Available online at www.sciencedirect.com

scusncE@DlREcT@ Tetrahedron:
Asymmetry

ELSEVIER Tetrahedron: Asymmetry 15 (2004) 3653-3691

TETRAHEDRON: ASYMMETRY REPORT NUMBER 79

Enantioselective protonations: fundamental insights
and new concepts

Lucette Duhamel, Pierre Duhamel and Jean-Christophe Plaquevent®

UMR-CNRS 6014, Université de Rouen and IRCOF, Rue Tesniere, F-76821 Mont-Saint-Aignan Cedex, France
Received 13 August 2004; accepted 27 September 2004

Abstract—This review deals with the main results obtained in the field of enantioselective protonations. This method allows easy
access to various enantiomerically enriched compounds starting from either the corresponding racemic mixture (deracemization
process) or various prochiral precursors. Discussions about different factors governing the stereoselectivity as well as a compilation
of literature data are given.

© 2004 Elsevier Ltd. All rights reserved.

Contents
Lo IntrodUuCtion . . . . . .ot 3653
2. Chiral protonating agents (CPA). . . . . ... .. 3654
2.1, Structural reqUITEMENTS. . . . . . o vttt e e e e 3654
2.2, Acidity TeqUITEMENTS. . . . . o\ vttt et e e e e e e e e 3655
3. Prochiral subStrates . . . . . .. ... e 3656
4. Enantioselective protonation reaction . . . .. .. ... .. ..ottt e 3657
4.1. Influence of the E/Z-configuration: RSC and NSC reactions . ........................ 3657
4.2. Protonation in the presence of amines . ... ........ ...ttt 3660
4.3. Influence of temperature. . . . .. ... ... 3661
4.4. Catalytic enantioselective protonations . . . . . ... ... v it i e et 3661
440, ENOlS. . .o 3661
442, Enolates. . ... ... 3662
4.4.2.1. Protonation by a chiral protonating agent (Scheme 23, route a). . ......... 3662
4.4.2.2. Protonation of chiral aggregates by achiral acids
(Scheme 23, route b) . . . ... ... . 3664
4.4.3. Enol ethers and ketene acetals .. ......... ... ... ... . 3666
5. Conclusion and outlook . . . . . .. L 3666
References . . . . .ot 3689
1. Introduction
H—CwWXY
Introduced for the first time in 1976 by one of us along racemic
with the concept of deracemization,!? the kinetically con- -H*
trolled conversion of an electron-rich prostereogenic cen- W W W
ter intoa ste.reogenic one, by enantioselective protonation, >7H cPA st ent-CPA H 4(
using a chiral protonating agent (CPA), (Scheme 1) Y - Y v )'(’Y
optically active optically active

- CPA: Chiral Protonating Agent
* Corresponding author. Tel.: +33 02 35 52 24 64; fax: +33 02 35 52 29

71; e-mail: jean-christophe.plaquevent@univ-rouen.fr Scheme 1.
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is nowadays a well-known broad avenue for the access to
optically active compounds.'~!7

The most important advances in this field are due to the
groups of Fehr,? Fuji,> Hunig,* Jacquier,® Koga,® Péte-
Hénin-Muzart,” Takeuchi,® Vedejs,” Yamamoto!® and
more recently of Eames,'' Asensio,'? Brunner,'? Koizu-
mi,'* Kosugi,!> Mikami,’¢ Nakai,'® and Tomioka.!”
For reviews, see Refs. 1i, 2b, 2g, 4f, 10e, 11c, and 18.

The term ‘deracemization’ was first proposed by one of
us'® for describing the transformation of a racemic
mixture into one of its enantiomers using an enantiose-
lective protonation, in order to differentiate this new
type of reaction from the well-documented asymmetric
transformation occurring with thermodynamically con-
trolled protonation. In the recent literature, the term
asymmetric transformation is more and more replaced
by thermodynamically controlled deracemization.'’
Thus, to be unambiguous, it seems necessary at the pre-
sent time to specify if the deracemization involving pro-
tonation is either thermodynamically or kinetically
controlled.?® The deracemization can also be extended
to compounds bearing one atom or a group differing
from hydrogen provided that it could be mobilized
and reintroduced asymmetrically.'-?!

The first enantiomerically pure compound obtained
using an enantioselective protonation was reported as
early as 1983.1h

Surprisingly, the creation of a stereogenic center by the
formation of a C—H bond using enantioselective proto-
nation was unexploited until our first reports,'®2%
whereas methods using either a hydride anion (as part
of a chiral reagent) or molecular hydrogen (in the pres-
ence of a chiral catalyst) have previously been re-
ported.?? Biocatalytic deracemizations are beyond the
topic of this review.

In order to be successful in such work, one needs not
only to think about classical parameters concerning
the chiral protonating agent, prochiral substrate, reac-
tion medium and so on, but also to take into account
the E/Z configuration of the substrate (Latent Trigonal
Center concept, vide infra, part 4.1).'™° Moreover,
availability, cost, and easy recovery of the chiral proto-
nating agent after use, must obviously be taken into con-
sideration as well.

2. Chiral protonating agents (CPA)

First of all, regarding the chiral protonating agent, the
usual requirements relating to structure and acidity must
be fulfilled.

2.1. Structural requirements

Good enantiomeric excesses for the protonation of eno-
lic systems are generally obtained when chiral agents (i)
bear in a vicinity two sites with one acting, as a proton

donor and the other as a proton acceptor, (ii) when these
two sites are in a syn arrangement. Obviously, this syn
conformation maximizes chiral-prochiral interactions
when protonation occurs. We suggested previously that
these two sites were involved in the tautomerization of
an enol.! (Scheme 2 and T10, entry 2).

X2 X1 2
(CHIRAL ] (cHIRAL]/ |
[ X2 (
| S

H
H  SYN H ANTI

)
\"".,Ll \(C\)/
X'=x2  or X'zX2 "

Scheme 2.

In support to this proposal, we noticed that with other
things being equal, an increase in the crowding of the
R substituents of O,O-diacyltartaric acids, encouraging
the syn form, led to an important increase in the ee
(Scheme 3 and T6, entry 1).'® Conversely, locking the
two operating groups of tartaric acid in an anti position
by an acetalic linkage resulted in a dramatic decrease in
enantioselectivity (Scheme 3).'2

H._OCOR H/gcoz"
-0,C (o) -0
ROCOX - Lo

2 H
SYN CO,H ANTI
Scheme 3.

The following CPA with locked type syn or gauche
forms gave, as expected, very high enantiomeric excesses

(Scheme 4).
Ph
Ph
\/Ar NH
H N
° VO o nH
H o N0 NHMe
NHR
LSt C
OH R cl

ref, Thnrw.z; ref. 10a.h.i; ref. 23a; ref. 9b.c.26;
Scheme 22; T7, entries 9-10 T8, entry 5 Scheme 7;
T2, entry 5; T5, entries 2-5

T7, entries 29-30;
T9, entries 7-8

Scheme 4.

Although necessary, this condition is obviously not suf-
ficient enough and in order to be successful in the find-
ings of new CPA, the thought process should be firstly,
to choose a structure where the two functional groups
are in a syn (or gauche) relationship and secondly, to test
variations of the backbone substituents in order to favor
the optimal match between the CPA and the prochiral
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substrate (T2, entry 5; T6, entry 1; T7, entries 11, 29; T9,
entries 5 and 7).

In brief, the most efficient CPA reported until now are
polyfunctional compounds,* whose structures allow
an increase of the rigidity of the protonation model by
means of a better coordination between the CPA and
the substrate.

2.2. Acidity requirements

In most chiral agents, a proton is linked either to an oxy-
gen atom (carboxylic acids, phenols, alcohols) or to a
nitrogen atom (ureas, imides, amides, amines, amino-
boranes). In some cases, the acidity is enhanced either
by coordination with a Lewis acid or by adding a proton
to afford an onium salt (Scheme 5).

If their acidity is sufficient, they act as a CPA. On the
other hand, if the acidity is insufficient (chiral aliphatic
amines for example), they act as chiral ligands of the
prochiral substrates with the protonation step occurring
possibly during the work-up by means of an achiral
protonating agent (for instance,®?°® Schemes 35, 36
and T5, entry 1; T7, entries 1, 2, 19).

(o} (o) 0.
R, o = O\H A;é \H :ej \H -; ~
~NArUS
C H |\ . * * *
8(30) X~ R

¥ Yo Rro” o RO TOR
Carl?o?(yqliﬁ acids  phenols Hydroxy Hydroxy esters ~ Hydroxy
ref, 184,10 and naphtols ~ ketones ref.4a-e 5a.b acetals
Sulfonic acids refdd. 11a,23bc  pof 5a and -lactones ~ ref. 4a.¢
ref. 3a,b ref. 5a, 24, 25
i T7, entries 14, 21;
T4, entries 1, 2; T9, entry 2 T6, entry 4;

T6, entries 1-3, 5;
T10, entry 2;
T11, entries 1, 2

T8, entries 1-3, 6

GO
,,;[“
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The most commonly used CPAs exhibit a large range
of pK,s, with a mobile proton belonging to func-
tional groups, such as carboxylic acids (pK, =~ )5),
phenols (pK, =~ 10), imides (pK,=~11), amides
(pK, =~ 15), alcohols (pK, ~ 17), and aromatic amines
(pKa = 25).

In a typical enantioselective protonation, the protona-
tion must be as complete as possible. Otherwise, the
remaining substrate will be protonated during the
work-up, mostly without or with a low enantioselectiv-
ity. According to standard pK, calculations, pK, differ-
ences (ApK, = pK, substrate — pK, HA*) of 2, 3 or 4
units lead, respectively, to a 91%, 97%, or 99% proton-
ation. However, not only the thermodynamic, but also
the kinetic acidity has to be taken into account.® There
is often a correlation between the kinetic and the ther-
modynamic acidity.?® So it is assumed that as the ApK,
decreases, the rate of proton transfer is lowered, which
in turn increases enantioselectivity. A priori, the com-
promise for the best enantioselectivity (requiring the
lowest ApK,) and for a complete protonation (requiring
the highest ApK,) is 2 < ApK, < 4. Unfortunately, the
pK,s of the substrates and of HA* have usually not been
established.
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(Se)
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Hydroxy ethers  Hydroxy Amino alcohols

and diols sulfoxides ref 1p.0, 2, 4¢, 7, 8a,f,g, 13, 26,27,28¢c
ref, 80.eh, 10n and selenoxides % en;ry 5;1 5 5.7 T4 oty 3
T3, entries 3-4; 12,14, 15 , entries 1, 2, 5-7; T4, entry 3;
76 Zﬂtﬁfz- ref T5, entry 5, T6, entry 9

. T7,entries 4-8, 20 T7,entries 24, 26-30;
T7, entries 22, 23 T9, entries 3-10; T10, entry 1;
T12, entries 1-3, 5
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, T5, entry 6; T6, entry 7 ref 282 ref. 57081, 26
T7, entries 9-12 77, entries 18, 33; T6, entry 8 T13, entry 1 T5, entries 2-4, 7 77, entry 13
T8, entry 5
o} ! N e AN
\ fo) X H _ N X-
Sncls M N H
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\ (0] N N
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ref, 100,455l ref. 'r ref, 9ab ref, 3. 11b
T2, entries 2-4; T5, entry 1 T7, entries 3, 17

T7, entries 31-32; T9, entry 11;
T10, entry 3; T12, entry 6

Scheme 5.
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Fehr was the first to emphasize, the importance of the
acidity parameter by using the same chiral acid; he
established that the lower the pK, of the substrate, the
higher the ee?® (Scheme 6).

NP

OLi HO
Z X Ph
THF, -78°C
X OMe OPh SPh
ee% 36 77 99
Ref  2f 29 2f

Scheme 6.

The importance of this parameter was thoroughly inves-
tigated by Vedejs.”¢ Lithium enolates 1a and 1b were
protonated by a series of anilines 3 whose pK,s have
been estimated (Scheme 7). A good correlation was
observed between the ee of 2a and the pK, of CPA 3.
The best results (ee>93%) were obtained for
ApK, =3-5 with an optimal value (ee=97%) for
ApK, = 3.3! For the deracemization of 2b, the optimal
ee (85%) observed with 3 (X =Ts) suggests that the
pK, of the monoprotonated enolate 1b is lower than that
of 1a.

I
MeO
NHMe
OLi ‘ 3 0
X

NP, ——————— N i-Pry

THF, -78°C Ar 2a

pK, (DMSO) = 31

OLi o}
Z™oMe id . \HkOMe
Ph._ _N_ Ph._ _N_ 2b
\”/ U qp H
o} 0

Unknown pKj,

X H cl CF; COEt Ts NO,
3pK, (DMSO) 38-0 3;7 255 24.8 233 19.3
2aee% 93 40

2b ee% 73 71 8

Scheme 7.

To take advantage of Vedejs results, it is essential to
know the pK,s of the studied enolates in order to choose
the adequate protonating aniline 3 involving a ApK, of
approximately 3. (R)-Aniline 3 (X = Cl) is commercially
available while the synthesis of the (S)-3 analogue
(X = H) has already been reported.’"

It is very probable that not only the ApK, but also other
variables play a role in the enantioselectivities. For in-
stance, if the pK, is modified by substituting the aniline
nitrogen atom of 3 instead of the aromatic nucleus, com-
parisons become difficult because the steric and elec-
tronic changes near the aniline nitrogen may be large
enough to obscure the role of ApK,.°¢ Also difficult to
explain are the ee of the deracemization of a carboxylic
acid by protonation of its esters enolates and amides
enolates. The highest ee expected from the less basic
esters enolates have not been observed (Scheme 8).4-32

H N—

: ~ \/ )
oui _N , BF3, Et,O

N

Ar THF, -78°C A
X pKa (THF) ee%
OEt 23-24 33
NMe, #31 23
NEt, # 31
NiPr,  #31 7
Scheme 8.

Lastly, previous results of our group concerning the pro-
tonation of a series of enolates of increasing basicities by
the same CPA have shown that the higher the ApK, the
higher the ee (Scheme 9).'&33

0
t-Bu)J\Q
- COOH
Hooc” >N~
OMe (@) t-Bu OMe
Ph 7 \ﬂ/
~ [e) Ph
0 o]
N THF, -76°C NH, , HCI
2) HCI 1M
X CN Cl H Me MeO NMe,
X ee% 12 31 50 53 57 61
Scheme 9.

3. Prochiral substrates

The substrates generally used, had an sp® prostereo-
genic center being part of either enolates of ketones,
esters, lactones, amides, or enols, silylenolethers,
ketene acetals, enamines, or allyltins (synthetic equiva-
lents of allylic anions). The metallic cations of enolates
are mainly the lithium cation and less usually the
sodium, potassium, magnesium, samarium, copper,
and zinc cations. Enolates of cobalt, rhodium, palla-
dium,** and tetraalkylammoniums have also been used
(Scheme 10). A large increase in the ee was reported
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T2, entry 5;

T3, entries 5-7;
T4, entry 3; T7, entries 26-29;
T9, entries 5-10; T10, entry 2;
T12, entry 5

NR, SnR;
A A
refﬁ, 35]. ref10f;
T4, entries 1-2 Scheme 15

om OR
AN A

M R

Li" H ref Thpa. 7,

Na ref 10h

K ref 1h, 10h

Mg ref39;

T7, entry 21

Sm ref 8, Scheme 16;

T3, entries 3, 4; OSiR3"

T7, entries 22-24;

T10, entry 1; T12, entry 4
Co ref %5; T5, entry 8

Rh ref 5% Scheme 40

Pd ref 16 53: Schemes 38-39; T3, entry 7; T7, entries 25, 30

Cu ref?7; T9, entry 3
Zn ref 4 T7, entry 20

N*Ry4 ref 132; T2, entry 1; T9, entry 4

* See numerous examples, Tables 2-13.

Scheme 10.

by replacing the lithium cation by either magnesium?3¢

zinc.'#2

or

There are some questions about the degree of aggrega-
tion of lithium enolates. In many cases, the addition of
metallic salts (LiBr, LiCl),*-:%1% or [ithium alkoxides®®
have a favorable effect concerning the enantioselectivity
(T7, entries 1, 10, 15, 19; T8, entry 3). In fact, lithium
enolates are generally obtained as associate contact ion
pairs of different orders.3® Addition of lithium salts re-
sults in the disaggregation and formation of mixed
aggregates (Scheme 11).3637

[Li-enolate]n + nLiBr —= n [Li-enolate, LiBr] —= n [Li-enolate] + nLiBr

Associate Mixed Monomeric
enolate enolate enolate
Scheme 11.

In the presence of a large excess of LiBr, the mixed
aggregate is largely predominant. The results depend
both on the concentration of each species and on its
reactivity. Obviously, according to the Curtin-Hammett
principle, the minor species may be predominantly in-
volved if its reactivity is large enough, as reported for
the alkylation reaction where kinetic studies have shown
that the monomeric lithium enolate is the dominant
reactant, although the mixed aggregate is largely
predominant.3®

Symmetrical 1,2-enediols'" and 1,2-enediols bistrimeth-
ylsilyl ethers**® have also been transformed into
optically active acyloins by enantioselective protonation
(T10). Particular benzylic lithium anions have been suc-
cessfully protonated (T5, entry 7, T13).%5292:39 The first
deracemization of a phosphine oxide’>?8® was reported
by Vedejs (T13, entry 1).°° The sole enantioselective pro-
tonation of an sp~ prosterecogenic center was described
by Fuji (T11, entry 1).3*b Data taken from the literature
are given in Tables 2-13.

4. Enantioselective protonation reaction

In the following section is discussed the different
factors governing enantioselective  protonations,
such as the geometry of the prochiral substrate,
temperature, and presence of an amine in the reac-
tion medium. Another important question is the
possibility of O- versus C-protonation of enolates.
However, oxygen protonation is generally reversible
while carbon protonation, which is the asymmetric
step, is not. It has been shown that low pH stabilizes
the enolic tautomer, while C-protonation via the
enolate occurs rapidly under relatively neutral
conditions.*°

4.1. Influence of the E/Z-configuration: RSC and NSC
reactions

Concerning the regioselectivity, in all cases the fixation
of the proton occurs, as expected, on the most electron
rich prostereogenic center designated by B (Schemes 12
and 13).

Concerning the chiral recognition when the chiral prot-
onating agent H-A* approaches the substrate, it is
faced not only with one, but with two stereogenic cen-
ters o and B (Schemes 12 and 13). According to the
LTC concept (Latent Trigonal Center concept), ™ ° we
have proposed that one of these two centers (the domi-
nating center) prevails over the other (the latent center).
Inside of the circle L including the latent trigonal center
(Schemes 12 and 13), the protonating agent H-A* can-
not distinguish the Re-face from the Si-face. Therefore,
it cannot appreciate the difference when the two substit-
uents are permuted inside of the circle L, although
this variation results in a change of the configuration
of the double bond. Thus the LTC behaves as one
of the three substituents of the trigonal dominating
center. Two extreme cases are resulting depending
on the coincidence (Scheme 12) or not (Scheme 13)
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Scheme 12.

Scheme 13.
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Reaction Site Control
(RSC)

i

Q e

o : latent center
B : dominating enter
The E and Z isomers lead to
the same enantiomer

H-A*: Chiral Protonating Agent
aand/orb : electron donating

substituents
cand/ord: H or alkyl substituents
L : latent center

Neighbouring Site Control

(NSC)
A*
|
H
! 5 H
(D
A*
|
H

@ H
é‘) - cé)\fj

z

o : dominating center
B : latent center
The E and Z isomers lead to
different enantiomers

See footnotes, Scheme 12

of the dominating center (o or P) and the reaction
center f:

Reaction site control (RSC) (Latent Trigonal Center: o-
carbon atom, Scheme 12): Accordingly, the dominating
center and the B-reaction site coincide. Therefore, the
linkage of H-A* occurring on the same face of the B-
trigonal center, starting, respectively, from the E- and
Z-isomers affords the same enantiomer as the reaction
product (Scheme 12 and Table 1, entry 1).4!2

Neighboring Site Control (NSC) (Latent Trigonal Cen-
ter: B-carbon atom, Scheme 13): In this case, the domi-
nating o center does not coincide with the reaction site
(B-carbon). The approach of the B-trigonal center by
the chiral reagent occurs always in front of the same face
of the o dominating trigonal center, which is in the neigh-
borhood of the B reaction site. This is the reason why we
say that such a reaction occurs with a NSC. In the case of
the E-isomer, H-A* binds to one face of the B-reaction
site center whereas in the case of the Z-isomer, it binds
to the other face of the B-center. Thus two products of
opposite configurations are obtained from the Z- and
E-isomers (Scheme 13 and Table 1, entry 2).

For these two RSC and NSC ways, we have to consider
the enantioface selectivity (% attack on each face). In
cases of partial enantioselectivity, products with
ee <100% are obtained from the E- and Z-isomers, with
the same ee and the same configuration for the RSC way
and with the same ee and an opposite configuration for
the NSC way. Beside these two extreme ways, mixed
cases are involved.

Mixed RSC/NSC reactions: In this case, electrophilic
attacks occur partly by the RSC way and partly by the
NSC way.*'® It is noteworthy that a racemic product
can be obtained by ways involving a total enantioselec-
tivity (100/0): in the particular case of mixed ways RSC/
NSC = 50/50, a racemic product is obtained from a
single geometrical isomer, while the other geometrical
isomer affords one enantiomerically pure enantiomer
(Table 1, entry 5).4?

Literature examples: Only a few examples concerning
the influence of the E- and Z-configuration of the pro-
chiral substrates have been reported. Protonation of
lithium enolates of damascone analogues by N-i-propyl
ephedrine published by Fehr is RSC predominant.’®
Protonation of silyl enol ethers obtained from thiol
esters of a-aryl propionic acids by binaphthol/SnCly

Table 1. Theoretical results with enantioface selectivity: 100:0

RSC (%) NSC (%) From pure E isomer product Ee (%) From pure Z isomer product Ee (%)
1 100 0 One enantiomer 100 The same enantiomer 100
2 0 100 One enantiomer 100 The other enantiomer 100
3 75 25 One enantiomer 100 The same enantiomer 50
or one enantiomer 50 The same enantiomer 100
4 25 75 One enantiomer 100 The other enantiomer 50
or one enantiomer 50 The other enantiomer 100
5 50 50 One enantiomer 100 Racemic 0
or racemic 0 One enantiomer 100
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Results from E:S/R=99/1;fromZ:S/R=70/30

D
(X
,,:%*

Enantioface selectivity: 100 : 0

N

Scheme 14.

led to enantioselectivities, which were independent of
the E/Z ratio (RSC reaction) (T12, entry 6).*** Proto-
nation of Z- and E-enamines of phenylhydratropic
aldehyde by DPTA'® as well as protonation of E- and
Z-allyltins  reported by Yamamoto'®" are NSC
preponderant.

In the Fehr example?® (Scheme 14), the results could be
explained by mixed reactions with RSC/NSC = 70/30
and an enantioface selectivity near of 100:0 for each type
of reaction; from the E-isomer, the RSC and NSC
routes could lead independently to the same (S)-enantio-
mer, whereas from the Z-isomer, they could lead to
products with opposite configurations.

In the Yamamoto example (Scheme 15), the E- and Z-

isomers lead to products with opposite configurations
(NSC reactions).!°f Moreover, as the ees are nearly iden-

Results from E: R/S =70/30;fromZ:S/R=66/34

O

/SHC|4
(0]
\
H
)\/\/k/
CH,Cl,, -90°C

'ﬁ) R)

E
X
id
> =
z® (s)
100% NSC enantioface selectivity: 70 : 30

Scheme 15.

z (R)

Enantioface selectivity: 100 : 0

tical, the participation of the RSC-type reaction is neg-
ligible. The results can be explained by a nearly pure
NSC reaction with a moderate enantioface selectivity
of about 70:30.4

Takeuchi has reported the enantioselective protonation
of a series of samarium enolates with known configura-
tions (Scheme 16).5° Although in each case the results
from the E- and Z-enolates are not given, the excellent
correlation observed between the enantiomeric excesses
and the E/Z ratio suggests a pure NSC reaction.

Ph
:o OH
Q OH
0OSm3* o]
R! h Rl
7NN THF, -45°C N
R2 R2
(major stereoisomer)
1
R R? ZIE RIS
i-Pr p-CgHy 12/88 8/92
Ph-CH,  IPr 14/86 16/84
Et Ph-CHz  35/65 35/65
Ph Et 93/7 92/8
Ph mg 96/4 96/4
Ph-CMe, >99/<1 97/3

Scheme 16.

Discussion: From a more general point of view in the
studies of asymmetric reactions, when a product is ob-
tained either racemic or with a modest ee from one geo-
metrical isomer using a chiral electrophilic reagent,
before searching a more efficient chiral reagent, it is
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worthwhile to know the result from the other geometri-
cal isomer.

In cases of a pure RSC route, it is not necessary to work
with pure geometrical isomers since the two pure forms
E and Z, as well as their mixtures, afford the same
enantiomer with the same ee. Consequently, obtaining
the other enantiomer requires the use of a chiral reagent
of opposite configuration.

In cases of a pure NSC route, it is necessary to work
with pure Z- and E-isomers, since products of opposite
configurations are obtained from each of them, with the
same ee. The advantage is that by using the same chiral
reagent, it is possible to access to the enantiomers of
opposite configurations starting, respectively, from the
E- or Z-material. Nevertheless, when only one pure ster-
eoisomer (E or Z) is available, the two desired enantio-
mers can be obtained using the two chiral reagents of
opposite configuration. Obviously, most of asymmetric
reactions behave as more complex mixed processes.

The preceding considerations suggest that at the begin-
ning of the study of a new asymmetric reaction it is
essential to determine if the process is of NSC or
RSC type. If the two isomers £ and Z are not available
in their pure forms, it is sufficient enough to know
the results from two different mixtures of E- and
Z-isomers.

In the cases of asymmetric reactions involving a sub-
strate bonded to a chiral auxiliary (covalently or not),
and an achiral reagent, the same NSC and RSC schemes
have to be considered. Numerous examples of asymmet-
ric reactions exhibiting very high ee, both from E- and
Z-isomers, are described (pure NSC- or RSC-type reac-
tions).*® In the field of enantioselective protonations,
high ee have been reported from one geometrical isomer,
whereas in most cases, the results from the other are not
known. Obviously, in the case where the a and b substit-
uents are identical (Schemes 12 and 13), the only possi-
bility is the RSC way.

4.2. Protonation in the presence of amines

When the protonation of a lithium enolate is performed
in the presence of an amine, we may consider not only
the direct protonation of the Li-enolate complexed by
the amine via the protonating agent H-A* but also the
protonation of the Li-enolate by the intermediary of
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the ammonium salt "NHR;, ~“A*. An oversimplified
representation of these two cases is presented in Scheme
17.

“ o s
H | H Li
H . .Li R Ha - g
I\ ~
R R R R

Scheme 17.

The formation of molecular complexes between Li-
enolates and amines in the solid state as in solution is
very well documented.*” The enantioselectivity of the
protonation of an enolate is generally influenced by
the presence of an amine, its nature, and its structure
(T6, entries 2 and 3).'#°%6 In some cases, products
with opposite configurations are obtained using LDA
instead of LiHMDS in order to prepare the enolate
(T6, entry 4).>* Protonation of a Li-enolate prepared
in the presence of a chiral amine by an achiral acid
led us to a significant ee (T6, entry 2)!#' opening
up the chemistry of chiral bases in asymmetric synthe-
sis. Examples of this type of protonation have been
reported (Schemes 20, 35, 36; T7, entries 1, 2, 16, 19;
T8, entry 2)446116:295 some of which with very
high ee.6%b-d

Additionally, we observed that the addition of a deuter-
ated chiral acid D-A* to a Li-enolate generated from a
carboxylic ester and LDA does not furnish the desired
a-deutero carboxylic compound, but mainly the a-prot-
onated product (Scheme 18) whereas the quenching of
an aliquot with D,O gave a total incorporation of
deuterium.'®

Many observations of this type have been report-
ed.4d-02.b.36148 Tt shoyld be noted that the deuterating
(or protonating) agent is confronted to many basic sites
such as the solvent, the liberated secondary amine, the
C- and O-centers of the enolate and can encounter them
before bonding thermodynamically to the carbon center
of the enolate.

According to Scheme 19, in order to enhance the deuter-
ation versus the protonation the factors lowering the
stability of the intermediate ammonium salt must be
considered. These are, for a given amine, the decreased
acidity of D-A*, and for a given D-A*, the decreased
basicity of the amine.

H Ph
X OMe
Ph” N
Ph 1. LDA major: 70% O
PhAN OMe e.e.ca30%
t-BuCOQ O D Ph
. O : /_4
racemic 2 DO ~ OMe
7 0D Py N
O  OocCtBu

Scheme 18.

minor: 30% O
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D
HNR, + D-A" —= H—ﬂRz,'A* ——= DNR, + H-A’

Scheme 19.

Accordingly, it was observed for a given enolate, that
the deuterium incorporation decreases in accordance
with the following orders: D,O, DOR > DOAc
(opposite of the acidity order) and HMDS >
i-Pr,NH > TMP (opposite of the basicity order).*d It
also depends on the aggregation degree of the Li-eno-
late: deuteration is increased by adding LiCl*¢ and in
toluene upon increasing amounts of THF, well-known
conditions to decrease the aggregation degree.*3¢

Arguments favorable to the first or second proposal of
Scheme 17 are known. The use of AcOH to protonate
the Li-enolate of 2-methyltetralone coordinated with a
chiral diamine led to a significant ee of 48% while using
the corresponding chiral ammonium acetate gave only
5% ee (T7, entries 16 and 17).!'® This result has been re-
ported as an argument in favor of a direct C-proton-
ation following an initial coordination of the lithium
atom by the amine. On the other hand, in a particular
example, the attack in alkylation*® and in protonation®®
of a Li-enolate complexed by a chiral amine follows
opposite directions (Scheme 20). This observation as
well as an incomplete deuteration by AcOD suggests dif-
ferent mechanisms for the two reactions and is not in
contradiction with a protonation reaction via an ammo-
nium cation.®®

OLi
Ph” Br
, LiBr —
toluene,
-18°C, 48h
ee: 97% (85)
Ph Ph
: (0]
N H H N aq. citric acid
—
toluene,
-20°C
ee: 93% (>85)
Scheme 20.

An ammonium cation can also be considered in the pro-
tonation of an enol by H-A*, performed in the presence
of an amine.

4.3. Influence of temperature

Many protonation reactions are carried out at low tem-
peratures (<—50°C) since it has been observed that by
lowering the reaction temperature of the protonation
step, an increase in the ee is observed. Contrary to this
some examples where the ee goes through a maximum
when the temperature increases have been reported.
One example is the enantioselective protonation of a
silyl enol ether achieved by a proton donor supported

on a polymeric resin. The optimal ee was obtained at
—40°C (Scheme 21).5°

L ok

)§<o (3equiv.)OH NO

Ph . - Ph

- OSiMes THF, -78°C, <30min (0]

+ LiCl (1 equiv.) T°C ee% Yd%

-78 28 96
-40 94 95

®\CI = Merrifield resin. 25 26 92

Scheme 21.

Another example is the palladium-induced cleavage of a
B-keto ester in the presence of a chiral aminoalcohol
leading to o-methylindanone, by cascade reactions
involving deprotection, decarboxylation, and enantio-
selective protonation of the enolic species. Impressive
ees (96-99%) were obtained within a narrow range of
temperature (50—55°C) (Scheme 22).7t

NH, 0

T°C 21 35 45 50 52 55 57 60
ee% 60 66 72 97 >99 96 91 63

(0.3 equw.)OH

5% Pd/C (0.025 equiv.)
Hy/ MeCN

Scheme 22.

Such results can be analyzed by the isoinversion
principle.>®

4.4, Catalytic enantioselective protonations

Catalytic methods are especially useful when the
chiral tool is expensive and difficult to prepare and
recover.

4.4.1. Enols. The enantioselective protonation of an
enol can be carried out in the presence of a catalytic
amount of CPA because the protonating agent is regen-
erated in the protonation process. This type of reaction
has been extensively studied by the group of Reims.’
High ees have been reported although the enol can com-
pete with the CPA. Protonation of dienols generated
by irradiation of o,B-unsaturated-esters’® LP-aW (T9,
entries 5-8), -lactones,’®%5h _acyclic ketones (T3, entries
5 and 6), and cyclic ketones”' having been studied since
1985. The same group also reported the protonation of
simple arylenols (T7, entries 26-30).7™%"v* High ees
were obtained using aminoalcohols of ephedrine’® type
and hydroxy aminobornane”™™ type as chiral catalysts
(ephedrine series: T3, entries 5 and 6; T7, entries 26
and 27; T9, entries 5 and 6. Aminobornane series:



3662 L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691

Scheme 22 and T2, entry 5; T7, entries 29 and 30; T9,
entries 7-10).

4.4.2. Enolates. In order to present the literature re-
sults, two types of reactions have been considered,
according to the starting materials: (route a) the prochi-
ral enolate is brought into the presence of a chiral acid
H-A*; (route b) the prochiral enolate, part of a chiral
aggregate is brought into the presence of an achiral acid
(Scheme 23).

- . n n
> H-A*Y o x H-A 3‘% .
OM..Ln “outea 5 O Touteb OM...L%

wann H

Scheme 23.

4.4.2.1. Protonation by a chiral protonating agent
(Scheme 23, route a). The chiral protonating agent H-
A* can be used in a catalytic amount if it is regenerated
by introducing a stoichiometric amount of an achiral
acid H-A (Scheme 24, routes 1 and 2). However, the
achiral acid H-A is solicited by two bases: the anion
A*™ (route 2) and the enolate (route 3). Obviously, for
an optimum catalytic cycle, route 3 must be avoided,
requiring ky and k», > ki.

o

o

racemic

1 2 3
o o-

H *
%7&; A HA Y

stoichiometric reaction
catalytic reaction

Scheme 24.

To minimize route 3, the ratio H-A*/H-A must be as
high as possible. This result is obtained when H-A is
introduced slowly,?3:8¢:9¢1%¢ or when a liquid-liquid bi-
phase system® or solid-liquid biphase system®® is used.

In fact, at the beginning of the protonation step, the lib-
erated M-A* can behave as a ligand of the enolate
(L = M-A*) and acts upon its protonation. Thus a chiral
aggregate is protonated by a chiral acid H-A*, involving
a double stereodifferentiation (Scheme 25).

L M-A* X HA* o
;\%\OM...Ln H;\%\OM...A*—M — . o
o o A

Scheme 25.

Moreover, the chiral acid H-A* often contains a basic
site able to complex the cation (see Section 2.1). Thus,
route a is a simplified representation. The first examples
of catalytic enantioselective protonation of enolates
were reported in 1993 and 1994, by Fehr.?d¢ Proton-
ation of Li-enolate 4 by a stoichiometric amount of
aminoalcohol 5 led to ketone 6 with an excellent enan-
tioselectivity (95%) (Scheme 26, route 1).>¢ In fact, pre-
liminary mechanistic studies have shown that this
reaction did not need an equivalent of H-A* 5 since pro-
tonation of the Li-aminoalkoxide 7 by ketone 6 regener-
ates aminoalcohol 5 with concomitant formation of
isomeric Li-enolate 8 (Scheme 26, route 2). Using only
0.3equiv of chiral protonating agent, 5 afforded ketone
6 with 93% ee and 86% yield.**

Li-enolate 8 was transformed during the work-up into
ketone 6, which can be easily isomerized into (.S)-o-
damascone, a fragrance material (Scheme 27).2%2 It
was established that enolate 4 was not enantioselectively
protonated by ketone 6.

(S)-a-damascone

Scheme 27.

Generally, the resulting carbonyl compound did not
have sufficient acidity to regenerate the chiral protonat-

stoichiometric protonation

oLi J\
SN

Ph

autocataytic protonation

Scheme 26.
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ing agent, as in this particular case of autocatalytic
enantioselective protonation. To circumvent this prob-
lem, the authors added an achiral acid with adequate
pK,, in stoichiometric amount.>® Li-enolate 9, an ana-
logue of 4, was transformed into ketone 10 by protona-
tion with a catalytic amount of chiral aminoalcohol 5, in
the presence of phenyl acetone (Scheme 28).

\NJ\
. HO.
OLi
H-A* 5

Ph
Z “n- X
n-Bu + Phenyl acetone n-Bu
9 10
H-A*5  Phenyl acetone ee% (Yd %)
(equiv.) (equiv.)
1.1 0 96 (90)
0.2 0.85 94 (94)
0.1 0.95 85

Scheme 28.

Although these results apparently agree with route a
(Scheme 23), mechanistic studies suggest a pathway re-
lated to route b, as it was observed that phenyl acetone
protonates Li-enolate 9 much faster than Li-amino-
alkoxide 7. The authors suggested that phenyl acetone
furnishes its proton to a chiral complex formed from
Li-enolate 9 and Li-aminoalkoxide 7, leading to chiral
ketone 10 and regenerating chiral Li-aminoalkoxide 7
(Scheme 29).2%&31 Unlike the general Scheme 23 (route
a), the enolate is not directly protonated by a chiral acid,
but is transformed into a chiral aggregate, which is prot-
onated by an achiral acid.

/k OLi

~N

Li N
Lio\‘)\

Z “n-Bu 7

9 cat
\‘ Ph
>\N\ (o}
| Ph
1 equiv.
Z “n-Bu
Scheme 29.

In this catalytic cycle, the achiral acid (phenyl acetone)
may be replaced by B-keto esters, thiophenol, 2,6-di-
methyl-4-methylphenol, H,O, and carboxylic acids.®

Similarly, excellent results were obtained for the derace-
mization of thioaryl esters, using catalytic conditions
(T12, entries 1 and 2).2>¢ As chiral thioarylesters can
also be prepared by the addition of Li-thioarylalkoxides
to ketene 11 at —55°C, in the presence of 1equiv of chi-

ral protonating agent 5 (ee: 95-97%),% a clever catalytic
process was reported. Addition of PhSH to a mixture of
ketene 11 in the presence of 5% of chiral Li-aminoalk-
oxide 7 afforded thiophenyl ester 12 with 89% ee and
86% yield (Scheme 30).2° The added thiol acts as a pro-
ton source and the Li-thioarylalkoxide as a nucleophile.

.40 \NJ\

HO\H\
11
5
. /—\/\ I
1 equiv. — Ph . PhSLi
P
o0
/ HLi

Z” “SPh

A LiO\l)\
SPh \A/ 7 PhSH

cat 1 equiv.

Scheme 30.

Moreover, this catalytic process has the advantage of
taking place at —27°C given that the thioester enolate
is consumed as soon as it appears, thus avoiding its re-
verse transformation into ketene 11 and PhSLi, which
occurs at 7'>—80°C and requiring in the case of the sto-
ichiometric protonation of the enolate prepared from
racemic 12, to work at —100°C.>¢

Enantioselective protonation of a single enolate, using
as the chiral protonating agent a catalytic quantity of
chiral imide 13 in the presence of 1equiv of an achiral
acid such as N-succinimide or a phenol (BHT) was re-
ported by Yamamoto.!?>™ Using only 0.01 equiv of chi-
ral imide 13 afforded the reaction product with 81% ee,
versluos 87% for the stoichiometric conditions (Scheme
31).%

Ph

\Ph
| )\,
N
oN o
0 13

THF, -78°C

H-A (1 equiv.) ee% (Yd%)

(From TMS-
enolether)

H-A* 13 (equiv.)

1.00 none 87 (83)

0.10 N-succinimide 83 (76)
t-Bu

0.10 90 (85)

0.01 oH 81(99)
t-Bu

Scheme 31.
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Good results were also obtained with phthalimide, penta-
fluorophenol, or dipivaloylmethane in the presence of
less than 0.10equiv of chiral imide 13.'° Chiral imide
13 and its enantiomer can be readily prepared from
Kemp’s tricarboxylic acid and enantiomeric B-aminoal-
cohols.'%* Vedejs reported the catalytic enantioselective
protonation of enolate 1a using 0.1equiv of chiral ani-
line 3b in the presence of achiral carbon acids H-A of
increasing pK, (Scheme 32).°¢

O NH T,
Ar =
NHMe y
O 3b (0.1 equiv) M©

K, (DMSO) = 27.7 .
NP, Pl ) N i-Pry
Ar Ar 2a

H-A (2 equiv.)
oL 1a THE, -78°C o
pK, ( DMSO) = 31

H-A pK, (DMSO) ee%
Ph-CH,-CO-CHj3 20 6
Ph-CH,-CN 22 40
Ph-CH,-CO,Et 22.7 92
Ph-CH,-CO, tBu 236 94
CH3-CO,Et 27.5-30 85
CH3-CN 31 0

Scheme 32.

The protonation occurs with a very low ee using the
more and the less acidic carbon acids H-A of a series.
In the first case (lowest pK,) route 3 of Scheme 24 is fav-
ored, in the second case (highest pK,), route 2 of Scheme
24 is locked, preventing the regeneration of H-A* 3b.
Optimum conditions (ee 94% vs 97% for the stoichio-
metric conditions) were encountered when using fert-
butyl phenylacetate as H-A. Good levels of enantioselec-
tivities were obtained for carbon acids H-A with
22 < pK, (DMSO) < 30. According to Vedejs, this large
range of pK, is due to a proton transfer between a
heteroatom base (aniline 3b) and a carbon acid H-A
(Scheme 24, route 2), which is inherently much faster
than the proton transfer involving a carbon acid and a
carbon base (Scheme 24, route 3).°® Similarly, deracemi-
zation of a B, y-unsaturated amide using 0.05equiv of
aniline 3b was reported with an ee of up to 92% (TS5,
entry 3).%°

Takeuchi has extensively studied the enantioselective
protonation of samarium enolates. Excellent results
were obtained with C, symmetrical chiral diols,
such as 14, which act as chiral proton sources (and/or
as tetradentate ligands of the samarium cation) (T3,
entry 3; T7, entries 22-24).3" The author succeeded
in extending this reaction to its catalytic version
(ee 93% vs 95% for the stoichiometric conditions),
using trityl alcohol as achiral acid H-A (Scheme 33).5¢
Various other achiral proton sources such as tert-
butanol, BHT, acetylacetone, dipivaloylmethane,’ a
fluorous tertiary alcohol®® were also effective
(Scheme 33).

Ph
o 'OH
14
o) OH
osmé* ﬂ o
+H-A (1equiv.)Ph M
THF, -45°C :

H-A*14 H-A (1 equiv) ee% (Yd%)

1 equiv. none 95(59) TAs 94
0.15 equiv. Ph3C-OH 93 (55) THL 96
0.15 equiv. ( n-CgF13-CHp-CHp)3C-OH 89 (65) THL 98

(THF / FC-72)

Scheme 33.

Takeuchi introduced fluorous chiral and achiral acids
H-A and H-A* associated with the use of fluorous sol-
vents such as FC-72 (n-Cg¢F3).%¢" Catalytic conditions
have been realized (ee 89%, Scheme 33) in a biphasic sys-
tem THF/FC-72, using 14 as a chiral acid and a fluorous
alcohol as an achiral proton source.®® The fluorous achi-
ral alcohol remains in the fluorous solvent, while the
chiral protonating agent 14 and/or its conjugate base
shuttles between the THF and the FC-72 phases. The
advantage of this procedure is that the achiral proton
source H-A does not need to be added slowly to the
reaction mixture as in the usual way, since in such a sys-
tem, the ratio of H-A*/H-A is very high in the THF
phase where the protonation occurs. Moreover fluorous
products are easily separated from non-fluorous com-
pounds by simple extraction with a fluorous solvent
such as FC-72.

4.4.2.2. Protonation of chiral aggregates by achiral
acids (Scheme 23, route b)>2. Koga® and Nakai'® re-
ported in 1997 this type of catalytic enantioselective
protonation.

Koga studied alkylation*® together with the protona-
tion® of Li-enolates in the presence of stoichiometric
and catalytic amounts of chiral tetradentate amines.
The first example of catalytic enantioselective proton-
ation involved a solid-liquid biphase system using
achiral acids, such as N-succinimide, which are solid
and not soluble in toluene, allowing a slow reaction of
the achiral proton source, even when added in one
portion. A simplified catalytic cycle is depicted in
Scheme 34. Catalytic chiral amine with the starting
enolate gives a chiral aggregate, which is protonated
by the achiral acid H-A. The reaction of the starting

(0]
# + Li-A
H

OLi Amine* (cat)

“wan

OLi...Amine*
f‘é\%\,ﬁ H-A solid
Anan (> 1 equiv.)

Scheme 34.
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enolate with H-A must be slower than the formation of
the chiral aggregate and its reaction with H-A.

Thus, the Li-enolate of 2-methyltetralone in the presence
of 0.2equiv of chiral amine 15 with an excess of N-suc-
cinimide affords the corresponding ketone with an ee up
to 83%.,% versus 91% for the stoichiometric reaction
(Scheme 35).62

Ph
/_</_\/_\
N O N

OLi, LiBr N — o
H \
9@ -
-

N-succinimide (solid)
Toluene, -78°C

15 N-succinimide ee% (Yd%> 88)
(equiv.) (equiv.)

1.03 none 91

0.1 1.2 72

0.1 10 73

0.2 10 83

Scheme 35.

A second example involves a liquid-liquid biphase
system with a large excess of water as the proton source
in the presence of a catalytic amount of chiral tetramine
16 used together with 2equiv of achiral bidentate diam-
ine 17 in toluene (Scheme 36).%4

OLi, LiBr ‘N/\/\/ ~ 0}
/ 17
“ Toluene, -20°C
—_—
2° 10% aqueous citric acid
-45°Ctort
16 (equiv.) 17 (equiv.) ee% (Yd>85%)
1 none 93
0.1 2 93
0.05 2 91
0.025 2 88
Scheme 36.

Using 0.1 equiv of chiral amine 16, enantioselective pro-
tonation was achieved with the same ee of 93% as in the
stoichiometric conditions. With only 0.025equiv of 16,
the enantioselectivity did not decrease substantially (ee
88%). A possible role of the achiral diamine 17 is the dis-
aggregation of the starting Li-enolate by complexation
affording achiral aggregate 18, which is a relay to accede
to chiral aggregate 19, thus obtained more easily than by
the direct way. Chiral aggregate 19, which is more reac-
tive and more hydrophilic than achiral aggregate 18, is
protonated more rapidly in the biphasic system tolu-
ene/H,O (Scheme 37). Lithium bromide, which is neces-
sary for an enantioselective protonation, has been
omitted in Schemes 34 and 37.62

1/n /\ouln
NRy NHR", 16
NHR', 3
[/\OLL..NR3 _— l/\ou_"NHR*z
18 19
Scheme 37.

Using the catalytic conditions with 0.1equiv of chiral
amine 16 afforded 2-n-butyltetralone with an ee of
90% versus 92% for the stoichiometric procedure.®¢

Nakai reported the protonation of a transient chiral pal-
ladium enolate generated by reaction of a chiral cationic
Pd complex with a trimethylsilyl enol ether, using water
as the proton source (Scheme 38).1°

OSiMes OO Ehz 0
- . Pd H0 <
—_—
£ W)\; F Yo kS ¥
hid Ph2 H
A

Scheme 38.

The protonation of this chiral palladium enolate
afforded the enantiomerically enriched carbonyl com-
pound with regeneration of the chiral Pd complex, thus
working as catalyst. Addition of diisopropylamine or
trimethylamine modifies the catalyst, thus making the
reaction slower and providing an enhanced enantioselec-
tivity. Cyclic ketones were obtained with ees up to 79%
(Scheme 39 and T7, entry 25).

OO PPh,

OSiMe3 o)

R PPh, R
- 0.05 equiv.|— »

PdCl; (0.05 equiv.)

AgOTf (0.05 equiv.) R ee% (Yd%)
i-Br,NH (0.005 equiv.) Me 79 (83)
4A MS, DMF/ H,0 CHyx-Ph 76  (67)
50°C, 12-60h i-Pr 60  (68)
- )

alyl 60 (78

Scheme 39.

Genét developed an access to a-amino esters with ee up
to 90% using the protonation of (R)-BINAP complexed
rhodium enolates, by guaiacol (Scheme 40).>

These enolates were obtained by the addition of Ar-
BF;K to 2-methyl acetamido acrylate in the presence
of [Rh(cod),][PF¢] and (R)-BINAP.
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OH o

Rh
O
PPN |
H-A*: 1 equiv.
Ar OMe —— > Ar OMe
Toluene, 110°C, 20h

NHAc NHAc
Ar ee%
Ph 90 (89

)
-MeO-CgH, 90 (89)
mYC-~674 83 (82)
p-F-CgHa 8 )
p-Br-CgHy )
3-Thienyl

Scheme 40.

Transient samarium>* and cobalt>> enolates complexed

by chiral ligands have been protonated by achiral acids
(TS, entry 8; T12, entry 4), with success.

4.4.3. Enol ethers and ketene acetals. Yamamoto et al.
went extensively into the enantioselective protonation of
silyl enol ethers and disilyl ketene acetals. %4510 Using
stoichiometric conditions, excellent results were ob-
tained with chiral binaphthol derivatives (represented
as HOAr* in Scheme 41) as Bronsted acids associated
with Lewis acids such as SnCly, which restricts the orien-
tation of the proton and raises its acidity (T2, entries 2—
4; T7, entries 31 and 32; T9, entry 11; T10, entry 3; T12,
entry 6). Mechanistic studies have shown that the silyl
group of the starting material was transferred to the
binaphthol derivative via a tin oxide intermediate
(Scheme 41). A catalytic version can be realized if the
chiral proton source HOAr* is regenerated from an
achiral proton donor HOAr, if SnCly is preferentially
coordinated to HOAr* and if the reactivity of HOAr*,
SnCl, is greater than that of HOAr, SnCly (Scheme
41).10d,t‘,j,l

OSiR;
;ﬁ)\fé H-OAr*, | ClaSnOAr,
~n SnCI4 R3SiC| \
RsSIOAr,
o SnCly

H%J\;? Cl;SnOAr* HOAr,
RSiCl nCl
e 3! i

| catalytic reaction

]
R,SiOAr,
stoichiometric reaction SNnCls

Scheme 41.

Thus, enantioselective protonation of TMS enol ether of
2-phenylcyclohexanone was achieved with ees up to 90%
using stoichiometric amounts of 2,6-dimethylphenol and
catalytic amounts of monomethyl ether of optically
acti\l/gd binaphthol, in the presence of SnCl; (Scheme
42),10dm

4
OH
OTMS OMe SnCl, 0
Ph (HOAN) Ph

(HOAr)

Toluene, -80°C, 100% conversion

HOAr* (equiv. HOAr (equiv) SnCly (equiv) ee%*
1.00 0 1.0 89 (98)
0.02 1.1 1.1 87 (90)
0.05 1.1 1.1 83 (91)
0.02 1.1 0.5 90

* Values in parentheses were corrected for the regioisomeric purity.

Scheme 42.

Similarly, the following ketones were obtained from the
corresponding tetrasubstituted TMS enol ethers with
corrected ees of 97% and 95% (Scheme 43).10m

ee%: 84 (97) ee%; 91 (95)

Scheme 43.

Examples of catalytic enantioselective protonation of
disilyl ketene acetals are reported in T2, entry 2.

5. Conclusion and outlook

In this review we have discussed the main concepts for
realizing enantioselective protonations. We expect that
this will be a useful tool for chemists interested in this
area.

Access to various classes of organic compounds is re-
ported in Tables 2-13. Numerous examples concern per-
fumery: o- and y-damascones (T12, entries 1 and 2),
vulcanolide (T3, entries 1 and 2; T12, entry 3), lavandu-
lol (T9, entry 9), medicinal chemistry: ibuprofen (T2,
entries 2 and 4; TS, entry 2; T12, entry 6), naproxen
(T2, entries 3 and 4; TS5, entries 1 and 2; T9, entries 2,
4, 11), epibatidine (T7, entry 7) muscarinic receptor
antagonist (T5, entries 4 and 5), neutral endopeptidase
inhibitors (T9, entry 10, T12, entries 4 and 5) and bio-
chemistry: o-amino acids (T6), B-amino acids (TS5,
entry 6), chromanones (T7, entry 30), pheromones
(T11, entry 1).

Various chiral structures have been obtained in high ee,
proving that enantioselective protonation reactions are
now powerful tools in asymmetric synthesis, for aca-
demic and industrial laboratories.
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Table 2. Acids
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Substrate

— +
O, NEty

Ph ~ _+
1 O, NEt,

Chiral Agent

J\/COZH
HO,C

H-A*: 1.33 equiv.
+

From R cinchonine:
CO, . NEt, 1.53 equiv.
~ o+ CH3CN, 60°C, 3h
pr{ CO2.NEt + CuCl (0.03 equiv.)
H
OTMS O/
Ar A
, OTMS SnCly
O\
Me
Toluene, -80°C, 1h. H-A", SnCl,
OH
Ar SnCl, H-A*
H-Aequiv. equiv. €quiv.
CeHs 0 1 1
1.1 0.08 0.1
1.1 0.04 0.05
p-i-Bu-CgHy 0 0 1
1.1 0.08 0.10
H
OTMS OO
A T,
r
3 "N Notus snclq
R O
H
Toluene or CH,Cl, H-A* : 1.0 equiv.
-78°C, 1h.
Ar R
Ph OMe
o
MeO
Ph F
Ph cl
Ph Br

* ee: 98% after recrystallization

Product
o
Ph
OH
ref. 132

ee: 28% (quant.)

(0}
Ar
OH

ref. 10!

ee% (Yd%)

92 (quant)
94 (quant)
80 (quant)

94 (quant)
93 (80)

0]

Ar.
OH

R

ref. 10!
ee%
87

92*

70
91
83

(continued on next page)
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CF3
OTMS

Ar_ =
w)\OTMS F3C O \HJ\ OH
SnCI4
100
Toluene, -78°C \Q \/@ ref.

MeO i-Bu

ee: 86%" ee: 90%
Yd> 95%
* Ee: 98% after recrystallization

U

+

o} HzA - O HoA
N B

Tw
By irradiation of H-A* ref.

the ammonium

enecarboxylate R T°C 10 0 -10 -20 -30 -40 -46
H ee% 17 16 17 27 32 40 45
CH,Cl H Yd% 60 59 62 55 62 60 60
i-Pr ee% 56 49 40 50 66 79 85
i-Pr  Yd% 58 62 61 60 57 61 65
Table 3. Acyclic ketones
Y
HO

oLi \‘)\ 0

From conjugated ketone H-A*: 1.6 equiv. ret.
and LDA Li-A*: 1 equiv. €e:90% (49)*

THF, -45°C to -10°C
*Crude product: non conjugated ketone/ enone: 57/ 43

NP
| HO
LiO o]
Ph

) ) ref. 2h
From corresponding H-A*: 1.2 equiv.
ketene and t-BuLi Li-A*: 2.4 equiv. ee: 80% (91)

THF, -45°C to -20°C
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From ketene/
alkyl iodide/ Sml,

THF, HMPA, -78°C to RT

*With trace of conjugated ketone.

Ph
(e} OH o)
R\)J\/\
Y X
0 OH :
\_< ref. 8b
Ph
H-A*: 1.5 equiv.
R ee% (Yd%)
S
Ph
Ph-Me,C 97 (65
n-CeF13 (e}

I K
Ph)ﬁ/\/\ n-CeF13 pp, \)J\/\
ref. 8¢

From ketene/
alkyl iodide/ Sml,

THF, HMPA, -45°C

OH

=
Ph

By irradiation of
the o ,B-unsaturated
ketone

CHCly, - 40°C

By irradiation of
the o ,B-unsaturated
ketone

CH3CN -40°C

Ot

(unknown conf.)

Z H or PdL,

By Pd-cat hydroge-
nolysis of benzyl 2-
benzoyl-2-aryl-
propanoate

AcOEt, RT, 1-2h

H-A*: 2 equiv. ee: 66% (55)
H-A*: 0.16 equiv.: ee: 60% (59)
H-A: (n-CeH13-CH2-CH2)3C-OH,
THF/ FC-72)
HO\) \QJ\A
Poref
H-A*: 0.1 equiv. ee: 52% (75)
H\N/
*
HO\)% (0]
Ph .
ref. 7i
H-A*: 0.1 equiv. ee: 36% (40)

S ref. 7Y

= X
w;N -~ ph
H

H-A": cinchonine X H-A"equiv. ee%
H 03 71 (100)
H 0.05 68 (100)
p-OMe 0.025 75 (92)
p-Me 0025 71(99)
p-Ph 0025 72 (95)
p-F 0025 66 (99)
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Table 4. Aldehydes

L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691

H

Ph&%\ O

E-isomer: crystallisation

with isomerization of
E/Z mixtures
Z-isomer. cracking of
racemic aminal of
hydratropic aldehyde

Et,0, -30°C

t—Bu\CI%\NK/DO

From racemic chloro
aldehyde

Et,0, -50°C

Isolated from
benzylacroleine
with thiobenzoic acid

CH,Cly, -70°C, 48h

o}

R

(0]

Ho, C/'\:/COZH

o} R

b

(0}
H-A*: 4 equiv.

(0]

PhJj\Q
~__COzH
HOQC/\._/ 2
Y
(0]
H-A*: 1.5 equiv.

Ph

H-A*: cinchonidine:

ref. 10
R E
t-Bu 13 (S)
tBu-CH, 6(5)
Ph 20 (S)
2-Me-CgH, 25 (S)
t-Bu
o
Cl
ref. 10
ee: 32%
Ph. _S

T

ref. 1P

1 equiv.

Ph

ee: 71% (95)
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Table 5. Amides
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. Ni-Pr.
Ar 2

1 Li
From racemic amide
and s-BuLi
THF, -78°C
+ s-BuLi: 1.0 equiv.

Ni-Pr.
Ar 2

Iz
z
\

ref. 9a, 9b

noo)

ee: 77% (99)*

N
_N

2 equiv.
BF3, Et,0: 2 equiv.

* ee: 97% (70), after elimination of the less soluble racemate

Xy Ni-Pry

From racemic amide
and s-BulLi

THF -78°C
+ s-BuLi: 0.75 equiv.

Ni-Pr,

O NH
I NHMe
cl

H-A*: 2 equiv.

ref. 9b, 9h

X

ee% (Yd%)

e @zj

ee% (Yd%)

* With conjugated amide

N Ni-Pry

3 L

From racemic amide
and s-BulLi

THF, -78°C
+ s-BuLi: 0.75 equiv.
+ s-BuLi: 0.50 equiv.

NR:
4 NT X 2

Meo/go oH

From racemic amide
and s-Buli, LiBr

THF -78°C

97 (> 90)

97 (quant.)

F
(> 90) (> 90) (>90)

\[ﬁ

** Mainly conjugated amide

O NH
I NHMe
cl

H-A*: 2 equiv.

Ni-Pr,
0

ref. 9b. of

ee: 97% (> 90)
H-A*: 0.05 equiv. ee: 92% (94)
H-A: 2 equiv.:

p-MezN-CBH4-CH2-COZEt

O NH N NRy

NHMe /& 0
MeO ]
ref. 26
Cl NR; ee%
NPr, 95 (74)

H-A*: 2 equiv. N(CHy)s >99

(continued on next page)
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Table 5 (continued)

v (O
NPr; o, ~NPr2
5 N 2 HOYK N ”/
- o}
Meo/go ot Ph MeO” O

ref. 26
From racemic amide H-A*: 2 equiv. ee: 93%

and s-BuLi, LiBr
THF -78°C

oLi 0

R

SN Ph N N Ph
o L T U

N 0 Ph N

OH

)\ él\ ref. 23¢
(0] Ph (0] Ph

H-A*
From racemic R ee%
pyrimidone H 62 (90)
and LDA Ph
\( 68 (89)
Toluene, -78°C, 1h o
R R
7 N t-Bu /L : N t-Bu
R het o Ph l}l/\Ph R Nl
Li o) H ref. 2% 0
From racemic amide
. ' R ee% Yd%
t-BuLi, TMEDA H-A*: 1 equiv. H 86 590
THF, -78°C LiCl: 1 equiv. OMe 86* 04
* ee: 96% after elimination of the less soluble racemate
8 B
H H
Ph N =N N= Ph [11
R s “R
* \ % o\ / f. 55
OColL o) o) e} o) ref.> 4
. R ee%
By NaBHy,4 reduction of . .
o-methyl cinnamic amide L*: 0.02 equlv. ue gg
Tetrahydrofurfuryl alcohol, CH,Ph 60

MeOH, CH,CCly, rt Yd >95%




Table 6. Amino esters

L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691

3673

(o}
OMe RJJ\O OMe
Ph C oM PhY&O
I L{ HOZC/\-/ 2 !
- - -Li H
(/ o0 _R (/
1c, 1
Ph jl/ pp ref.'®19
From racemic amino LA i
ester Schiff base H-A": 3 equiv. I\R/I o e3e%
and LDA i-Pr 1%
THF, -70°C Ph
t-Bu 50
adamantyl 93
* Isolated as amino ester hydrochloride 80< yd%" <85
OMe |T| OMe
Ph_~ o Ph N~ Phﬁ/go
N- - -Li : N
i L*: 1.42 equiv ~
Ph Ph  ref. 1d
(0]
From racemic amino
ester Schiff base t—BuJ'ko H-A ee%*
and chiral Li-amide meso 24 (85)
(1.42 equiv.) COoH racemic 40 (75)
THE -70°C HO,C 2R, 3R 70 (84)
’ o 25,35 67 (39)
H-A: 2.8 equiv. o)
* |solated as amino ester hydrochloride
** R-configuration
OMe o OMe
Z >0 t'BU)J\? ¢}
/ T
L CO,H
7 N HO,C™ >~ (/N
Ph O\ﬂ/t'B“ Ph
From racemic amino e o) ref. 1k
ester Schiff base and H-A™: 2.85 equiv.
LIHMDS (1.42 equiv.) Added amine ee%
none 34

THF, -70°C

EtNH, (1.42 equiv.) 99

EtNH, (0.25 equiv.) 93
Et,NH (1.42 equiv.) 44
Et;N (1.42 equiv.) 18
i-ProNH (1.42 equiv.) 90

* Isolated as amino ester hydrochloride

OMe
Ph Z oL OH
Ph\fN
(¢}
Ph o
From racemic amino H-A*

ester Schiff base.
-85°C, + LiCl (3 equiv.)

Using LDA
Using LIHMDS

ref. 24

ee% conf.
40 (R)
76 (S)

(continued on next page)
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OMe

~ “OLi

Ph N

Y ~uPh
Ph

From racemic Schiff

base and LDA

THF, -78°C

H-A*: 1.1 equiv. pp,

OMe

6}
Ph N

ref. 100

Y
Ph
X
COOH
t-Bu

o ©

ee%*
29 (91)

* Corrected ee based on the percentage of the protonated product

OMe
%ou
Y
Ph

From racemic Schiff
base and mesityl Li

Ety0, -78°C

o) * OH
6 Ph _N
~1Ph
(e}
Ph

H-A*: 1 equiv.
One diastereomer

The other diastereomer 48

OMe
6]
Ph._ N
Ph
ref. 10n

ee%* (Yd%) conf
53 (84) S

(99) R

* Corrected ee based on the percentage of the protonated product

OMe /Bn OMe
R O N H R
Z SOLi o o ; 0
N =
Ph.__N Bn~ Ph N
\f n H N\)k ~C-CiaHos \(
- N ref. 10p
Ph o H | Ph :
. . t-Bu H .
From racemic Schiff R ee% (Yd%)
base and mesitylLi H-A* 1.1 equiv. Me 87 73
i-Bu 85 66
Et,0, -20°C, 2.5 h CH,-Ph 65 27
* Corrected ee based on the percentage of the protonated product
s
OyOMe (0] NH * OMe
N 0 Phﬂ N
8 /k\ / Ph Ph Boc 0
t-Bu0” “p--Li 288
H-A*: 2.1 equiv. ref.
By Birch reduction of o
methyl N-Boc pyrrole- X ee% _ Conf
2-carboxylate 0 68(50) R
y! S 31(55) S
THF, -78°C
y " ool
MeO S
oM N .
>7O§( ° MeO,C ""CO,Me
LiO N . RO N
OLi |
Boc
9 t-BuO 0 Ph ref, 28¢
By Birch reduction of H-A*: 2.5 equiv.
dimethyl N-Boc pyrrole- R ee%
2,5-dicarboxylate H 74* (84)**
Me 0 (35)**

THF, -78°C

* Ee:94% after recrystallization
** A 1/1 mixture of cis/trans diesters is obtained
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1

Ph

oLi X
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N N (6]
ORI
N
7~
\

©5/
From TMS-enol

ether and MeLi L* 1 equiv. ref. 62
H-A: 1.2 equiv. : AcOH

Without LiBr ee: 0% (87)
With LiBr (1 equiv.) ee: 91% (88)

Toluene, -78°C

Ph

OLi, LiBr /_<
o)

oy I oy

From TMS-enol

ether and MeLi . . ref. 62
L*: 1 equiv.
H-A: 1.2 equiv. : AcOH R ee% (8Yg%)
Toluene, -78°C rl\:l_%u 8(1) ESS%
wpr o7 (89)
CHpPh 2 (80)
I
oL N._ ..Ph o
Ph [ j ""\\Ph
PR TN
_ H , nHCI ref. %¢
From enolacetate and MeLi HA*- 3 . o .
(2 equiv.) in Et,0 JAT o equiv. ? ggﬁ %S{“’
Et,0/ CH,Cly (1:1), -78°C, 1h ot ggg**
* Protonation at -90°C.
**Protonation in Et,0.
OLi (0]
OH *
Ph Ph
\
e
ref. 14
From enolacetate X ee% (Yd"/o) conf
and MelLi (2 equiv.) H 29 51 R
in Et,0 F 0 68
OMe 64 47* S
X
CHyCly, -100°C H-A*: 4.3 equiv.

* Obtained with a mixture of unidentified compounds.

OLi
oH § o
R s R
Fac” '
H-A*: 2.5 equiv. ref. 15b

From enolacetate

and MeLi (2 equiv.) R ee% (Yd%)
in Et,0 CHZ-@ g; gg
CH;Cly, -100°C BN py,

(continued on next page)
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Table 7 (continued)

oLl OH O 0
R P R
Fac”
6
H-A*: 2.5 equiv. ref. 150
From enolacetate
and MeLi (2 equiv.) R ee% (Yd%)
i Me 94 94
in Et,0 28 o
CHoPh 87 o7
CH,Cl,, -100°C W N pn

oL (7 “ c
XN
F3C/\/©\
7

o © H-A*: 2.5 equiv. ref. 15

From enolacetate and ee: 82% (63)
MelLi (2 equiv.) in Et,0

CHyCly, -90°C

OLi OH z o
8 Ph i'Pr/\/ A-“\\Ph
12
n H-A*: 3 equiv. n ref. <
From enolacetate
and MelLi, LiBr n ee%* (Yd%)
(2 equiv )‘in Et,0 0 8 89
=R 1 8 95
CH,Cly, -100°C
* Corrected ee for the regioisomeric purity of the starting material
Ph
«Ph
OLi o
o o
n-Cq1Hz3 o 1-CqqHas
9
From TMS enol ether ref, 10a, 10h
and MelLi

Et,0/ THF, -78°C H-A*: 1 equiv. ce: 96% (95)
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10

11

12

13

14

OLi

n-CsHq4

From TMS enol ether
and MelLi

Ph
«Ph

(0]
éCH

H N
N
oN ©
0
ref. 10h, 10i

Et,0, -78°C H-A*: 1 equiv.  LiBr (equiv.) ee%(Yd%)
0 74 (79)
1 83 (90)
2 85 (99)
5 90 (> 99)
10 88 (82)
c-CgH
oLi 6111 o
H
ON (0] NH *
(0]
R R
From TMS enol ether ref. 10k, 10m
and n-BuLi ’
THF, -78°C, 2h H-A*: 1.1 equiv.
R Me n-Pr CHy-Ph j-Bu i-Pr c-Pent c-Hexyl
ee% 85 25 g4 73 79 80 91
Conf. S R p R R R R
Yd%>86
OLi C-C5H11 O
H o
ON (0] NH
(0]
From TMS enol ether R ref. 10n
and n-BuLi
THF, -78°C H-A*: 1.1 equiv. R ee% (Yd%)
Me 58 (89)
C-CGH11 97 (80)
OLi (0]
H
Ar Ph N JAr
j/ \BPh
""N/
Ph
From TMS enol ether H ref. 109
and n-BulLi :
THF, -78°C H-A*: 1.5 equiv. Ar ee% (Yd%)
Ph 84 (94)
2-Naphtyl 89 (93)
OLi (0]
' OH N
!
ref. 112

Toluene, -78°C

From racemic ketone
and LDA, LiCl

From TMS-enol ether
and Meli, LiBr

H-A* (excess)
ee: 14% (89)

ee: 14% (92)

(continued on next page)
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15

16

18

19

OLi

3

From TMS-enol ether
and MeLi

Toluene, -78°C

OLi

A

From TMS-enol ether
and MelLi

Toluene, -78°C

OLi, LiBr

3

From TMS-enol ether
and MelLi, LiBr

THF, -78°C

R; OLi

g

From TMS-enol
ether and MeLi

Toluene, -78°C

OLi

From TMS-enol
ether and MeLi

Toluene, -78°C

OLi

ref. 112
L*: 1 equiv.
H-A: HOAc (excess)

Without LiBr ee: 8% (84)
With LiBr (2 equiv.) ee: 29% (87)

(0]
< QU
_ N

ref. 110
L*: 1 equiv. ’
H-A: HOAc (excess)

Without LiBr ee: 16% (45)
With LiBr (2 equiv.) ee: 47% (48)

(0]
MeN NS ‘
AcO—
H-A*: 1 equiv. ref. 110

ee:5% (55)

Ar Ri O
o N R2
|1| Ar

Ar= 4't'BU-C6H4 ref 17a
H-A*: 1.5 equiv. R' R? ee%
H Me 63
Me Me 72
H phchH, 84
78 <Yd%<82

Li
H—N
Z ) I
N
Ph)
L*: 1.1 equiv. ref. 2%
H-A: 2 equiv. : AcOH

Without LiBr ee: < 3% (90%)
With LiBr (2 equiv.) ee: 40% (90%)
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oM o}
R wR
20
ref, 14a, 14b
From enolacetate, o o
MeLi (4 equiv.) R ee% (Yd%)
z n-Pr 88 76
i s S
or MelLi (2 equiv. ZnBr i 81
(M=Li), in Et,0 OMe 8:2 EE 62 35*
H-A*:4.3 equiv. 27
CH,Cl, -100°C
* Obtained with a mixture of unidentified compounds.
oM 0]
R R
SO
21
(@) NMe,
N
From enolacetate | \[( ref. 3¢
and MelLi or X ¢ R M ee% (yd%)
MeMgl in Et,0 Me Li 10* (66)
H-A* Mgl 58 (73)**
Et,0, -78°C, 0.5h -ProLi 9 (72)
Mgl 92 (90)**
*(S)-configuration.
** Yield based on the recovered starting material.
osmd* X\C© Ph 0
R /TN R
X ~o OH
22 o) OH
From 2-OMe 2-R OO :Ph ref. 89, 8h
cyclohexanone / Sml, x
THF. -45°C H-A*: 2 equiv.
X R ee% (Yd%)
H Ph 87 (70)* ref.8n
p-MeO-CgH, 87 (79) id
p-Me-CeH, 94 (75) 1d
1-Naphtyl ;g Egég id
2-Naphtyl id
By Y ese1)
CH,Ph 80 (70) id

(CeF13-CHp-CHy)3Si Ph

95 (crude product)
81-89 (73-82) after

purification*. ref. 8

* A partial racemization might occur during the work-up.
O Ph
(0] OH
O, OH
N
Ph

H-A*: 2 equiv.

oSm?3*

Ph
23

From 2-OMe 2-Ph
cyclohexanone / Sml,

THF, -45°C, 120 min.

wPh

ref. 8f 89

ee: 85% (88)*

* A partial racemization might occur during the work-up. (ref. &)

(continued on next page)
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24

25

26

27

28

oSm3*
Ph

From 2-OMe 2-Ph
cyclohexanone / Sml,

THF, -45°C, 30 min.

Ph
Ph
\N OH Q
[ wPh
/NL/OH
Ph B ref. 89
Ph
H-A*: 2 equiv. ee: 76% (91)*

* A partial racemization might occur during the work-up. (ref. 8"

OPdL*,
Ph

From TMS-enol ether
DMF, 50°C

Conditions:
see scheme 39

</_\>
7\
®)

“Pph, Ph

PPh,

&

ref. 16
L*: 0.05 equiv.

H-A: 2 equiv. : H,O ee: 74% (86)

OH O
H\N/ "
SO
n Ph n
(a) By irradiation of 2-Me- H-A*
2i-Bu -indan-1-one or
1-tetralone « . o o
(b) By Pd-deprotection H-A equiv. 3 T C ee% ref
(@ 0.1 40 53(82) 7n
of the corresponding @ 01 1 40 54(52) 7n
?(ll)ygglaégggfggxylation (b) 20 ! rt 50(86) 7
. 1 7
of 2-carboxy-2-methyl- () 02 o 30(r4) fu
1-tetralone
CH3CN
* solvent: Ph-Me
OH H 0
~\ -
R N ""\\R
How)\
7s
Ph ref.
By Pd-cat.hydrogenation R ee%
of the corresponding H-A*: 0.5 equiv. Ph 32*(100)
E-enone i-Pr 30 (67)
H 28 (68)
CH3CN, rt * ee:36% at 0°C
OH 0
® !
N OH
. H H ref. 7V
(a) By Pd-deprotection
of the corresponding H-A": 0.3 equiv.

benzyl carbonate

(b) By Pd-decarboxylation

of 2-Me-2-CO,-CH,Ph-
indane-1-one
CH3CN, 55°C

(a) ee: 48% (79)
(b) ee: 72% (64)
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0
2 O‘

a) By irradiation of 2-Me- (a) ref. ™, (b) ref. 7
2/ Bu-1-tetralone H-A™: 0 1 equiv. R ee%
(b) By Pd-deprotection (3 H ey
i pt (@ Me 76 (56)
of the corresponding (a) Benzyl 83(47)
benzyl carbonate (@) iPr 89 (40)
CH3CN, -40°C, 1h (b) H 64 (90)
*H-A*: 0.3 equiv., rt
o
X4 s
Hz
(0]
ref. 72
H-A*: 0.3 equiv. X2 '
Z = PdL, or AH, Xt X2 ee%
By Pd deprotection H H 73 (99)
and decarboxylation 8|M © E (8‘71)
of corresponding £Bu H E )
benzyl B-keto ester H OMe 69 (78)
AcOEt, rt, 4-9h
OTMS H 0
R4 O\ wRi
31 /SnCI4
SN
OO Rz
. . ref. 10!
Toluene, -78°C, 1h. H-A*: 1.0 equiv.
v :
100% conversion R R2 ee%’
Ph H 91 (97)
Me 94 (98)
p-MeO-CgH4 H 96
2-naphtyl H 1(99)**
Me H 0 (42)
Me 51 (53)
Cl H (84)
Me 7(88)

* In parenthese: corrected ee for the regioisomeric purity of starting material
** ee: 99% after recrystallisation

CF3
OTMS (0]
FsC *
32 ‘LL‘,)\/H" 3 ({‘ L‘%‘J\'/%l
“M SnCly -
o O/ ref. 100
FaC \—Ph
CH,CCl,, -78°C
(6] (0]
ee: 96% ee: 83%

Yd> 95%

(continued on next page)
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/Bn
O,
OTMS YN A 0
Bn H N\)k R
33 o N
o tBu H
ref. 10
THF, -20°C, 1h A% i R ee% (Yd%)
H-A*: 1.1 equiv. Pr 69 98
C'CGH11 71 >99
c-C;H;3; 53 88
o c-CipHps 78 62
Table 8. Dioxolanones
OLi OH O
Ph Ph
H-A*: 2 equiv. ref. 42
From racemic dioxolanone ee: 53%
and LiIHMDS or
from TMS derivative and MeLi
THF -78°C
OLi o)
Ph OH Ph
~ 0]
0]
H-A*: 6 equiv. ref. 4
From racemic Solvent ee%
dioxolanone Et,O 27
and LiIHMDS 2
Et,0: THF =90: 10 72
Solvent, -78°C THF 44
OLi (0]
Ph oH Ph
3 = i-PrO,C )
O CO,i-Pr 0
. . ref. 4d
) H-A™: 6 equiv.
From racemic Y  LiCl (equiv.) ee%
lactone and ) 0 39
LIHMDS s 5 %7
THF, -78°C g 9 P
OLi (0]
PhY< Me Ph
— ~ N
0 N ~ 0
4 s | S
OMe 4d
L*: 4 equiv. ref.

From racemic
lactone and
LiIHMDS
THF, -78°C

H-A : AcOH: 10 equiv

ee: 25%
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From racemic
dioxolanone
and LDA

THF, -78°C
* R configuration

OTMS
Ph

O

6 0\,<

\rAr

H
O NN-0

H-A* : 1-7 equiv.

W

Ar =
el
o (0]

R ee%
Me 9*
Et 28
n-Bu 33
i-Pr 76
t-Bu 91
benzyl 90
0]

O\I<
ref. 52

H-A*: 3 equiv.
From dioxolanone +LICH: 1 equiv.
. 0,
LDA, TMS ee: 50% (88)
THF, -78°C, <30min
Table 9. Esters
TMS Ph OMe
Ph,, Ro.. o}
s . 0

R. OMe

OLi

H H
From conjugated
ester (1equiv.) and
2-TMS-CgHy4-SLi
(0.01 equiv.)

Toluene/ hexane, -78°C

NMe; OMe -
17b
L*: 0.012 equiv; ref.
SH TMS
H-A: R
1.2 equiv. Ph 92 (99)
™S 1-Naphthyl 88  (99)

S

ee% (Yd%)

2-Naphthyl 91 (93)
6-MeO-2-

*The protonation conditions were slightly modified

OLi

Ar
Z OR4

From racemic
ester and LDA

Toluene, -78°C

i=Pr
OCu
Ph N

OEt
(unknown conf.)

From phenylmaloni
hemiester and
CuCl (0.2 equiv.)

CH3CN, 60°C, 2h

Rz
N\‘/
m Ph
OH

H-A*: 1.2 equiv. R2\R'
H
T
MeO A
/

€ L* cinchonidine 0.4 equiv.

naphthyl 90 (99

Ar.
OR4
£ 230

re

Me j-Pr t-Bu
69 72 76
78 70 93

Yd > 87%

i-Pr

Ph CO,Et
ee:31% (>85)

ref. 27

(continued on next page)
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— N
ot OH :
0, NHR5* . :
Ar \/" Ar” > COLE
OEt N

(unknown conf.)

From arylmalonic L*: 0.1 equivy . ee% (Yd%)
hemiester and
cinchonine (cat) THF, 20°C, 20h Ph 35 (> 85) ref. 130

. %
THF, 25°C, 40h 40 (quant.) ref. 13
MeO
H. _R
OH N7 U
HO
N0 ph ﬁ)\ 0" > ph

Ph :

By irradiation of the H-A”. 0.1 equiv. ref. 7&.79

conjugated benzyl
ester

CH,Cly, -40°C /(/
R H““(\Ph“fY “‘{ki'a ks j g : L‘D/i(
ee% 14 9 32 70 57 28 44 8
L
: 0" >Ph

ref. 79

OH

H\NJ\
Ph

By irradiation of the H-A" 0.1 equiv.

conjugated ester

CHoCly, -40°C Ji/
RN ™ pp /\O ‘%N)\ %J\ EJ< w
43 68 68 45

ee% 40 70 24

By irradiation of the
conjugated ethyl
ester

CH,Cly, -35°C

| OH | (0]
7
Z >0 >ph >0 ph
NHR :
OH R ee%
By irradiation of the H 54 42
conjugated benzyl H-A*: 0.1 equiv. i-Pr 89 97
ester ref 7h Tw
CHCl,, -45 or -55°C
OH Q
NHi-Pr *
Z OEt OH OEt
F H-A*: 0.15 equiv. Forer.7e

ee: 40% (86)
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10

11

OH (0]
Okt OEt
NHi-Pr
OH
H-A*: 0.15 equiv.

By irradiation of the ref. 79
conjugated ethyl

ester ee: 41% (>67%)

CHCl,, -40°C

Ph Ph
AcS X _OPh AcS OPh
OH ref, 19 O
From conjugated MeO
ester and AcSH ee: 37% (85)

(unknown
configuration)

Toluene, rt H-A*: quinidine: 0.01 equiv.

See also Thio esters, ex 5

oTMS H 0
/
Ar. o) Ar.
\%\‘OMG OMe
R g ref. 101
From racemic \H
methyl ester ee: 79%

of naproxen H-A*: 1.0 equiv.
E/Z =63:37

)
Toluene or CHClI. Ar=
_78°C, 1h. 7z MeO (compare with T2, entry 3)

See also T12, entry 5.
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Ph
Ph
\%\/O
O\Sm3+
From benzil/ Sml,

THF, HMPA, rt

Ph

Ph/OH

OH

From K-enediolate

MeO.

pZ
N

H-A*: Quinidine 3 equiv.
(O3 bulbing before work-up)

obtained from racemic

benzoine and KH
THF, -70°C, 15h

t-Bu

0O

A

N

0]
0]

t-Bu

H-A*: 1.06 equiv.

* Ee: 100% after one crystallization

Ph
Ph\/g
)
OH

ref. 8a

ee: 91% (61)

Ph

Ph
O

OH
ref. 1

ee; 80%"* (83)

;
(o]
4 Snc Z
oTMs Pt -OH
Qo ref. 39a
OTMS R
F ; oi . ) R ee% (Yd%)
rom racemic acyloin H-A*; 1.2 equiv. H 9 (88)
- Me 72 (86)
Tiluene, 78°C, 3h. -Pr 90 87)
Table 11. Lactones
NaO_ _O _ Os_ _ONa Q
OH (0]
OH
. (¢}
From racemic SOzH ee: 94%* (quant.)O
lactonic acid
H-A*: 1 equiv.
EtOH, -78°C ref. 3a

* Ee:100% after one recrystallisation

OH
e

COONa
From racemic
lactone

EtOH, -78°C
OH
0 (6}

ee: 99.4% (79)

ee: 93% (57)

SO4HO
H-A*: 0.1 equiv.

ee: 79% (71)

ee: 86% (62)
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OLi J\ 1
~ oY
~ “SPh N :

From o-thiocyclogeraniate* Ph
and n-BulLi

THF-hexane, -100°C

Table 12. Thio esters

+ n-BuLi: 0.50 equiv. H-A*: 2 equiv. ee: 99% (87)
ref. 2¢

+ n-BuLi: 0.50 equiv. H-A*: 0.5 equiv. ee: 98%
H-A: 1.55 equiv.: ref. 20
phenylacetone. .

+ n-BuLi: 0.50 equiv. H-A*: 0.20 equiv. ee: 81%
H-A: 1.85 equiv.: ref. 29
phenylacetone

SPh SPh SPh

o-Thiocyclogeraniate B-Thiocyclogeraniate y-Thiocyclogeraniate

OLi O
\NJ\ ,\“k

Z “SPh SPh
2 HO
From B-thiocyclogeraniate Ph
and LDA
THF-hexane, -100°C
+ LDA: 0.50 equiv. H-A*: 2 equiv. ee: 99% (84)" , ref. *f

+ LDA: 0.50 equiv. H-A*: 0.50 equiv.

H-A: 1.50 equiv.: ee: 88% (80)*, ref. 2f
phenylacetone.

* With 44-55% B-thiocyclogeraniate

OLi g J\ 9
N
Z > SPh Hoﬁ)\ SPh
3

Ph oh
. . ref.
From conjugated H-A*: 1.6 equiv.
thioester and LDA* Li-A*: 1.0 equiv. ee: 59% (22)*

THF, -100°C to -10°C

* The configuration of the Li-enolate is not given
** Crude product: unconjugated ester/ congugated ester: 35/ 65.

Na [)
L Na
| (i) O/r\\la | \? O SEt
*( 'S:TTI;O—HQ SEt * ‘ :S_m:o: Na *
I _0O | - O R

I_0
. N ) s
*é L*: 0.1 equiv*
t-Bu
t-Bu OO R ee% conf
(0] 93 S

. Me
From conjugated % @ = iPr 90

thioester (1 equiv), O Ph 84 *
87 *
OO Ph'CHZ

4-t-Bu-CgH,-SH,
76< Yd %< 98

and chiral agent
CHCl,, -78°C H-A: 4-t-Bu-CgH4-SH:
1 equiv.

(continued on next page)
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Ph

AcS X

OH
From conjugated MeO
ester and AcSH
(unknown
configuration)
Toluene, rt
. | R
i-Bu o _Si
= S—

From racemic thiol ester

CH,CCl;, (R = Me) or
toluene (R= t-Bu), -90°C

_/Ph
H /o AcS. A _X
HO -
ref. 19 O
= X ee% (Yd%)
~ | OPh 46 70
N SEt 55 87

H-A*: quinine: 0.01 equiv.

ref. 43
H-A": 1 equiv. R ElZ ee% (Yd%)
Me 15/85 64 78
Me  32/68 66 45
Me  92/8 68 78
tBu 15185 76 g9
tBu 48/52 80 gg

* Determined after conversion to ibuprofen by oxidative hydrolysis

Table 13. Miscellaneous

Li*
Ph

(0]
Il

thPT

From racemic phosphine
and n-BuLi
Toluene, -78°C

H thpj_.\\Ph
GNH-Ph ref, 9

ee: 83%*

H-A*: 1.15 equiv.

* ee> 99% (78) after one crystallization

From racemic
tetrahydroisoquinoline
and s-BuLi ( 4 equiv.)

Ety,0, -45°C

Ph

From racemic diaryl-
ethane and s-BuLi
(2 equiv.)

Et,0, -78°C

N
-/
\
L*: (-)-sparteine: ref, 39
4 equiv.
H-A: MeOD ee: 88% (60)
N X
NI =N
L*: (-)-sparteine: Ph
2 equiv. ref. 390
H-A ee% Yd% Conf

Et-OH 50 85 S
tBu-OH 50 85 R




L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691 3689

References

1. (a) Duhamel, L. C. R. Acad. Sci. 1976, 282C, 125-127; (b)

Duhamel, L.; Plaquevent, J. C. Tetrahedron Lett. 1977,
2285-2288; (c) Duhamel, L.; Plaquevent, J. C. J. Am.
Chem. Soc. 1978, 100, 7415-7416; (d) Duhamel, L.;
Plaquevent, J. C. Tetrahedron Lett. 1980, 21, 2521-2524;
(e) Plaquevent, J. C. Ph. D. Thesis, Rouen, 1980; (f)
Duhamel, L.; Plaquevent, J. C. Bull. Soc. Chim. Fr. 1982,
11, 69-74; (g) Duhamel, L.; Plaquevent, J. C. Bull. Soc.
Chim. Fr. 1982, II, 75-83; (h) Duhamel, L.; Launay, J. C.
Tetrahedron Lett. 1983, 24, 4209-4212; (i) Duhamel, L.;
Duhamel, P.; Plaquevent, J. C.; Launay, J. C. Bull. Soc.
Chim. Fr. 1984, II, 421-430; (j) Launay, J. C. Ph. D.
Thesis, Rouen, 1986; (k) Duhamel, L.; Fouquay, S.;
Plaquevent, J. C. Tetrahedron Lett. 1986, 27, 4975-4978;
() Duhamel, L.; Duhamel, P.; Fouquay, S.; JamalEddine,
J.; Peschard, O.; Plaquevent, J. C.; Ravard, A.; Solliard,
R.; Valnot, J. Y.; Vincent, H. Tetrahedron 1988, 44, 5495—
5506; (m) Duhamel, L.; Duhamel, P. C. R. Acad. Sci.
1995, 320(11b), 689-694; (n) Duhamel, P. Bull. Soc. Chim.
Fr. 1996, 133, 457-459; (o) Duhamel, P. In The Roots of
Organic Chemistry; Desmurs, J. R., Ratton, S., Eds.;
Elsevier: Amsterdam, 1995, pp 177-188; (p) Henze, R.;
Duhamel, L.; Lasne, M. C. Tetrahedron: Asymmetry 1997,
8, 3363-3365; (q) Monteil, T.; Danvy, D.; Sihel, M.;
Leroux, R.; Plaquevent, J. C. Mini Rev. Med. Chem. 2002,
2, 209-217; (r) Duhamel, L. unpublished results.

. (a) Fehr, C.; Galindo, J. J. Am. Chem. Soc. 1988, 110,
6909-6911; (b) Fehr, C. Chimia 1991, 45, 253-261; (c)
Fehr, C.; Stemf, 1.; Galindo, J. Angew. Chem., Int. Ed.
Engl. 1993, 32, 1042-1044; (d) Fehr, C.; Stemf, 1.; Galindo,
J. Angew. Chem., Int. Ed. Engl. 1993, 32, 1044-1046; (e)
Fehr, C.; Galindo, J. Angew. Chem., Int. Ed. Engl. 1994, 33,
1888-1889; (f) Fehr, C.; Stemf, I.; Galindo, J. J. Helv.
Chim. Acta 1995, 78, 539-552; (g) Fehr, C. Angew. Chem.,
Int. Ed. 1996, 35, 2566-2587; (h) Fehr, C.; Chaptal-
Gradoz, N.; Galindo, J. Chem. Eur. J. 2002, 8, 853-858.

. (a) Fuji, K.; Node, M.; Terada, S.; Murata, M.; Naga-
sawa, H. J. Am. Chem. Soc. 1985, 107, 6404-6406; (b)
Fuji, K.; Node, M.; Murata, M. Tetrahedron Lett. 1986,
27, 5381-5382; (¢) Fuji, K.; Tanaka, K.; Miyamoto, H.
Tetrahedron: Asymmetry 1993, 4, 247-259; (d) Fuji, K;
Kawabata, T.; Kuroda, A. J. Org. Chem. 1995, 60, 1914—
1915.

. (a) Gerlach, U.; Hiinig, S. Angew. Chem., Int. Ed. Engl.
1987, 26, 1283-1285; (b) Gerlach, U.; Hiinig, S. Chem-
tracts, Org. Chem. 1988, I, 139-140; (c) Gerlach, U.;
Hauhenreich, T.; Hiinig, S. Chem. Ber. 1994, 127, 1969—
1980; (d) Gerlach, U.; Hauhenreich, T.; Hiinig, S. Chem.
Ber. 1994, 127, 1981-1988; (e) Gerlach, U.; Hauhenreich,
T.; Hiinig, S. Chem. Ber. 1994, 127, 1989-1992; (f) Hiinig,
S.. In Helmchen, G., Hoffmann, R. W., Mulzer, J.,
Schaumann, E., Eds.; Houben-Weyl: Methods of Organic
Chemistry; G. Thieme: Stuttgart, 1995; Vol. E 21d, pp
3851-3999.

. (a) Cavelier, F.; Gomez, S.; Jacquier, R.; Verducci, J.
Tetrahedron: Asymmetry 1993, 4, 2501-2505; (b) Cavelier,
F.; Gomez, S.; Jacquier, R.; Verducci, J. Tetrahedron Lett.
1994, 35, 2891-2894.

. (a) Yasukata, T.; Koga, K. Tetrahedron: Asymmetry 1993,
4, 35-38; (b) Koga, K.; Shindo, M. J. Synth. Org. Chem.
Jpn. 1995, 53, 1021-1032; (c) Riviere, P.; Koga, K.
Tetrahedron Lett. 1997, 38, 7589-7592; (d) Yamashita,
Y.; Emura, Y.; Odashima, K.; Koga, K. Tetrahedron Lett.
2000, 41, 209-213.

. (a) Hénin, F.; Mortezaei, R.; Muzart, J.; Pete, J. P.
Tetrahedron Lett. 1985, 26, 4945-4948; (b) Mortezaei, R.;
Hénin, F.; Muzart, J.; Péte, J. P. Tetrahedron Lett. 1985,

10.

26, 6079-6080; (c) Mortezaei, R.; Piva, O.; Hénin, F.;
Muzart, J.; Péte, J. P. Tetrahedron Lett. 1986, 27, 2997—
3000; (d) Piva, O.; Hénin, F.; Muzart, J.; Péte, J. P.
Tetrahedron Lett. 1986, 27, 3001-3004; (e) Piva, O.; Hénin,
F.; Muzart, J.; Péte, J. P. Tetrahedron Lett. 1987, 28,
4825-4828; (f) Hénin, F.; Mortezaei, R.; Muzart, J.; Péte,
J. P.; Piva, O. Tetrahedron 1989, 45, 6171-6196; (g) Piva,
O.; Mortezaei, R.; Hénin, F.; Péte, J. P. J. Am. Chem. Soc.
1990, 712, 9263-9272; (h) Piva, O.; Pete, J. P. Tetrahedron
Lett. 1990, 31, 5157-5160; (i) Hénin, F.; Muzart, J.; Péte,
J. P; Piva, O. New J. Chem. 1991, 15, 611-613; (j) Hénin,
F.; Muzart, J.; Pete, J. P.; M’Boungou-M’Passi, A.; Rau,
H. Angew. Chem., Int. Ed. Engl 1991, 30, 416-418; (k)
Hénin, F.; Muzart, J. Tetrahedron: Asymmetry 1992, 3,
1161-1164; (1) Muzart, J.; Hénin, F.; Péte, J. P.; M’Boun-
gou-M’Passi, A. Tetrahedron: Asymmetry 1993, 4, 2531—
2534; (m) M’Boungou-M’Passi, A.; Hénin, F.; Muzart, J.;
Pete, J. P. Bull Soc. Chim. Fr. 1993, 130, 214-217; (n)
Hénin, F.; M’Boungou-M’Passi, A.; Muzart, J.; Péte, J. P.
Tetrahedron 1994, 50, 2849-2864; (o) Aboulhoda, S. J.;
Hénin, F.; Muzart, J.; Thorey, C.; Behnen, W.; Martens,
J.; Mehler, T. Tetrahedron: Asymmetry 1994, 5, 1321-
1326; (p) Piva, O. Synlett 1994, 729-731; (q) Piva, O. J.
Org. Chem. 1995, 60, 7879-7883; (r) Aboulhoda, S. J.;
Létinois, S.; Wilken, J.; Reiners, I.; Hénin, F.; Martens, J.;
Muzart, J. Tetrahedron: Asymmetry 1995, 6, 1865-1868;
(s) Thorey, C.; Hénin, F.; Muzart, J. Tetrahedron:
Asymmetry 1996, 7, 975-976; (t) Muzart, J.; Hénin, F.;
Aboulhoda, S. J. Tetrahedron: Asymmetry 1997, 8, 381—
389; (u) Hénin, F.; Muzart, J.; Nedjma, M.; Rau, H.
Monatsh. Chem. 1997, 128, 1181-1188; (v) Aboulhoda, S.
J.; Reiners, 1.; Wilken, J.; Hénin, F.; Martens, J.; Muzart,
J. Tetrahedron: Asymmetry 1998, 9, 1847-1850; (w) Hénin,
F.; Létinois, S.; Muzart, J. Tetrahedron: Asymmetry 2000,
11, 2037-2044; (x) Roy, O.; Diekmann, M.; Riahi, A.;
Hénin, F.; Muzart, J. Chem. Commun. 2001, 533-534, and
1418; (y) Roy, O.; Riahi, A.; Hénin, F.; Muzart, J. Eur. J.
Org. 2002, 3986-3994; (z) Roy, O.; Loiseau, F.; Riahi, A.;
Hénin, F.; Muzart, J. Tetrahedron 2003, 59, 9641-9648.

. (a) Takeuchi, S.; Miyoshi, N.; Hirata, K.; Hayashida, H.;

Ohgo, Y. Bull. Chem. Soc. Jpn. 1992, 65, 2001-2003; (b)
Takeuchi, S.; Ohira, A.; Miyoshi, N.; Mashio, H.; Ohgo,
Y. Tetrahedron: Asymmetry 1994, 5, 1763-1780; (c)
Nakamura, Y.; Takeuchi, S.; Ohira, A.; Ohgo, Y. Tetra-
hedron: Lett. 1996, 37, 2805-2808; (d) Nakamura, Y.;
Takeuchi, S.; Ohgo, Y.; Yamaoka, M.; Yoshida, A
Mikami, K. Tetrahedron: Lett. 1997, 38, 2709-2712; (e)
Takeuchi, S.; Nakamura, Y.; Ohgo, Y.; Curran, D. P.
Tetrahedron Lett. 1998, 39, 8691-8694; (f) Mikami, K.;
Yamaoka, M.; Yoshida, A.; Nakamura, Y.; Takeuchi, S.;
Ohgo, Y. Synlett 1998, 607-608; (g) Nakamura, Y.;
Takeuchi, S.; Ohgo, Y.; Yamaoka, M.; Yoshida, A.;
Mikami, K. Tetrahedron 1999, 55, 4595-4620; (h) Naka-
mura, Y.; Takeuchi, S.; Ohgo, Y.; Curran, D. P. Tetra-
hedron 2000, 56, 351-356.

(a) Vedejs, E.; Lee, N. J. Am. Chem. Soc. 1991, 113, 5483—
5485; (b) Vedejs, E.; Lee, N.; Sakata, S. T. J. Am. Chem.
Soc. 1994, 116, 2175-2176; (c) Vedejs, E.; Lee, N. J. Org.
Chem. 1994, 59, 6517-6518; (d) Vedejs, E.; Lee, N. J. Am.
Chem. Soc. 1995, 117, 891-900; (e) Vedejs, E.; Kruger, A.
W. J. Org. Chem. 1998, 63, 2792-2793; (f) Vedejs, E.;
Trapencieris, P.; Suna, E. J. Org. Chem. 1999, 64, 6724~
6729; (g) Vedejs, E.; Kruger, A. W.; Suna, E. J. Org.
Chem. 1999, 64, 7863-7880; (h) Vedejs, E.; Kruger, A. W_;
Lee, N.; Sakata, S. T.; Stec, M.; Suna, E. J. Am. Chem.
Soc. 2000, 122, 4602-4607.

(a) Yanagisawa, A.; Kuribayashi, T.; Kikuchi, T.; Yama-
moto, H. Angew. Chem., Int. Ed. Engl. 1994, 33, 107-109;
(b) Yanagisawa, A.; Kaneeda, M.; Yamamoto, H. J. Am.



3690

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691

Chem. Soc. 1994, 116, 11179-11180; (c) Yanagisawa, A.;
Kikuchi, T.; Watanabe, T.; Kuribayashi, T.; Yamamoto,
H. Synlett 1995, 372-374; (d) Ishihara, K.; Nakamura, S.;
Kaneeda, M.; Yamamoto, H. J. Am. Chem. Soc. 1996,
118, 12854-12855; (e) Yanagisawa, A.; Ishihara, K.
Yamamoto, H. Synlett 1997, 411-420; (f) Yanagisawa,
A.; Ishida, H.; Nakamura, S.; Yamamoto, H. Synlett
1997, 758-760; (g) Yanagisawa, A.; Inanami, H.; Yama-
moto, H. Chem. Commun. 1998, 1573-1574; (h) Yanagi-
sawa, A.; Kikuchi, T.; Kuribayashi, T.; Yamamoto, H.
Tetrahedron 1998, 54, 10253-10264; (i) Yanagisawa, A.;
Kikuchi, T.; Yamamoto, H. Synlett 1998, 54, 174-176; (j)
Ishihara, K.; Nakamura, H.; Nakamura, S.; Yamamoto,
H. J. Org. Chem. 1998, 63, 6444-6445; (k) Yanagisawa,
A.; Kikuchi, T.; Watanabe, T.; Yamamoto, H. Bull
Chem. Soc. Jpn. 1999, 72, 2337-2343; (1) Nakamura, S.;
Kaneeda, M.; Hishihara, K.; Yamamoto, H. J. Am. Chem.
Soc. 2000, 122, 8120-8130; (m) Yanagisawa, A.; Watan-
abe, T.; Kikuchi, T.; Yamamoto, H. J. Org. Chem. 2000,
65, 2979-2983; (n) Yanagisawa, A.; Matsuzaki, Y.;
Yamamoto, H. Synlettr 2001, 1855-1858; (o) Ishihara,
K.; Nakashima, D.; Hiraiwa, Y.; Yamamoto, H. J. Am.
Chem. Soc. 2003, 125, 24-25; (p) Futatsugi, K.; Yanag-
isawa, A.; Yamamoto, H. Chem. Commun. 2003, 566-567.
(a) Eames, J.; Weerasooriya, N. Chirality 1999, 787-789;
(b) Eames, J.; Weerasooriya, N. Tetrahedron Lett. 2000,
41, 521-523; (c) Eames, J.; Weerasooriya, N. Tetrahedron:
Asymmetry 2001, 12, 1-24.

(a) Asensio, G.; Aleman, P.; Domingo, R. L.; Medio-
Simon, M. Tetrahedron Lett. 1998, 39, 3277-3280;
(b) Asensio, G.; Aleman, P.; Gil, J.; Domingo, R. L.;
Medio-Simon, M. J. Org. Chem. 1998, 63, 9342-9347; (c)
Asensio, G.; Aleman, P.; Cuenca, A.; Gil, J.; Medio-
Simon, M. Tetrahedron: Asymmetry 1998, 9, 4073-4078.

(a) Brunner, H.; Kurzwart, M. Monatsh. Chem. 1992, 123,
121-128; (b) Brunner, H.; Miiller, J.; Spitzer, J. Monatsh.
Chem. 1996, 127, 845-858; (c) Brunner, H.; Schmidt, P. Z.
Naturforsch. 2000, 55b, 369-372; (d) Brunner, H.; Sch-
midt, P. Eur. J. Org. Chem. 2000, 2119-2133; (e) Brunner,
H.; Schmidt, P.; Prommesberger, M. Tetrahedron: Asym-
metry 2000, 11, 1501-1512.

(a) Takahashi, T.; Nakao, N.; Koizumi, T. Chem. Lett.
1996, 207-208; (b) Takahashi, T.; Nakao, N.; Koizumi, T.
Tetrahedron: Asymmetry 1997, 8, 3293-3308.

(a) Kosugi, H.; Abe, M.; Hatsuda, R.; Uda, H.; Kato, M.
Chem. Commun. 1997, 1857-1858; (b) Kosugi, H.; Hosh-
ino, K.; Uda, H. Tetrahedron Lett. 1997, 38, 6861-6864.

Sugiura, M.; Nakai, T. Angew. Chem., Int. Ed. 1997, 36,
2366-2368.

(a) Fujihara, H.; Tomioka, K. J. Chem. Soc., Perkin
Trans. 1999, 2377-2381; (b) Nishimura, K.; Ono, M.;
Nagaoka, Y.; Tomioka, Y. Angew. Chem., Int. Ed. 2001,
40, 440-442.

Waldmann, H. Nachr. Chem. Tech. Lab. 1991, 39, 413-418.
(a) Some examples of thermodynamically controlled
deracemizations: Stecher, H.; Faber, K. Synthesis 1987,
1-16; (b) Pirkle, W. H.; Reno, D. S. J. Am. Chem. Soc.
1987, 109, 7189-7190; (c) Tsunoda, T.; Kaku, H.; Nagaku,
M.; Okuyama, E. Tetrahedron Lett. 1997, 38, 7759-7760;
(d) Toke, L.; Bako, P.; Keserti, G. M.; Albert, M.;
Fenichel, L. Tetrahedron 1998, 54, 213-222.

For recent discussion about deracemization concept, see:
Faber, K. Chem. Eur. J. 2001, 7, 5004-5010.

Trost, B. M.; Organ, M. G. J. Am. Chem. Soc. 1994, 116,
10320-10321.

(a) Morrison, J. D.; Mosher, H. S. Stereodifferentiating
Reactions; the Nature of Asymmetric Reactions; Academic:
New York, NY, 1977, In this book are also discussed few
historical attempts to obtain chiral compounds via asym-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

metric proton transfers; (b) Noyori, R. Asymmetric
Catalysis in Organic Chemistry, John Wiley and Sons:
New York, 1994; (c) Eliel, E. L.; Wilen, S. H.; Mander, L.
N. Stereochemistry of Organic Compounds; John Wiley
and Sons: New York, 1994.

(a) Potin, D.; Williams, K.; Rebeck, J., Jr. Angew. Chem.,
Int. Ed. Engl. 1990, 29, 1420-1423; (b) Munoz-Muniz, O.;
Juaristi, E. Tetrahedron Lett. 2003, 44, 2023-2025; (c)
Munoz-Muniz, O.; Juaristi, E. Tetrahedron 2003, 59,
4223-4229.

Calmes, M.; Glot, C.; Martinez, J. Tetrahedron: Asymme-
try 2001, 12, 49-52.

Matsumoto, K.; Ohta, H. Tetrahedron Lett. 1991, 32,
4729-4732.

Martin, J.; Lasne, M. C.; Plaquevent, J. C.; Duhamel, L.
Tetrahedron Lett. 1997, 38, 7181-7182.

Toussaint, O.; Capdevielle, P.; Maumy, M. Tetrahedron
Lett. 1987, 28, 539-542.

(a) Carbery, D. R.; Donohoe, T. J. Chem. Commun. 2004,
722-723; (b) O’Brien, P.; Warren, S. Synlett 1996, 579—
581; (c) Donohoe, T. J.; Freestone, G. C.; Headley, C. E.;
Rigby, C. L.; Cousins, R. P. C.; Bhalay, G. Org. Lett.
2004, 6, 3055-3058.

(a) Burton, A. J.; Graham, J. P.; Simpkins, N. S. Synlett
2000, 22, 1640-1642; (b) Flinois, K.; Yi, Y.; Bastide, C.;
Harrisson-Marchand, A.; Maddaluno, J. Tetrahedron
2002, 58, 4707-4716.

Carey, F.; Sundberg, R. J. Advanced Organic Chemistry.
Part A; Plenum: New York, 1977; p 300.

A correlation between relative pK, in DMSO and pK, in
THF can be assumed.’®

The E/Z enolate ratio was reported for X = Ni-Pr,.”

We attributed the increase of the ee to an increase of
rigidity of the enolate with electrodonating substituents X,
reinforcing the coordination between the lithium and the
nitrogen atoms.'® Another interpretation may be the
variation of the crowding of the aromatic nucleus with the
electronic effects of the substituents Guetté, J. P.; Perlat,
M.; Capillon, J.; Boucherot, D. Tetrahedron Lett. 1974,
2409-2410; Pirkle, W. H.; Hoekstra, M. S.; Miller, W. H.
Tetrahedron Lett. 1976, 2109-2112; Capillon, J.; Guetté, J.
P. Tetrahedron 1979, 35, 1807-1815.

In the case of palladium enolates, the chirality is carried by
the ligands of palladium [(R)-BINAP]. The chiral palla-
dium enolate, catalytically generated from a trimethylsilyl
enolether is protonated by an achiral agent, water.
Matsushita, H.; Tsujino, Y.; Noguchi, M.; Saburi, M.;
Yoshikawa, S. Bull. Chem. Soc. Jpn. 1978, 51, 862-865.
(a) Jackman, L. M.; Haddon, R. C. J. Am. Chem. Soc.
1973, 95, 3687-3692; (b) Jackman, L. M.; Szeverenyi, N.
M. J. Am. Chem. Soc. 1977, 99, 4954-4962; (c) Amstutz,
R.; Schweizer, W. B.; Seebach, D.; Dunitz, J. Helv. Chim.
Acta 1981, 64, 2617-2626; (d) Bauer, W.; Seebach, D.
Helv. Chim. Acta 1984, 67, 1972-1988; (e) Williard, P. G.;
Carpenter, G. B. J. Am. Chem. Soc. 1985, 107, 3346-3645;
(f) Seebach, D. Angew. Chem., Int. Ed. Engl 1988, 27,
1624-1654.

(a) Jackman, L. M.; Lange, B. C. J. Am. Chem. Soc. 1981,
103, 4494-4499; (b) Jackman, L. M.; Dunne, T. C. J. Am.
Chem. Soc. 1985, 107, 2805-2806; (c) Williard, P. G;
Hintze, M. J. J. Am. Chem. Soc. 1987, 109, 5541-5939; (d)
Loupy, A.; Tchoubar, B.; Astruc, D. Chem. Rev. 1992, 92,
1141-1145; (e) Juaristi, E.; Beck, A. K.; Hansen, J.; Matt,
T.; Mukhopahyay, T.; Simson, M.; Seebach, D. Synthesis
1993, 1271-1290; (f) Henderson, K. W.; Dorigo, A. E.;
Liu, Q.-Y.; Williard, P. G.; Schleyer, P. v. R.; Bernstein, P.
R. J. Am. Chem. Soc. 1996, 118, 1339-1347.

(a) Abu-Hasanayn, F.; Streitwieser, A. J. Am. Chem. Soc.
1996, 718, 8136-8137; (b) Zerong Wang, D.; Kim, Y.-J.;



39.

40.

41.

42.

43.

44.

45.

L. Duhamel et al. | Tetrahedron: Asymmetry 15 (2004) 3653-3691

Streitwieser, A. J. Am. Chem. Soc. 2000, 122, 10754—
10760; (c) Streitweiser, A.; Juaristi, E.; Kim, Y.-J.; Pugh,
J. K. Org. Lett. 2000, 2, 3739-3741; (d) Kim, Y.-J;
Streitwieser, A. Org. Lett. 2002, 4, 573-575.

(a) Tanigushi, T.; Ogasawara, K. Tetrahedron Lett. 1997,
38, 6429-6432; (b) Prat, L.; Mojovic, L.; Levacher, V.;
Dupas, G.; Queguiner, G.; Bourguignon, J. Tetrahedron:
Asymmetry 1998, 9, 2509-2516.

Zimmerman, H. E. Accounts Chem. Res. 1987, 20, 263—
268.

(a) The NSC/RSC nomenclature was introduced for the
first time by Duhamel, P.; workshop ‘Enantioselective
Protonations and Deprotonations’, Forges-les-Eaux,
France, 1999, May 5; (b) For the four models shown in
Schemes 12 and 13, the attack by H-A* can occur on the
same face of the paper, either above as depicted in
Schemes 12 and 13 or behind. Obviously, the attack
can also occur above (or behind) for the E- and Z-models
of the RSC reaction (Scheme 12) and behind (or
above) for the E- and Z-models of the NSC reaction
(Schemes 13).

An example of this reaction type is reported in the
hydrogenation of methyl 3-acetamido-2-butenoate by the
Ru-BINAP system: the Z-isomer gave 96% ee while the E-
isomer gave only 5% ee with an opposite configuration:
Lubell, W. D.; Kitamura, M.; Noyori, R. Tetrahedron:
Asymmetry 1991, 2, 543-554.

Clericuzio, M.; Degani, 1.; Dughera, S.; Fochi, R. Tetra-
hedron: Asymmetry 2003, 14, 119-125.

RSC protonation reactions have been reported by Hénin,
F.; Muzart, J. et al.”™¥

An ee as high as 89% has been reported with the
same reagent and another substrate.'*f

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

3691

See for example: (a) Schmierer, R.; Grotemeier, G.;
Helmchen, G.; Selim, A. Angew. Chem., Int. Ed. Engl.
1981, 20, 207-208; (b) Angibaud, P.; Chaumette, J. L.;
Desmurs, J. R.; Duhamel, L.; Pl¢, G.; Valnot, J. Y ;
Duhamel, P. Tetrahedron: Asymmetry 1995, 6, 1919-1932.
(a) Bauer, W.; Seebach, D. Helv. Chim. Acta 1984, 67,
1972-1988; (b) Williard, P. G.; Hintze, M. J. J. Am. Chem.
Soc. 1987, 109, 5539-5541; (c) Hall, P. L.; Gilhrist, J. H.;
Harrisson, A. T.; Fuller, D. J.; Collum, D. B. J. 4Am.
Chem. Soc. 1991, 113, 9575-9585.

(a) Creger, P. 1. J. Am. Chem. Soc. 1970, 92, 1396-1397;
(b) Pfeffer, P. E.; Silbert, L. S.; Chirinko, J. M., Jr. J. Org.
Chem. 1972, 37, 451-458; (¢) Seebach, D.; Boes, M.; Naef,
R.; Schweizer, W. B. J. Am. Chem. Soc. 1983, 105, 5390—
5398; (d) Laube, T.; Dunitz, J. D.; Seebach, D. Helv.
Chim. Acta 1985, 68, 1373-1393; (e) Strazewski, P.;
Tamm, C. Helv. Chim. Acta 1986, 69, 1041-1051.
Yamashita, Y.; Odashima, K.; Koga, K. Tetrahedron Lett.
1999, 40, 2803-2806.

Buschmann, H.; Scharf, H. D.; Hoffmann, N.; Esser, P.
Angew. Chem., Int. Ed. Engl 1991, 30, 477-515.
Protonation of the dilithio complex (Scheme 29) affords a
chiral enol/lithium enolate hybrid (one of the two lithiums
is replaced by one hydrogen atom), which undergoes an
irreversible stereocontrolled C-protonation.?®:2

This type of reaction is sometimes considered as a
diastereoselective protonation.

Navarre, L.; Darses, S.; Genét, J. P. Angew. Chem., Int.
Ed. 2004, 43, 719-723.

Emori, E.; Arai, T.; Sasai, H.; Shibasaki, M. J. Am. Chem.
Soc. 1998, 120, 4043-4044.

Ohtsuka, Y.; Ikeno, T.; Yamada, T. Tetrahedron: Asym-
metry 2003, 14, 967-970.



	Enantioselective protonations: fundamental insights and new concepts
	Introduction
	Chiral protonating agents (CPA)
	Structural requirements
	Acidity requirements

	Prochiral substrates
	Enantioselective protonation reaction
	Influence of the E/Z-configuration: RSC and NSC reactions
	Protonation in the presence of amines
	Influence of temperature
	Catalytic enantioselective protonations
	Enols
	Enolates
	Protonation by a chiral protonating agent (Scheme 23, route a)
	Protonation of chiral aggregates by achiral acids (Scheme 23, route b)52

	Enol ethers and ketene acetals


	Conclusion and outlook
	References


