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As a part of our studies aimed at asymmetric catalytic reactions by using an external chiral ligand, we have deve-
loped a catalytic asymmetric addition reaction of an arylthiol to a,b-unsaturated esters under the control of an external
chiral ligand. The characteristic of our technology is a double activation of a thiol by lithiation and chelate formation
with a chiral tridentate amino diether ligand, which simultaneously and eŠectively controls a stereochemistry of the reac-
tion. One signiˆcant feature of an arylthiol is a bulky 2-substitution on aryl group, which enables the formation of a
really reactive monomeric thiolate species. s-Cis conformation and capability of electron lone pair-diŠerentiating coor-
dination of a carbonyl oxygen to lithium are structural requirements of the substrates for high enantioselectivity. The
enantioselectivity came up to 97％ under the cited conditions. Asymmetric protonation of a transient enolate, generated
by conjugate addition of a lithium thiolate to an enoate, was also realized. The stereochemistry of the protonation was
controlled by the conformation of initially formed transient enolate in a 1,2-asymmetric induction manner. This tech-
nology enabled the asymmetric synthesis of (S)-naproxene. Stereoselective tandem CS and CC bond-forming reaction
was developed as a logical extension by trapping the transient enolate intermediate with an aldehyde as a carbo-elec-
trophile in the presence of phenylthiotrimethylsilane as an equilibrium-shift reagent. This tandem reaction was extended
to a stereoselective cyclization of v-oxo-a,b-unsaturated esters initiated by a lithium thiolate. Stereoselectivity of both
tandem inter- and intramolecular reaction is predictable by an allylic strain-controlled conformation model of the eno-
late, in which an approach of aldehyde takes place anti to CS bond through coordination of an aldehyde oxygen to
lithium. Total synthesis of (－)-neplanocin A was achieved by using the tandem cyclization as a key tool for the direct
construction of a ˆve-membered carbocycle where every carbon is functionalized.

Key words―asymmetric conjugate addition; asymmetric protonation; stereoselective CC bond formation;
stereoselective cyclization; thiol; chiral ligand

INTRODUCTION

Reactivity enhancement of chemical species is a
fundamental of organic chemistry. We have been in-
volved in reactivity enhancement of carbo-
nucleophiles such as organolithium,1―8) Grignard
reagent,9―11) organozinc,12―14) lithium phospho-
nate,15―19) and lithium enolate20―22) by forming a che-
late with a ligand.23―27) The successful above technol-
ogy was extended to heteronucleophiles, nitrogen,
oxygen,28) and sulfur atoms which were activated by
lithiation. We describe herein our approach to che-
mistry of sulfur nucleophiles.

The conjugate addition reaction of a thiol to an
electron-deˆcient multiple bond is one of the excellent

methods for forming a carbonsulfur bond.29) Since
the sulfur functional group can be removed or con-
verted to other functional groups, the chemical syn-
thetic usefulness of it is very high.30,31) The history of
catalytic asymmetric addition of thiol is old, and in
1970's, Wynberg et al. developed a method that relied
on a cinchona alkaloid as an asymmetric catalyst.32,33)

Afterwards, many asymmetric addition reactions in-
cluding proline-derived chiral amino alcohol-cata-
lyzed highly selective reaction developed by
Mukaiyama's group34,35) were reported.36―41) These
reactions, however, lack generality, and are applica-
ble only to highly reactive substrates such as enones
because of poor nucleophilicity of thiolate that is acti-
vated by ammonium. In this study, the crucial factors
for high reactivity as well as enantioselectivity were
double activation of thiol by lithiation and subse-
quent chelate formation of lithium with a tridentate
chiral ligand.
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Fig. 1. Ligand EŠect on Selectivity

Table 1. Steric Tuning of Reactivity and Enantioselectivity

a)The reaction was carried out in toluene-hexane (1:1) at－78°C.
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STRUCTURAL REQUIREMENTS OF THE
CHIRAL LIGAND42)

The key to successful asymmetric reaction is the
construction of eŠective asymmetric environment
around the lithium thiolate. Chiral diether ligand 4
was designed to construct eŠective asymmetric en-
vironment in the vicinity of lithium through chelate-
formation, where the methyl group on oxygen atom
of 4 is ˆxed in the speciˆc position of the ˆve-mem-
bered chelate because of a steric repulsion with adja-
cent phenyl group.1) It is important to note that the
ether oxygen atoms behave like an atom with chirality
by the conformational bias.43) This design has been a
basis of our various catalytic asymmetric reactions.
However, the reaction of thiophenol 2a with methyl
crotonate 1 in the presence of 8 mol％ of 4 and lithi-
um thiophenolate gave an adduct 3a in a marginal
enantioselectivity (Fig. 1). Then we screened our
chiral ligands 57 for the evaluation of their ability in
enantioselectivity. Finally, we have found that chiral
tridentate amino diether ligand 7 gave 3a in 71％ ee.

For the structure of a chiral ligand with high asym-
metric induction ability, trans diphenyl groups on an
ethylene skeleton, amino group of strong coordina-
tion ability, and three heteroatoms which satisfy
tetravalency of lithium by coordination were necessa-
ry. These results indicate that bicyclo[3.3.0] complex
8, which is formed by chelation of 7 with lithium thio-
late, is a catalytic nucleophilic species (Fig. 1).

STERIC TUNING OF REACTIVITY AND
ENANTIOSELECTIVITY44)

The enantioselectivity of the addition of thiophenol
to methyl crotonate was at most 71％. To improve the
enantioselectivity as well as reactivity, we examined
steric eŠect of substituents on a phenyl ring of
thiophenol. Surprisingly and fortunately for us, a
bulky t-butyl group at 2-position of thiophenol drasti-
cally improved the enantioselectivity up to 90％ ee
(Table 1). It is an established chemical knowledge
that the reactivity decreases when a bulky group is in-
troduced to the vicinity of the reaction site, because
steric hindrance around the site increases. In this
speciˆc case, 2-position of thiophenol is substituted
with a bulky alkyl group. However, truth is stranger
than knowledge, the reaction time shortened in order
of the bulkiness of the substituents, and the enan-
tioselectivity was also improved in proportion to it.

The enantioselectivity came up to 97％ by using 2-
trimethylsilylthiophenol 2e and by cooling down the
reaction temperature to －78°C (entry 6).

According to the kinetic study by S-Garwood, the
phenylthiolate anion having a substituent at the 2-po-
sition shows remarkably large kinetic constant in
comparison with the thiophenolate of no-
substitution.45) The large kinetic constant was at-
tributed to desolvation of the thiolate by steric hin-
drance of the substituent. And, according to the X-
ray crystal analysis by Banister et al., lithium
arylthiolate having 2-methyl group exists as a
monomer in which three pyridine molecules coordi-
nated to lithium, while the lithium thiophenolate of
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Fig. 2. Enantiofacial Selection

Table 2. Structural Requirements of Substrate
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no-substitution is the inˆnite chain structure.46) When
these preceding knowledge are applied to our catalytic
reactive species, main factors for the selectivity and
reactivity improvements are desolvation of the lithi-
um thiolate by steric hindrance of 2-substituent and
formation of sterically restricted monomeric reactive
species, in which three heteroatoms of tridentate
chiral amino diether ligand 7 coordinate to lithium.
Thinking that the activation energy of the reaction
corresponds to that of desolvation, our methodology
for activation of the lithium thiolate is quite rational.

The TMS group on aromatic ring is easily removed
oŠ by treating with tri‰uoromethanesulfonic acid, in-
dicating equivalence of 2-TMS-thiophenol to
thiophenol. The adduct 3e was converted to 3a
without any loss of stereochemical rigidity.

The stereochemical course of the reaction is
predictable based on assumption that the reaction
proceeds through ternary complex, in which the coor-
dination of methoxy group to lithium is replaced by
the carbonyl oxygen of the ester (Fig. 2).47)

Recently, asymmetric conjugate addition reactions
of thiol activated by metalation have been developed
by Shibasaki's48,49) and Node's50,51) groups, respec-
tively, and the excellent methods using chiral Lewis
acid have been reported by Kanemasa's52) and
Hashimoto's53,54) groups, independently.

STRUCTURAL REQUIREMENTS OF THE
SUBSTRATE55)

Two kinds of conformers, s-trans and s-cis of eno-
ate, are possible for a double bond conjugated to a
carbonyl group. The reaction of 9c having ˆxed s-
trans structure with thiol 2e in the presence of 8 gave
an adduct of poor enantioselectivity (Table 2).
Nevertheless, higher selectivity was not observed in
the reaction of 9d having ˆxed s-cis structure. Higher
enatioselectivities 59％ and 94％ were ˆnally obtained

in the reaction of 9e and 9f bearing a sterically hin-
dered group at the opposite side of carbonyl group to
reacting double bond.

These results indicate that two structural factors
are important for high enantioselectivity; one is a
capability in taking s-cis conformation, another is a
lone pair-diŠerentiating coordination of a carbonyl
oxygen atom to lithium. In other words, a lone pair of
oleˆn side is able to coordinate to lithium, and oppo-
site side one is blocked to coordinate. These structural
requirements are generally operative in the reaction of
2e, and further supported by the reaction with linear
enones (Fig. 3).

The analysis described above indicates that the un-
saturated esters and enones react with 8 in the s-cis
conformation. Chamberlin et al. reported that an e-
none reacts with hydride reagent in s-cis conforma-
tion in the conjugate reduction reaction, in which the
conformational stability in ground state of the enone
is re‰ected in the conformation of transition state.56)

In the meantime, our ˆnding is that enone reacts with
thiolate in s-cis conformation in spite of the confor-
mational stability in ground state, and this is consis-
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Fig. 3. MM2 Energy DiŠerences of Enones and Asymmetric
Conjugate Addition of 2e to Enones

Scheme 1. Catalytic Asymmetric AdditionProtonation

Scheme 2. Conjugate AdditionAsymmetric Protonation
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tent with Curtin-Hammet principle.57)

STEREOCHEMISTRY OF PROTONATION
PROCESS55)

Conjugate addition of a thiol is constituted from
two elementary steps, the ˆrst is conjugate addition of
thiolate to an enoate generating an enolate, which is
then protonated to complete the addition reaction.
Therefore, the protonation in the second step can be
expected to proceeds stereoselectively in a manner of
1,2-asymmetric induction, provided that the CS
bond could be formed enantioselectively in the ˆrst
addition step.

The reaction of a,b-disubstituted enoate 11 with
thiol 2e gave 13 as a sole product in quantitative yield
with 95％ee (Scheme 1). These results indicate that
the protonation proceeds anti to CS bond of an eno-
late conformation 12 which was formed by enan-
tioselective attack of lithium thiolate under the con-
trol of chiral ligand. This observation agreed with the
stereospeciˆc addition of thiophenol to a,b-disubstit-
uted enoate in the absence of the chiral ligand, in
which the protonation proceeds anti to CS bond by
the stereoelectronic eŠect of arylthio group.58―60)

CATALYTIC ASYMMETRIC PROTONATION
REACTION61)

An enolate generated by conjugate addition of
thiolate to a-substituted acrylate has two stable con-

formations, 16 and 17, which are enantiomeric each
other (Scheme 2). Catalytic asymmetric protonation
to the ester a-position would be possible, if the eno-
late 16, generated by enantioselective conjugate addi-
tion of thiolate under the control of chiral ligand, is
rapidly protonated before the conformation change
to 17 takes place through rotation of s-bond connect-
ing a- and b-carbons. The present asymmetric proto-
nation reaction is unique in the term of catalytic
amount of lithium. Generally in the asymmetric pro-
tonation reaction, stoichiometric amounts of metal
enolate and chiral source are used,62―64) and the use
of the catalytic amount of lithium is a challenging
task.37,40,48,49,65,66)

The reaction of methyl atropate 14 (R＝Ph) with
2e in the presence of 8 mol％ of 8 gave protonation
product 15 (R＝Ph) in quantitative yield with 92％
ee. This result indicates that the protonation of eno-
late 16 is faster than conformational change to 17
through rotation of the s-bond. The protonation
products were desulfurized to the corresponding
propionates without any loss of optical purity as has
been successfully converted 15 (R＝6-methoxy-2-
naphthyl) to (S)-naproxene (Scheme 3).
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Scheme 3. Synthesis of (S)-Naproxene

Scheme 4. MichaelAldol Tandem Reaction

Scheme 5. Lithium Thiolate-Catalyzed MichaelAldol Reac-
tion
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TANDEM MICHAELALDOL CARBON
CARBON BOND-FORMING REACTION67)

We then challenged to the novel stereoselective car-
boncarbon bond-forming reaction of the transient
enolate intermediate, generated by conjugate addition
of the lithium thiolate to an enoate. Though several
reports on thiolate-initiated tandem CC bond-form-
ing reaction were known, the stereochemistry of the
reactions were not addressed.68―72) Lithium ester eno-
late having a phenylthio group at the b-position is un-
stable and prone to eliminate the lithium thiolate to
form an enoate. Conjugate addition reaction of lithi-
um thiolate 18 to an enoate 1 was carried out in the
presence of aldehyde 19 (R＝Ph) as a carbo-elec-
trophile in order to trap a carbonucleophile 20 im-
mediately (Scheme 4). However, tandem Michaelal-
dol product 21 (R＝Ph) was obtained only in 52％
yield. The unexpected low yield was ascribed to the
reverse reaction of lithium alkoxide 21-Li to the start-
ing compounds through retro-aldol and retro-
Michael reactions.

Conversion of 21-Li to a silyl ether 21-TMS is one
of the solutions for this problem. Thus, the reaction
of 1 and 19 (R＝Ph) was catalyzed by a catalytic
amount of thiolate 18 (0.2 equiv) in the presence of
phenylthiotrimethylsilane (PhSTMS) to aŠord, after
aqueous workup, 21 (R＝Ph) in 96％ yield. Perfect
stereochemical control was possible in the reaction of
1 with pivalaldehyde 19 (R＝t-Bu) to aŠord 21 (R＝
t-Bu) as a sole product among four possible stereo-
isomers.

It is also noteworthy that a catalytic amount of
lithium thiolate is enough to catalyze the carboncar-
bon bond formation because the lithium thiolate 18 is
regenerated through lithium-TMS exchange of 21-Li
with PhSTMS (Scheme 5). The stereoselectivity of
this tandem reaction is predictable as follows. The
conformation of the enolate is ˆxed by an allylic
strain, and the approach of aldehyde takes place anti
to CS bond with a coordination of aldehyde oxygen
to lithium as shown in A. Coincidently to us,
Kamimura's group reported similar stereoselectivity
in thiolate-initiated Michaelaldol tandem reaction of
acrylates with aldehydes.73―74)

MICHAELALDOL TANDEM CYCLIZATION
REACTION75)

Stereoselective Michaelaldol tandem cyclization
reaction was developed by an extension of the inter-
molecular reaction to an intramolecular reaction of
v-oxo-a,b-enoate which has enoate and aldehyde
moieties in a molecule. Tandem cyclization reactions,
especially MichaelMichael reactions, have been
reported with the re‰ection of an importance of ring
skeleton construction.76―84)
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Scheme 6. Lithium Thiolate-Catalyzed MichaelAldol Tan-
dem Cyclization

Scheme 7. Lithium Benzylthiolate-Initiated MichaelAldol
Tandem Cyclization

Scheme 8. Stereoselective Cyclization of Chiral v-Oxo-a,b-
Unsaturated Ester

Scheme 9. Stereoselection
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The reaction of 22 with catalytic amount of lithium
thiolate in the presence of PhSTMS proceeded
through conjugate addition of thiolate and subse-
quent aldol reaction of resulting enolate with alde-
hyde to give cyclization products 23 stereoselectively
(Scheme 6). In this cyclization reaction, PhSTMS
was also necessary to aŠord high chemical yield. Ac-
tually, 23a and 23b were obtained only in 24％ and 5
％ yields in the reaction of 22 with stoichiometric
amount of lithium thiolate in the absence of
PhSTMS.

As another solution to shift the equilibrium to
product side, it was also eŠective to use lithium ben-
zylthiolate which has higher nucleophilicity and lower
pKa (as its thiol) than thiophenolate (Scheme 7).
The reaction of 22 with lithium benzylthiolate gave
cyclization product 24 in quantitative yield with a per-
fect stereoselectivity. The stereoselectivity of this cy-
clization reaction was also predictable by the
stereochemical model B where similar controlling fac-
tors are operative as shown in A (Scheme 5 and 7).

TOTAL SYNTHESIS OF (－)-NEPLANOCIN A85)

Neplanocin A (32) is endowed with attractive bio-
logical activities including anti-tumor and anti-virus,
and has been a synthetic target because of its

challenging structural features. Key to the synthesis
of (－)-neplanocin A is a stereoselective construction
of ˆve-membered carbosugar moiety, where all ˆve
carbons are functionalized. Michaelaldol tandem cy-
clization reaction is the ideal for the construction of
such ˆve-membered ring. Though several synthetic
routs to (－)-neplanocin A are reported, there is no
precedent of the ring construction by an aldol reac-
tion.

The reaction of chiral v-oxo-a,b-unsaturated ester
25, which was prepared from D-mannitol, with lithi-
um benzylthiolate gave desired cyclization products
26a, 26b in 62％ and 27 in 11％ yields, respectively
(Scheme 8). The diastereofacial selectivity of con-
jugate addition of the thiolate in the ˆrst step was
85:15, and the selectivity of aldol cyclization in the se-
cond step was perfect. The stereoselective construc-
tion of 26, all carbon atoms of which are functional-
ized, is a big feature of this cyclization reaction.

Two TBSO groups of 25 ˆx the conformation of it
to anti avoiding the mutual steric repulsion as shown
in 28.86―88) Lithium thiolate attacks 28 from the face
of the carbon-carbon double bond opposite to alde-
hyde to form an enolate 29. Conformational control
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Scheme 10. Synthesis of (－)-Neplanocin A (32)
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of the enolate by allylic strain and coordination of the
aldehyde oxygen to lithium result in stereoselective
cyclization to aŠord product 26 predominantly
(Scheme 9).

Cyclization products 26a, 26b were converted to
the same alcohol 30 of which benzylsulfanyl group
was then thermally eliminated to give an oleˆn part
(Scheme 10). Standard synthetic operation gave 31,
the known Ogasawara's89) intermediate of neplanocin
A. The structure of 31 was conˆrmed by comparison
of NMR spectrum provided from Prof. Ogasawara,
achieving the formal synthesis. Remaining conver-
sions were followed by reported rout to give (－)-
neplanocin A.

It is remarkable that the roles of thiolate are multi-
ple, the enolate-generating agent which achieves cycli-
zation, the stereoselectivity-control factor, and the
substituent which is convertible to other functional
group. The synthetic organic chemistry using thiol did
newly expand. It will be also possible to apply this cy-
clization reaction to the synthesis of cyclitols and car-
bosugars.

CONCLUSION

We outlined our challenge to development of asym-
metric conjugate addition reaction of thiols catalyzed
by an external chiral ligand which enhances the reac-
tivity of thiolate and simultaneously controls a struc-
ture of active species, and its extension to carboncar-
bon bond-forming reaction. The key to success to

highly selective asymmetric conjugate addition reac-
tion is double activation of thiol, which is originally
excellent nucleophile, by lithiation and chelate forma-
tion with chiral ligand. It is also shown that transient
lithium enolate generated by conjugate addition of
lithium thiolate is applicable to asymmetric protona-
tion, stereoselective CC bond formation, and in-
tramolecular cyclization reaction. Furthermore, the
usefulness of these reactions in synthetic organic che-
mistry was veriˆed by referring to the synthesis of
(－)-neplanocin A. Successful total synthesis of (－)
-neplanocin A is the evidence as the powerful synthet-
ic tool for the conjugate addition technology of a
thiol.
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