital. The Yb** ion is one electron short of
a fully occupied 4f orbital, which increases its electron affinity
over the Lu** ion. A similar argument can be extended to the
anomaly of the Lewis acidities of Gd** and Eu’" ions (half-
filled 4f orbital).

The stability of ligands is ordered according to their
tendency to hydrolyze, in the case of organolanthanide

complexes, or to compete with the solvent, in the case of
inorganic complexes, because fast acid —base ligand exchange
is characteristic of organolanthanide chemistry (Figure 2).
Organolanthanide complexes containing o bonds to, for
example, alkyl and alkoxides groups, readily hydrolyze with
moisture to form the hydroxides.?¥] Even ligands with lower
pKa values than water, such as OAr, tend to hydrolyze
because of the formation of insoluble hydroxides. However,
the presence of hard conjugate bases or chelating anions

-
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Figure 1. Characteristic feat

Table 2. Effective ionic radi

13 12 11 1.1 1.1

ures of lanthanide ions and elements. D, = dissociation energy of the Ln—O bond.

i (A) of Ln*, Ln**, and Ln** ions.

(e.g. acac=acetylacetonate)
can afford water-stable com-
plexes. These complexes can
be effective Lewis acids in
alcoholic, water, and even in
amine solvents.

Lanthanide trihalides,
LnX;, are generally pre-
pared from lanthanide oxide,
Ln,0O;, as hydrates. The de-
hydration of LnCl,/(H,O),
(x=6, 7) using NH,Cl or
SOCl, is the laboratory
method of preparing anhy-
drous lanthanide chlorides
[Eq. (1) and (2)]. In the
case of X=Cl, thermal de-
hydration leads to the for-
mation of undesirable lan-
thanide oxychlorides. Lan-
thanide carbonate can be

Ln,Os  + ag.HX [ LnXa(Hz0)x | 1)
N Coordination number SOCl, X=6,7
Ln 6 7 8 9 10 12 of NH.CI
———=  anhydrous LnCl; 2
Sc3t 0.754 0.870 X=Cl
Y3 0.900 0.96 1.019 1.075
La™ 1.032 1.10 1.160 1216 1.27 1.36 Lny(CO3)3 +  HOTY [Ln(OTs(H,0), | + Ot ®
Ce’+ 1.01 1.07 1.143 1.196 1.25 1.34
HNTf, —— = [Ln(NTf,)3(H;0) |+ CO 4
Pr+ 0.99 1.126 1179 : [LoNTE)s(H20) ]+ COzt @
Nd* 0.983 1109 1163 1.27 HCTf; ——  [Ln(CTfg)s(Hz0) |+ COz4 ®)
Pm?+ 0.97 1.093 1.144
Sm3* 0.958 1.02 1.079 1.132 1.24
Eu’t 0.947 1.01 1.066 1.120
Gd** 0.938 1.00 1.053 1.095 used as a precursor for LnX; with evolution of carbon dioxide
Tb** 0.923 0.98 1.040 1.095 [Eq. (3)—(5), Tf = triflyl]."
Dy** 0.912 0.97 1.027 1.083 Lanthanide dihalides, LnX,, are the only precursors for
Ho** 0.901 1.015 1.072 1.12 Lot talli d [E 6 (9)] Sml i idel
B+ 0.890 0.945 1004 1062 n'-organometallic compounds [Eq. (. ) - - Sml, is widely
Tmd+ 0.880 0.994 1.052 employed as a THF solution in organic synthesis.*<- 121
Yb3* 0.868 0.925 0.985 1.042
Lu’+ 0.861 0.977 1.032
Sm2+ 122 127 13 Sm  +  ICH,CHyl — [Smix(th), | ®)
Eu** 1.17 1.20 1.25 1.30 1.35
Tm* 103 1.09 smiy  + sm ——  sm, %)
Yb*+ 1.02 1.08 1.24 THF
Ce*r 0.87 0.97 1.07 1.14
Th4+ 0.76 0.88 Smy03  + aq. HBr —— > SmBr3:6H,0
lCH(OMe)3 ®)
7] <= Inorganic Organometallic g Li
[SmBry(thf), | T SmBry
LnLg(H0)y /  Ln(OH)pLan Ln-CRs
50-
Lk Yb +  BrCH,CHBr — [YbBrz(thf)zJ )
. Ln-NR;,
pKa
(HUH,0) |
Ln-ORLn-Cp
. Ln-OH . P
I o i e T e e e B 2. Asymmetric Catalysis with Ln™ Complexes
- 15.7 Ln-N=
D Ln-acatl:_ OA
01 Ln-NOs 2.1. Initial Experiments
I Ln-Hal ) ) ) ) )
JLn-oTf Because the metal-ligand interaction is of electrostatic

Figure 2. Hydrolysis of organolanthanide and inorganic lanthanide com-
plexes.

Angew. Chem. Int. Ed. 2002, 41, 3554-3571
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either neutral homoleptic complexes (MX,) or ate complexes
[MX,J'[Y]*. Chelating anions are useful in synthesizing
heterometallic complexes.

Bednarski, Maring, and Danishefsky reported the first
example of asymmetric catalysis with an Ln'! complex, using a
homoleptic chiral NMR shift reagent, [Eu(hfc);] (hfc =hepta-
fluoropropylhydroxymethylene) [Eq. (10) TFA = trifluoro-

OtBu [Euhfc)s]
- o (mol%) TFA j/@a\
I Sirr-ay w0
MesSio™ Hoopn T10°C o Ph
R R
R=H 58% ee
FCs R=Me 55%ee
~=~0
_-fLi
\O" n

[(+)-Ln(hfc)s]

acetic acid].['¥ They clarified the mechanism of the asym-
metric hetero-Diels— Alder reaction (Figure 3).1'1 Generally,
Lewis acid complexes such as BF; - OEt, or TiCl, provide first
the Mukaiyama aldol product and then the cyclized product
upon acidic workup (Figure 3a). However, lanthanide-cata-
lyzed hetero-Diels— Alder reactions proceed in a concerted
manner (Figure 3b).

MXh.1
OR VX, o e ﬁ
sio” N MX,: BFs-OEt, or TiCly

o OR’

[LnXa] LnX 0
HJ\R e i e | b)
' o sio R
Sio

Si=TMS, TBDMS etc. -7 R

Figure 3. The dichotomous mechanisms of the hetero-Diels — Alder reac-
tions promoted by a) stoichiometric or b) catalytic Lewis acid. TMS = tri-
methylsilyl, TBDMS = tert-butyldimethylsilyl.

The major problem associated with the catalysis of the
Mukaiyama aldol reaction of silyl enol ethers by the standard
Lewis acid complexes such as BF;-OEt, or TiCl, is the
transmetalation of the starting silyl enol ether to give
eventually the [-metalloxycarbonyl chelate intermediate
stoichiometrically (Figure 4a). We tested lanthanide com-
plexes as Lewis acid catalysts for the synchronous aldol
reaction (Figure 4b). First, we examined a chiral shift
reagent!™ with a C,-symmetric polyfluoro ligand, (+)- or
(—)-dppm (see Equation (11) for the structure of dppm) for
the catalysis of the aldol reaction of a variety of silyl enol
ethers derived from esters or ketones, with aldehydes, acetals,
and ketones. Unfortunately, the enantioselectivity of the (+)-
[Eu(dppm);]-catalyzed aldol reaction is low. However, the Eu
catalysts provided remarkable levels of recognition between

3558

MXn.1 Mt
MX, o o 9 Do Y
OSi ,l
R')\'/ J\R R R
RN ] ]
N MXq: BF3- OEt, or TiCly
o _ :
y )LR [LnXg] si._.lnXs o oOsi
— o7 o - b
SR NG A
. R TR
Si=TMS, TBDMSetc. L ]

Figure 4. The envisaged mechanisms of aldol reaction catalyzed by
a) standard Lewis acids and b) Ln"™! complexes.

(@] OSiMe3 OSiMe3
+ +
Ph)]\H \)\OMe W
Eu(d
(Eu@ppm)s] 1 sio o MesSiO O
(2.5 mol%) . (11
CH,Cly Ph OMe Ph
100 0
cf. TiCl4 (1.0 equiv) 55 : 45

OCsF;  OCsF;
[Ln(dppm)z]:
FsC s

E
(@]

carbonyl electrophiles and silyl enol ether nucleophile
partners.

2.2. Aldol Reactions

2.1. Molecular Recognition

The [Eu(dppm);] catalysis exhibits remarkable levels of
chemoselectivity in terms not only of carbonyl electrophiles
but also of their silyl enol ether nucleophile partners
[Eq. (11)].0

The [Eu(dppm);] catalyst was effective only for the
reactions of aldehydes or o,f-unsaturated ketones with
ketene silyl acetals, but totally ineffective for the reaction of
acetals with ketene silyl acetal, ketones with ketene silyl
acetal, and aldehydes with ketone-derived silyl enol ethers.
This unique selectivity in catalysis is exemplified by a
competitive aldol reaction of benzaldehyde with a ketene
silyl acetal and a silyl enol ether. The Eu'" catalyst gave the
ketene silyl acetal-derived aldol product exclusively
[Eq. (11)]. In sharp contrast, a nearly 1:1 mixture of aldol
products was obtained by stoichiometric use of TiCl,.

In addition, the Eu™ catalysis shows high level of aldehyde
discrimination in competitive aldol reactions (Table 3). First,
the Eu'! catalysts are more sensitive to the steric demand in
aldehydes than the stoichiometric use of TiCl, (entry 1).
Second, the Eu' catalysts can recognize the subtle difference
in electronic effects on benzaldehyde derivatives (entry 2-4).
Interestingly, p-nitrobenzaldehyde (0,x0,=+0.78)!" is less
reactive than benzaldehyde in the Eu'l-catalyzed process

Angew. Chem. Int. Ed. 2002, 41, 35543571
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Table 3. Competitive aldol reaction between aldehydes.

o o OSiMes [Eu(dppm)s]

(2.5 mol%)
+ + = R

Rl)J\H RZJ\H \R)\owle ey
R=H, Me
MesSiO O MesSiO O
R1/§(U\0Me * R2)>(U\OMe
R R
A B
Entry R!CHO R?CHO AB
1l CHO XC”O >98:2 (77:23)
~N~

>95:5

CHO
©/ 87:13

CHO
S
CHO
SN
MeO
CHO
v
OMe
CHO CHO
5t >~ 97:3

OBn OTBDMS

95:5 (68:32)"

[a] R =H in ketene siyl acetal. [b] Stoichiometric amount of TiCl,. [c] R=
Me in ketene silyl acetal.

(entry 2). Similarly, p-methoxybenzaldehyde is more reactive
than benzaldehyde (entry 3). More significantly, the Eu'!
catalyst shows remarkable preference for o-methoxybenzal-
dehyde (0,.ope = —0.27 to —0.67)['") over benzaldehyde (en-
try 4), although the former is sterically more hindered. These
results suggest that the relative reactivity of aldehydes in the
Eu'-catalyzed process is determined almost solely by the
coordinating ability of aldehydes to the Eu complex, not by
the electrophilicity of the aldehydes themselves. A similar
argument can be extended to explain the high levels of
molecular recognition of a-benzyloxy aldehyde and a-silyloxy
aldehyde (entry 5); the former is preferentially complexed as
a chelate ligand. Indeed, the 3,4-syn diastereomer is the major
product (see Section 2.2.2).

2.2.2. Diastereoselective Catalysis by Induced
Stereochemical Fit

Diastereoselectivity in the Eu'-catalyzed aldol reaction is

not high with a simple aldehyde such as benzaldehyde.
However, the catalytic reaction of alkoxy aldehydes 1-5 with
ketene silyl acetal 6 exhibited excellent stereoselectivity
(Table 4).1'%1 The Eu'™ catalyst recognizes the difference not
only in the different protecting groups of the aldehydes (PG)
but also the different steric demands of 6, and hence dictates
either chelation (3,4-syn) or nonchelation (3,4-anti) selec-
tions"! in the catalytic aldol reactions of the a- and B-alkoxy
aldehydes 1-4. In Table 4, the results indicate that not only
the degree but also the sense of 3,4-diastereofacial selection
(chelation vs. nonchelation) is critically induced by the steric
bulk of 6. The characteristic features are as follows: 1) 3,4-syn/
anti selectivities are primarily dependent on the kind of
alkoxy protecting groups. Benzyl-protected aldehydes 1 and 2

Angew. Chem. Int. Ed. 2002, 41, 3554-3571

Table 4. Eu'"-catalyzed aldol reaction of alkoxyaldehydes with ketene silyl
acetals 6.

o OSiMes [Eu(dppm)s]
RL (2.5 mol%)
\i)kH " \/\ORs CH.CI
H R? 2Cl2
peot "
(n=0or1l)
Risio O RiSIO O
4 2
773 OR® + . OR®
H Rl RZ H Rl RZ
PGOI/ n PGOl/ n
3,4-syn 3,4-anti

~_-CHO ~_CHO ~__CHO ~_-CHO _~_ CHO
H i : H [O R

oBn S OTBDMS o %’O
1 2 3 4 5
OSiMes OSiMes OSiMeg OSiMes
OEt Z>0Me Z>oMe \%\OMG
6a (E)-6b (85% E)  (2)-6b (95% 2) 6c
Entry Aldehyde 6 Yield [%] 3,4-syn:34-anti
1 1 6a 75 >99: <1 (98:2)ll
2 (E)-6b 78 89:11 (>99:1)l
3 (Z)-6b 100 96:4
4 6¢ 80 92:8 (>99:1)k!
5 2 6a 35 68:32 (68:32)1!
6 6¢ 30 36:64 (>99:1)l
7 3 6a 90 74:26
8 (E)-6b 80 5:95
9 (Z)-6b 90 19:81
10 6¢ 55 29:71
11 4 6a 65 45:55
12 6¢ 62 19:81

[a] Stoichiometric amount of TiCl,.

gave the predominantly 3.4-syn product (entries 1-6)
through chelation control. In contrast, the sterically hindered
silyl protection (3, 4) leads mainly to the 3,4-anti product
through the nonchelate mode (entries 7—12). 2) The reaction
of the a-alkoxy aldehydes 1 and 3 gave a higher distribution of
3,4-syn products (entries 1 -4 and 7-10) than that of the f3-
alkoxy aldehydes 2 and 4 (entries 5, 6, 11, and 12). 3) The
bulkier ketene silyl acetal 6¢ tends to give 3,4-anti products,
even with the a-benzyloxyaldehyde 1. In particular, a change-
over of the 3,4-selectivity from syn to anti was observed in the
reaction with the aldehydes 2 and 3 (entries 5, 6, and 7-10).
Of particular interest is that the degree of 3,4-syn selectivity
decreases with increasing steric bulkiness of 6 in the order
6a>6b > 6¢ (entries 1-4). These results are in direct con-
trast to the general trend that “the more bulky ketene silyl
acetals are therefore the more selective”[] as observed by a
stoichiometric use of TiCl, (entries 1-6).

This unique trend in the stereoselectivity of Eu'*-catalyzed
aldol reactions is likely to reflect the complexation state of the
Eu' ion with the aldehydes, namely chelation versus non-
chelation. In fact, LIS (lanthanide-induced shifts) NMR
spectroscopic analysis qualitatively indicated that the order
of chelate complexation ability to the aldehyde was 1>>2 >
3>4.29 The stereochemical control of the Eu catalysis is
rationalized by the dichotomous catalytic cycles and the
equilibrium between chelate and nonchelate complexes with
aldehydes (1-4; Figure 5). In view of the Curtin-Hammett

111
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3,4-syn 3,4-anti
Euljz
ke Knc
6 6
JEuLs Euls
PGO O N o
) H \_/ \:HLH
- PGO iN
H N——

Figure 5. Catalytic cycles for chelation (k) versus nonchelation (kyc)
reactions. L =ligand.

principle,?!l the diastereofacial selectivity in the Eu'-cata-
lyzed aldol reaction is sensitive to the size of the ketene silyl
acetal; sterically demanding ketene silyl acetals tend to react
preferentially via the nonchelate complex rather than through
the congested chelate complex.

An interesting and general problem lies in the reaction with
the glyceraldehyde acetonide (5) which arises from the
competition between a and f chelation to the metal com-

plexes involved [Eq. (12)].%2 A high level of 3,4-anti-diaste-
o
/\A ) (+)- or (-)-[Eu(dppm)s]
o™ H . OSiMeg (2.5 mol%)
%/o R OR CH,Cl,
5 6 12)
MesSiO O MesSiO O
o™ orR 4 oY OR'
%'6 R %—6 R
3,4-anti 3,4-syn
3,4-anti / 3,4-syn
6a 95 : 5  (100%)
(E)6b 95 : 5  (82%)
@6b 93 : 7  (85%)

reofacial selectivity was observed in the Eu!-catalyzed
reaction, which can be explained by S-chelation control.[?’]
However, our high 3,4-anti selectivity should not be
interpreted by S chelation, because the -chelation ability of
Eu'! catalysts is not high (Table 4).
Therefore the high 3,4-anti selectivity
<(j::; J is rationalized by tridentate chelation
caused by the high coordination
number (commonly 6-9) of lantha-
H nides (Figure 6).
2,3-diastereoselectivity is also ob-
served in the Eu-catalyzed aldol
reaction.? Inspection of Table 5 re-
veals several significant features of
the Eu'!! catalysis. Aldehyde 3 afforded the 3,4-anti-2,3-syn
product selectively (nonchelation/syn) via the well-accepted
antiperiplanar transition state (AP; entries1-3 and Fig-
ure 7). In contrast, aldehyde 1 predominantly gave the 3,4-
syn-2,3-anti product (a chelation —anti), but the 2,3-dia-
stereoselectivity depends on the geometry of the ketene silyl

Figure 6. Tridentate
chelation model.
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Table 5. Eu'"-catalyzed aldol reactions of aldehyde (1, 3, or 5) and ketene silyl

acetal 6.

o ) [EuLs]
/\)J\ OSiMes (2.5 mol%)
X Y H + R__—
&p OMe CH,Cl,
1,2,0r5 6
MesSIiO O MesSiO O
X7y OMe + X7 >"""OMe
OP R OP R

3,4-syn-2,3-anti 3,4-syn-2,3-syn

MesSiO O MesSiO O

+ X Y TOMe + X

OP R
3,4-anti-2,3-anti

Y OMe
OP R
3,4-anti-2,3-syn

Entry Alde- R

3,4-syn [%] 3.4-anti [%)]

hyde 23-anti  23-syn  23-anti 23-syn
1 3 Me (95% Z) 5 14 1 80 90
2 3 Me (85% E) 2 3 1 94 80
3 3 OBn (100% Z) 2 5 0 93 58
4 1 Me (95% Z) 73 23 0 4 95
5 1 Me (85% E) 40 49 1 10 78
6 1 Et (95% Z) 92 8 0 0 83
7 1 OBn (100% Z) 98 2 0 0 93
8 1 OMe (100% Z) 97 3 0 0 81
9 1 OSiMe; (85% Z) 98 2 0 0 75
10 5 Me (95% Z) 6 1 14 79 85
11 5 Me (85% E) 3 2 33 62 82
12 5 OBn (100% Z) 33 18 0 49 53

MegSiO O

—_— \ I OMe
+Sr0 R
/
3,4-anti-2,3-syn

MesSi0 O
0Bn R
3,4-syn-2,3-anti

OMe

[N Me3Sio (0]

0O N OMe

)FGR

3,4-anti-2,3-syn

MeO
AP’

OSiMes

Figure 7. Antiperiplanar (AP: nonchelation, AP’: chelation) versus syn-
periplanar (SP) transition states in the aldol reaction.

acetal 6 (entries 4—9). Most striking is the high 2,3-anti dia-
stereoselectivity observed with (Z)-ketene silyl acetals, in
direct contrast to the high 2,3-syn selectivity widely observed
for aldol reactions under chelation control with a stoichio-
metric amount of Lewis acid, such as TiCl,.® The unusual
stereoselectivity reflected in the prodcuts is best rationalized
by assuming the rarely observed synperiplanar transition state
(SP),?) which is favored by the additional coordination of the

Angew. Chem. Int. Ed. 2002, 41, 35543571
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methoxy group in (Z)-ketene silyl acetal to the Eu™ complex
that is chelated by the a-benzyloxyaldehyde 1. The alde-
hyde 5, binding in a tridentate chelation mode to the Eu'!
catalyst, provided preferentially 3,4-anti-2,3-syn product (a.f3-
chelation —syn) through the antiperiplanar transition state
(AP’). Thus, the stereocontrol by Eu' catalysis is a result of
the induced stereochemical fit in the complexation state of
aldehyde — Eu'!, which dictates the transition state geometry
and thus the stereochemistry of the products.

2.2.3. Enantioselective Catalysis

The asymmetric aldol reaction is one of the most powerful
carbon-carbon bond-forming reactions. However, an un-
avoidable drawback in the asymmetric catalysis of this
reaction is the necessity to preconvert the ketone moiety into
a more reactive species such as a silyl enol ether or ketene silyl
acetal.?’l Shibasaki reported that the chiral heterobimetallic
complex,?8 LaLi;-tris(binaphthoxide) (LLB), is an efficient

(R)-LLB

asymmetric catalyst for direct aldol reactions of aldehydes
and unmodified ketones. The LLB catalyst functions not only
as a base to remove an a-proton of the ketone, but also as an
acid in the final step of the reaction, giving the aldol product
in high yield and with high enantioselectivity [Eq. (13)].%]

(R)-LLB OH O

o)
0 (20 mol%)
s A T @)

94% ee (71%)

(S)-LLB (10 mol%)
KHMDS (9 mol%)
H20 (20 mol%)

o o)
+
Ph/\)]\H Hk Ph THF

OH
OH O OH O
Ph/\/\i)]\Ph + Ph/\MPh )
OH OH
syn anti

1 (87% ee) 2(95%ee)  (89%)

The LLB catalyst also works well for the direct aldol reaction
of aldehydes with a-hydroxy ketones to provide 1,2-dihydroxy
ketones in high enantiomeric excess [Eq. (14); KHMDS =
potassium hexamethyldisilazane] .
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2.3. Michael Addition

2.3.1. Molecular Recognition

Eu'!! catalysts exhibit unique recognition in their reaction
with o,fB-unsaturated carbonyl compounds, in which the
competition between aldol (1,2-addition) and Michael (1,4-
addition) reaction arises (Table 6).['1 The Eu'! catalyst is

Table 6. Selectivity of 1,4-addition versus 1,2-addition in Eu'!-catalyzed
reactions.

o OTBDMS [Eu(dppm)s3]
(2.5 mol%)
1)]\% 2 + R3
R R N oRe CH,Cl,
6d: R%, R* = Me
6e: R®=H, R*= Et
6f: R® = Me, R* = tBu
TBDMSO R? O TBDMSO O
RN ort + RN ri]. OR!
R3 R®
1,4-addition 1,2-addition
Entry Enone 6 Yield [%] 1,4:1,2
1 ? 6d 85 >95:5
s
2 i 6d 65 4:56
HJV\
3 o 6e 85 15:85
HM
4 Oﬁ 6e 85 100:0
o
5 jv\j 6f 100 100:0

sensitive to the steric parameters not only in the o,p-
unsaturated carbonyls but also in the ketene silyl acetals 6.
The B-unsubstituted enal (R! = R?=H) preferentially afford-
ed the 1,4-addition product in a silyl enol ether form (entry 1),
whereas the B-substituted enal (R?>=Me) reacted with 6d to
deliver both 1,2- and 1,4-addition products (entry2). The
former product predominated over the 1,4-addition product
with the sterically less demanding ketene silyl acetal 6e
(entry 3). In contrast, the Eu-catalyzed reaction with o,f3-
unsaturated ketones such as cyclopentenone afforded the 1,4-
addition product exclusively, even when a less bulky ketene
silyl acetal 6e was used (entry 4 and 5).

A significant discrimination between saturated and o,f-
unsaturated ketones was observed in the Eu'-catalyzed
reactions with 6a [Eq. (15); fod=1,1,1,2,2,3,3-heptafluoro-
7,7-dimethyl-4,6-octanedione].’'] The competition of the
cyclic ketone and enone led to the exclusive formation of
the 1,4-addition product. This discriminating ability of the
Eu'! catalysis is remarkable when compared with the poor
ability of stoichiometric TiCl,.
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[Eu(fod)s]
(5 mol%)

CH,Cl,

OSlMe3

Me3SiO

(15)
OSiMes

OFEt + o

(Y9r O OEt

1,2-addition 1,4-addition
12:14
n=1 <1 : 99

n=1(TiCly, 1 equiv) 32 : 68
n=2 5 @ 95

2.3.2. Diastereoselective Catalysis by Induced
Stereochemical Fit

The diastereoselectivity in Eu-catalyzed Michael addi-
tions is generally not high. Both cyclic and acyclic enones gave
low to moderate levels of syn selectivity, regardless of the
geometry of the ketene silyl acetal.’2l However the extremely
high level of syn selectivity was observed with the sterically
congested fert-butyl (E)-propenyl ketone when an equally
sterically bulky ketene silyl acetal was employed [Eq. (16)].

OSiMe3 [Eu(dppm)s]
(2.5 mol%) H30*
=~ "OR
CH,Cl,
(16)
O
W OR
anti
syn / anti
R=tBu (>95%E) 95 : 5 (68% yield)
R=iPr (86%E) 87 :13 (74% yield)
~ N 0
H H \
\
s Eulz uLs
RO” “OSiMes MesSiO OR>
syn anti

The principal advantage of Eu'-catalyzed Michael addition
is that the product is obtained as a silyl enol ether form, which
is synthetically useful for further transformations. Michael
addition to 4-silyloxycyclopentenone delivered the silyl enol
ether product as a synthetic key intermediate for prostanoids
with high syn selectivity [Eq. (17)].1%% This high syn selectivity
contrasts with the extremely high anti selectivity observed in
the  tris(diethylamino)sulfonium  difluoromethylsilicate
(TASF)-catalyzed reaction. The stereochemical reversal gen-
erally found in Lewis acid catalysis (for example, with
Hgl,),® is explained in terms of stereoelectronic effects
based on the Cieplak model.[*]
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o
OSiR3 cat
+ [
é /I\OE‘ CH,Cl,
TBDMSO
) ) n
OSiR3 OSiR3
o} + (0]
TBOMSO 7 OBt TpMsO’ OEt
syn anti
syn / anti
R=Me [Eu(fod)s] (5mol%) 74 @ 26 (99%)
Et  Hgl, (10mol%) 95 © 5 (74%)
Me TASF (5mol%) 0 : 100 (87%)

2.3.3. Enantioselective Catalysis

Shibasaki and co-workers reported that LaNastris(bi-
naphthoxide) (LSB) is ineffective for the asymmetric nitro-
aldol reaction.! However it is an effective catalyst for the
enantioselective Michael addition of various enones with
malonates, affording the Michael adducts in up to 92 % ee and
in nearly quantitative yield [Eq. (18)].571 The highly enantio-
selective catalysis of LSB thus observed contrasts directly
with the ineffectiveness of LLB (described in Section 2.2.3) in
the asymmetric Michael addition.

chiral lanthanide

complex
(10 mol%)
* BnO CO,Bn (as8)
CO,Bn
chiral lanthanide complex R
(R)-LSB H 88%ee  (97%)
(R)-LLB H 2%ee  (78%)
(R)-LSB Me 92%ee (91%)
(R,R)-La-linked-binaphthol* H >99% ee  (94%)
*in DME
I 7 )
I‘_a

C a0

alkali-metal free (R,R)-La-linked-binaphthol

Recently, a highly efficient and stable asymmetric catalyst,
an La-linked —binol complex, was also developed? for the
enantioselective Michael addition reaction [Eq. (18)], which
gives the Michael adduct in an enantioenriched form. The
notable advantage of the La-linked-binol complexes empha-
sized here is their high stability and, hence, can be stored even
under air.

Kitajima and Katsuki reported an enantioselective Michael
addition catalyzed by a chiral Sc'! complex prepared from
Sc(OTf); and binol derivatives bearing a tertiary aminomethyl
group [Eq. (19)].] They achieved excellent diastereoselec-
tivity and good enantioselectivity, but the yield was moderate.
The addition of hexafluoroisopropanol (HFIP) suppressed
the undesired Diels— Alder-type product, and improved the
yield of the Michael reaction.

Angew. Chem. Int. Ed. 2002, 41, 35543571
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chiral ligand / Sc(OTf)3

o O (5 — 10 mol%)
ﬂ A\)L )k additive
Me3Sio * N o
3 o) \ CH,Cly
(19)
= o O

OO NEt, AN N)ko
OH o /
(o] anti
OH additive
NEt, none >98% anti  73% ee (44%)

HFIP >98% anti  68% ee (86%)
chiral ligand

2.4. Diels—- Alder Reaction

2.4.1. Diels— Alder Reactions with Chiral Lanthanide
Complexes

Kobayashi et al. succeeded in the chiral modification of the
water-stable Lewis acid complex Ln(OTf),*! with binaphthol
[Eq. (20)].1 Significantly, the use of a bulky amine led to an

LI,
SoN

(R)-binaphthol amine
(1.2 equiv) (2.4 equiv)
Yb(OTf)3 chiral Yb cat. (20)
(MS 44)
o ©O chiral Yb cat.
7
0,
@ N /\ANJ\O (20 mol%) o @1)
\_/ CH,Cl, )k
(@) N O
v/
Amine MS T[°C] Yield[%] endo/exo ee[%]
EtsN - 23 87 76 : 24 33
iPrEtN - 23 82 85 :15 70
iProEtN MS 4A 23 88 87 : 13 83
MS 4A 23 91 86 : 14 90
N MS 4A 0 77 89 : 11 95

increase in the enantioselectivity [Eq. (21)], the sense of
which depends critically on the kind of additive used
[Eq. (22)].1#21431

Nakagawa and co-workers synthesized 1,1'-(2,2'-bisacyl-
amino)binaphthalene (binamide) and examined the function
of this ligand in the asymmetric Diels — Alder reaction using
the chiral ytterbium catalyst [Eq. (23) and (24)].[*] Screening
various bulky amines with diisopropylethylamine led to the
best result in this reaction. Qian and co-workers also
described complexes of Ln(OTf); and binaphthyl derivatives,
and their use in asymmetric reactions.[*’!

Collin and co-workers synthesized the enantiopure sama-
rium binaphthoxides by the reaction of the dipotassium salts
of binaphthol and 3,3'-bis(2-methoxyphenyl)binaphthol with
samarium triiodide. In the asymmetric Diels— Alder reac-
tion, samarium 3,3’-bis(2-methoxyphenyl)binaphthoxide gave
a higher enantioselectivity than the samarium binaphthoxide

Angew. Chem. Int. Ed. 2002, 41, 3554-3571

chiral Yb cat.
additive

MS 4A

(20 mol%o)

CH,Cl,

(22)

O
additive: )L NJJ\O M

AcOx PAA

additive Y [%]
AcOx e 89 11
PAA 83 93 . 7

ee [%]
93 (2S,3R)
81 (2R,3S)

endo / exo

I8
L
~H

H
T

o
(R)-binamide
(1.2 equiv)

h

N P
N Ph

iPr,NEt

(2.4 equiv)
chiral Yb cat. (23)

g (0]
R )k (24)
CH,Cl, o%\N o
/
0°C
R=H 99% yield
Me  97% yield

Yb(OTh;

chiral Yb cat.
(15 mol%)

c AR
@ R/\)kN\_/O

endo/exo = 91 (88% ee) :9
endo/exo = 91 (>98% ee) :9

B1% ee (—28°C) vs. 28% ee (—25°C), respectively)
[Eq. (25)]. The 3,3'-bis(2-methoxyphenyl)binaphthol is more
sterically hindered than binaphthol and is capable of tri- or
tetracoordination to the samarium center.

chiral Sm cat.

o ji (10 mol%) d
x o 25
@ * \)LN 0 CH,Cl, JU @)
— MS 4A c” N O

100% conversion
81% ee

chiral Sm cat. =
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2.4.2. Lanthanide Fluorous “Super” Lewis Acid

In the mid-1990s, the concept of fluorous biphasic catalysis
(FBC) was introduced for use as an environmentally benign
recycling process (Figure 8).7 Phosphane or phosphite

organic phase

fluorous phase

[Ln{C{S0,CeF 17)alal
ca, 100% reco

Figure 8. Catalysis in fluorous/organic biphasic system.

ligands with fluorous “ponytails” and hydrocarbon spacers
have been developed to immobilize late-transition-metal
catalysts for hydroformylation, hydride reduction, hydroge-
nation, alkene epoxidation, and hydroboration in nonpolar
media.[* The design and immobilization of strong Lewis acid
catalysts in this unorthodox nonpolar media for Lewis acid
catalysis®! remain a challenge.’”) We have reported that
numerous (nine) fluorous “ponytails” of sufficient length
(perfluorooctyl, CsF;;) can be employed for fluorous-phase
immobilization of lanthanide catalysts. The key to the success
of the catalysts is the powerful electron-withdrawing effect of
the perfluoroalkanesulfonylmethide groupP!! without a hy-
drocarbon spacer.

We have reported the “super” Lewis acidities and the
complete recovery of the Ln'™ tris(perfluorooctanesulfonyl)-
methide complexes for the Diels — Alder reaction in a fluorous
phase [Eq. (26)].5% The Diels — Alder reaction was carried out

Qe =S oU

[Sc{C(SO,CqF17)3}3]
(5 mol%)

CF3CgF11 / (CH2)2Cl;

o
recycle*
1st 95
2nd 94
3rd 95
4th 95

*The catalyst in the fluorous phase was recycled

at 35°C, in the presence of a catalytic amount (5 mol %) of
Sc!! complex. The two heterogeneous phases were separated
to give acetylcyclohexene, which was isolated in a good yield.
The Sc™ methide complex was completely (>99.9%) recov-
ered and reused. Sc'! and Yb™ tris(perfluorooctanesulfonyl)-
methide complexes can be immobilized in recyclable fluorous
phases and are extremely efficient Lewis acid catalysts for
alcohol acylation, Friedel - Crafts acylation, and Mukaiyama
aldol reaction, by virtue of the highly electron-withdrawing
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effect of tris(perfluorooctanesulfonyl)methide ponytails with-
out a hydrocarbon spacer. In addition, these lanthanide
complexes could be reused as solid catalysts in organic solvent
without the addition of fluorous solvent (Figure 9).51% %3

AT AT
PN cooling

substrate S R S product

@ -—{— Lncat =
heterogenaous homogeneous heterogeneous

AT decantation
-

organic salvent organic sofvent

substrate and product

Figure 9. Use and reclamation of lanthanide complexes from organic
solvents.

2.5. Hetero-Diels — Alder Reactions2" >4

We found that the lanthanide triflate/binaphthol complex
which was generated by treatment with KH or NaH only led
to a low enantioselectivity. However, the use of lanthanide
triflate, bis(triflyl)amide, or chiral bis(triflyl)amide com-
plexes generated with KH or NaH provides a higher level
of enantioselecivity [Eq. (27)].5] We found that the use of
KOH instead of KH provides a similarly high level of

Tf

’
Ph{ N
\[ YbNTH,
+ N
OMe Ph \
i
= O (10 mol%)
ﬁ I
TBDMSO” X H”™ ~COznBu @n

o “CO,nBu

70% ee (69% yield)

enantioselectivity, which indicates the stability of the lantha-
nide triflate/bis(triflyl)amide complex in the presence of
water. Consequently, the addition of water to the hetero-
Diels— Alder reaction conditions led to the highest enantio-
selectivity.

Inanaga and co-workers reported the use of chiral binaph-
thol-derived phosphate complexes for the hetero-Diels—
Alder reaction with the Danishefsky diene [Eq. (28)].5°%! This
complex is insoluble in dichloromethane but becomes soluble
upon addition of a tertiary amine to the solution. They also
observed a significant, positive nonlinear effect.

Qian and Wang performed asymmetric hetero-Diels—
Alder reactions catalyzed by various chiral bis(oxazoline)—

Angew. Chem. Int. Ed. 2002, 41, 35543571



Lanthanide Complexes in Asymmetric Synthesis

REVIEWS

SO

/,

P

| N O/ OtYb
OMe —

= o (10 mol%)
ﬁ s
MesSio™ X H™ "Ph

(28)

2,6-lutidine

H0* ﬂ
(0] Ph

899% ee (94% yield)

lanthanide complexes.’”) From these studies, the ytterbium
triflate/iPr-pybox complex was the best catalyst in this
reaction [Eq. (29); pybox = bis(oxazolinyl)pyridine] .P¥ Tt is

OMe
O
= +
“ HJ\COZR
TMSO

pybox-Yb(OTf)3 (10 mol%)

Etzo/CHzclz 31
MS 4A, 78 °C

o) “'CO,R

R=Me 73%yield
Et  41% yield
nBu 73% yield

(29)

77% ee
72% ee
71% ee

o) N 0
pybox = \ |\>
N N

interesting that higher enantioselectivity was obtained using
the sterically less-demanding methyl glyoxylate and by slow
addition of Danishefskys diene.

2.6. Hydrogenation

2.6.1. Lanthanide Metallocene Catalysts

Much attention has been focused on lanthanide metal-
locene complexes since the discovery of their high catalytic
activity for polymerization of cyclopentadienyllanthanide
complexes [Eq. (30)].1 Marks has developed the enantiose-
lective hydrogenation of 2-phenyl-1-butene [Eq. (31)].F%
Incorporation of a chiral menthyl group in the 3-position of an
ansa-bis(cyclopentadienyl)ligand leads to two diastereomeric

[CpiLnMe(S)]

\ MeLi / AlMeg

LnCl; + 2 Na(CsMes) [CpsLnCI(S)] (30)
j LICH(SiMes),
12 {CpzLn(u-H)}l [Cp*LnCH(SiMeg),]

-~

(S): solvent
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complexes of samarium (Figure 10). These complexes are
active catalysts for the hydrogenation of 2-phenyl-1-butene
under mild conditions (25°C, p(H,) 760 mm Hg, 5 min). Even
with a 70:30 diastereomeric mixture of the menthyl-substi-
tuted samarium-metallocene complex, good [64 % ee (R)] to
excellent [96 % ee (S)] enantioselectivities were obtained at
25 and —80°C, respectively.

Sm-metallocene cat.
(0.1 -1.0 mol%)

(1 atm) 25°C
R H H R J\/ H
= 2 ( : (31)
e Ny L [P * ph
Cp Ccps s R
S/R

(R)-(+)-neomenthyl-SmCH(SiMe3), 13 : 87
(S)-(+)-neomenthyl-SmCH(SiMe3), 59 © 41
(R)-(-)-menthyl-SmCH(SiMe3), 42 58
70:30 (S/R)-(-)-menthyl-SmCH(SiMe3), 90 : 10
70:30 (S/R)-(-)-menthyl-SmCH(SiMeg), 98 @ 2*

* At—-80 °C.

~Si ~

. \%Ln-cH(SiM%)z (Megsi)zHC-%/Si .

R* *R
S R

Figure 10. Chiral lanthanide-containing metallocene complexes. Ln=La,
Nd, Sm, Y, Lu; R*=(+4)-neomenthyl, (—)-menthyl, (—)-phenylmenthyl.

3. Asymmetric Reactions with Ln" Catalysts
3.1 Reagents and Reactions

Kagan reported the use of a THF solution of Sml, as a one-
electron reducing reagent in organic synthesis.?* 2 Then,
Inanaga found that the addition of hexamethyl phosphora-
mide (HMPA)[®! causes a remarkable increase in the reducing
ability of Sml,; SmI, with 4 equiv of HMPA has the highest
reducing ability with an oxidation potential of —2.05 V.l The
resultant Sm'! species may be used in situ as a Lewis acid
catalyst. In turn, the Sm'™ species can be reduced to an Sm"
species to complete the catalytic process and regeneration of
not only Sml, but also of the chiral ligands coordinated to the
Sm™M center (Figure 11).

L*: chiral ligand

Mxn+1
SmX,/L*
MX,, (reductant) (cat)

SmXa/L*

RCHO

.SmXp/L*

o
R/'kH

\ Asymmetric J

Reaction

II/TIT

Figure 11. Catalytic cycle of asymmetric Sm"™-mediated reactions.
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3.2. Pinacol Coupling

Pinacol coupling!®! has long been known using titanium!(*¥
and zinc reagents.*”] Lanthanides such as Ce™,[*] Sm" 7] and
YbI%8] were also shown to be effective.

Endo and co-workers reported that a catalytic quantity of
Sml, is good enough for the reductive coupling reaction of
aliphatic and aromatic aldehydes and ketones in the presence
of Mg/Me;SiCl [Eq. (32)].11 On the basis that reactions with

Sml, (10 mol%)

Mg
X H MesSiCl
2 \ ° (32)
MeO = THF

both catalytic and stoichiometric Sml, exhibit the same level
of diastereoselectivity, the samarium-catalyzed coupling re-
action has been concluded to proceed prior to silylation of the
alkoxide (Figure 12). In the presence of only Mg/Me;SiCl, the

MgX,
% 2 SmX, RCHO

{ o .SmX5, ‘|
2 SmX3 )\
OS|Me3
OSsz
OSlM
2 Me3SiX OSmX2

Figure 12. Proposed mechanism for the samarium-catalyzed pinacol
coupling reaction.

coupling reaction of benzaldehyde does not occur. In the
absence of Me;SiCl, a complex mixture of products is formed,
presumably because of inefficient turnover of the Sm!
catalyst. Using an inexpensive alloy of the light lanthanides,
acetophenone can be reductively coupled in 70% yield
without Me;SiCL" However, no reaction takes place in the
absence of Sml,.

3.3. Radical Addition Reactions

Inanaga et al. reported on Sm'-mediated radical addition
reactions to o,f3-unsaturated esters.”!’ We have recently
reported the first successful Sm"-mediated, asymmetric,
radical addition reaction [Eq. (33)].> ™ The ligand binapo
is the best chiral ligand to date in this type of asymmetric
radical addition reaction. The ketyl samarium intermediate
can be trapped by a,3-unsaturated esters through formation
of a medium ring chelate species (MC)™! to form new
carbon-carbon bonds. One equivalent of binapo to Sml, is
necessary to give a high level of enantioselectivity. Unfortu-
nately, upon mixing Sml, and binapo in a 1:2 ratio, a
precipitate was formed. Asymmetric protonation of the
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Smlz (2.0 equiv)
R)-binapo (2.0 equiv)
tBuOH (2.0 equw)

A

Sm”'L*
)\H/ /MY (33)
Sm'”-bmapo Sm'”L*
Mc L* = binapo
cycllzat|on \d\ \d
i
66 (89% ee) 4 (55% ee)

(R)-binapo

resultant samarium enolate takes place to control the second
stereogenic center of the a-substituted y-butyrolactone with
the assistance of binapo ligands on the samarium enolate.

This asymmetric radical addition reaction might be estab-
lished as a catalytic process by the catalytic use of not only
Sml, but also chiral ligands coordinated to the samarium
center. This expectation is based on the elegant study by
Corey on a catalytic process for the radical addition reaction
by the use of 10 mol % of Sml, with Zn-Hg, Me;SiOTf, and
Lil [Eq. (34)].1"%

(- T

Sml; (10 mol%) o
Zn/ Hyg
Me3SiOTH, Lil

(34)

THF

3.4. Radical Homocoupling Reaction of f3-
Monosubstituted Acrylic Acid Amides

The stereocontrol of radical reactions, especially intermo-
lecular ones, remains one of the most difficult problems in
modern organic synthesis. However, unlike free radicals,
conjugated ketyl radicals have anionic character. Therefore, it
should be possible to differentiate the enantiotopic face of the
ketyl radicals kinetically for the subsequent reaction, by
coordinating their countercations with the appropriate chiral
ligand. According to this idea, Inanaga and co-workers
performed the ligand-controlled enantioselective hydrodi-
merization of acrylamide derivatives, which proceeded
through the formation of conjugated ketyl radicals.’”! The
reaction was carried out using Sml, (8 equiv), (R)-binol
(16 equiv), and tmeda (tmeda= N,N,N'.N'-tetramethylethyl-

Angew. Chem. Int. Ed. 2002, 41, 35543571
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enediamine; 32 equiv) in THF at —78°C for 4 h [Eq. (35)].
High enantioselectivities (up to 85 % ee) were obtained when
primary alkyl-substituted acrylic amides were used as sub-
strates. As the -substituent becomes bulkier, the yield of the

Sml, (8 equiv)
,Bn (R)-binaphthol (16 equiv)

R~ N, TMEDA (32 equiv)
M\H/ Bn

(0] °
-78°C 35)
R CONB Bn
Nz R N
:CCONBnZ W Bn
R (0]
R = Me 70% (71% ee) 20%
BnCH, 20% (85% ee) 52%
tBu — 99%

coupling product decreases (when R =7Bu, the only product
was the monoamide). The postulated transition state is a nine-
membered chelate structure (Figure 13). In the transition

[Pd(PPha)a] chiral

(5 mol%) proton
OPO(OEt), Sml, source

(2.0 equiv) (1.1 equiv) 36
CO,Me

chiral proton source

o]
% >95% ee (R) (68%)

o OH
Ph Ph

£ 86% ee (R) (71%)
HO  OH

dynamic kinetic resolution” using chiral proton sources,®!
even when starting from racemic phosphates; namely a
deracemization process of a racemic allenylsamarium(iir)
species. The organosamarium(ii) species, formed by reduction
of phosphates with Sm', are strongly
oxophilic and Lewis acidic. Thus, chiral

enz diols and hydroxycarbonyl compounds
_ o ~ can be effective as proton sources, since
& —— the chelation of such chiral alcohols with
VAN dH ; O™ "NBn, Sm'™ constructs a favorable asymmetric
— Q s, __NRs environment.
/ ’ o 21 The sense of asymmetric protonation
+/H/O o— é to provide (R)-allenic ester using (R)-
RaN 4 hydrobenzoin and (R)-pantolactone can

be well explained by the transition state
model (Figure 15), in which there is
severe steric repulsion between alkyl

Figure 13. A possible transition state for asymmetric hydrodimerization of crotonamide.

state, the conjugated ketyl radical and the ligated croton-
amide are in a cis-arrangement in the chiral coordination
sphere of the samarium center.

3.5. Dynamic Kinetic Protonation of the Samarium
Carbanion

We have reported that the reduction of secondary prop-
argylic phosphates provided allenes with higher regioselec-
tivity than did the propargylic acetates, through Sml,-medi-
ated reduction followed by protonation in the presence of
a palladium(o) catalyst.’®) We further reported that Sml,-
mediated reduction of secondary propargyl phosphates gives
allenic esters with high regio- and enantioselectivity through
dynamic kinetic protonation, without a chirality-transfer
process [Eq. (36)].1"7)

The starting propargylic phosphate can be prepared by
asymmetric carbonyl-ene reaction with an alkynyl analogue of
glyoxylate catalyzed by a binaphthol—titanium complex,
followed by phosphorylation.™ The cationic allenylpallad-
ium(11) species are converted into carbanionic organosamar-
ium(in) species by sequential one-electron reductions with
two equiv of Sml, (Figure 14). This carbanionic Sm™ species
racemizes readily. This result suggests the possibility of
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Figure 14. Dynamic kinetic resolution of racemic allenylsamarium(iin)
species by asymmetric protonation.

3567



REVIEWS

K. Mikami et al.
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S Sm sm™
R H - R H
=
H— —R?! R— —H
E E

Figure 15. Chiral allene formation by asymmetric protonation.

groups in the right-hand-side (see Figure 15) diastereomer.
Thus, protonation proceeds through the favorable diaster-
eomer on the left-hand side, to give highly enantioenriched
allenic ester.

3.6. Wittig Carbanion Rearrangement

In the very important field of carbanion chemistry, the
[2,3] Wittig rearrangement has a wide application in asym-
metric syntheses of natural products such as steroids;® an
enantioselective version of the Wittig rearrangement has
therefore been a true challenge. The regioselectivity of the
[2,3] and [1,2] Wittig rearrangement of bisallylic and allyl
propargyl ethers has been reported;® deprotonation at the o-
and y-position of less substituted allylic ethers or of y-
substituted propargylic ether moieties gives a [2,3] Wittig
rearrangement product. However, y-unsubstituted propargyl-
ic ether derivatives are metalated at the terminal acetylenic
position and, in turn, the allylic carbanion is generated to give
the [1,2] Wittig rather than [2,3] Wittig rearrangement pro-
ducts.®d

Kunishima and Tani reported highly regiocontrolled
[2,3] Wittig rearrangement by the judicious choice of ben-
zene — HMPA as the solvent, in which a radical species can be
generated; this is otherwise difficult, particularly in THF
solution [Eq. (37)].1%] This method facilitates the synthesis of

R2
/,I
X X R? Slylp

- oH @7)

Rl o) benzene-HMPA
RIS
X=1lorBr
[2,3] Wittig
rearrangement

1,5-hydrogen

ﬂ transfer 1£'(\/R2
R

the less favorable regioisomer under the standard condi-
tions.’2 In a similar manner, enantioselective carbanion
rearrangement might be demonstrated by the proper choice
of a chiral coordinating ligand to samarium to make this
process catalytic and asymmetric.
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3.7. Samarium Enolate Reaction
In a similar manner, the enantioselective protonation of
enolates is an effective method for preparing chiral carbonyl

compounds [Eq. (38)]. Therefore, a catalytic process for the

osml,

(e}
OMe
Ph
O = | O

chiral proton source o %
(2.0 equiv) wPh Ph
RT

S R

chiral proton sources
Ph

SOFe
[¢] OH
S Day

—{

Ph

(38)

Ph Ph

\N/_<OH

( N OH
N

Ph Ph
73% ee (R) (91%)

72% ee (R) (88%)

82% ee (R) (86%)

enantioselective protonation of enolates has become an
important target in synthetic chemistry. In 1986, Molander
reported that a wide range of o-substituted carbonyl com-
pounds are rapidly reduced under mild conditions by Sml, in
the presence of a proton source such as methanol and
proposed a reaction mechanism in which reductive cleavage
of the carbon —heteroatom bond takes place with two equiv of
Sml, to give the samarium enolate.® A transition-state
model of the protonation has already been proposed, in which
a chiral proton source coordinates to the Sm™ jon as a
tetradentate ligand.®™ This model clearly explains the enan-
tioselectivities. In the transition state (TS,, Figure 16), the
substituent in the C2position of the enolates is far

TS TS;
s
8 e
|I —~
smT
H =
T8,

Figure 16. Transition states for asymmetric protonation of samarium
enolates.

from the benzene ring and has no repulsive interaction with it.
Consequently, protonation at the top side, namely from the
si face of the enolate, gives the R product. The biphenyl
auxiliary is easily adjustable to the favorable conformation
TS;.
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4. Sequential Sm" to Sm'™ Catalysis

oV v

4.1. Meerwein— Ponndorf - Verley (Tiscenko) Reactions

In 1977, Kagan and co-workers suggested that the catalytic
activity of Sm'! complexes in Meerwein —Ponndorf - Verley
(MPV) reactions is a consequence of the (intramolecular)
pseudo-Barbier reaction initiated by Sml, [Eq.(39)].5%
Evans et al. reported that Sm'™' alkoxide complexes exhibit a

OH (0]

[
L L
R~ O R Rs

(39)
0//,Smlz O{f,Smlz
o:K R MPV o
o
IR ks
Ry RL

higher catalytic activity for MPV reactions than Al complexes
[Eq. (40)].51 A samarium(ii) complex with an enantiopure
chiral tridentate ligand gave a high level of enantioselec-

?n Bn
Ph,, ! Ph
Ph\w(\N/>—-Ph + Smly — = (\N/Y (40)
(0]

OLi LiO O—Srp—

|
Sm cat.
Cl O Sm cat. Cl ?H
5 :
(5 mol%) 1)
2-propanol

enantiopure Sm cat.
80% ee Sm cat.

97% ee (R)
95% ee (R)

tivity [Eq. (41)]. The order of the catalytic activity and the
level of enantioselectivity are as follows: Sm, Tb >Nd > Y >
Lu>> Sc. As expected from the high coordination number and
oligomeric nature of the samarium complexes, a high level of
positive nonlinear phenomena (asymmetric amplification)
was observed: thus, a Sm complex of 80 % ee purity provides
the reduced alcohol in 95% ee, an equally high level of
enantioselectivity to that obtained with an enantiopure
samarium complex.

5. Perspectives

Asymmetric catalysis of organic reactions has been greatly
advanced by the creation of lanthanide complexes with chiral
ligands, which maximize the characteristic features of the
central lanthanide cations. For further development of
asymmetric lanthanide catalysis, the recyclable use of lantha-
nide complexes is important in “green chemistry”.’! It is
possible to reclaim and reuse triflate, bis(sulfonyl)amide, and
tris(sulfonyl)methide salts of lanthanides. However, the
lanthanide catalysts recovered from the aqueous phase have
the serious disadvantage that water must be removed prior to

Angew. Chem. Int. Ed. 2002, 41, 3554-3571

reuse. For easy recyclable use, the preparation of polymer-
bound lanthanide catalysts®! is promising. As an alternative,
lanthanide complexes with perfluorinated ligands (“fluorous
ponytail”) can also be immobilized, but in a fluorous fluid
phase (biphasic fluid) rather than in the solid phasef®> .

High stereoselectivities have been reached by the use of
samarium(i) complexes, which exploit the strong oxophilicity
of the samarium ion. It is important that the catalytic use of
Sml, with or without chiral ligands has been established. To
minimize the number of resultant samarium(i) species,
including chiral species in some cases, a reducing metal (for
example, magnesium) is employed. However, the reported
methods are limited in the range of applicable reactions or by
their excessive use of reducing metals. If these problems were
overcome and recyclable use were to be established, nontoxic
and nonharmful lanthanide complexes would certainly play a
greater role in green (asymmetric) catalysis.
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