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There are iwo kinds of approach to the research of synthetic organic chemistry: one is (o study on
fundamental subjects and the other on targeted subjects. The former is represented as new reaction chemistry and

the latter is the orthodox total synthesis of complex molecules. Asymmetric organic reaction also belongs to the
targeted subjects, which contributed a great deal to making optically active complex molecules in these 20 years.
In new reaction chemistry, how to get a valuable seed is the key issue. In most cases, such seed is sealed in
one of the countless experiments and reveals itself only when every phenomenon is observed carefully lest the
seed be missed inadvertently because of its unexpected appearance.
As we look back our research history, the first time when we faced t

flask — all in one moment!

We never knew what happened. What we were trying to do was to prepar
addition reaction of phenyl isocyanate and the sodium salt of nitroethane after a similar procedure for the
formation of ot-nitroacetanilide. However, this approach was of no use. As an alternative choice, therefore, a
catalytic amount of triethylamine was added to the benzene solution of nitroethane and phenyl isocyanate to see if
it works. Then the above mentioned phenomenon had suddenly occurred. Although it was hard to follow what
took place at first, every pathway could be explained easily once after we thoroughly learned the whole reaction.

Such a turn of events was completely out of our expectatlon However, that was the great incident which
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develop it into a new idea. When this idea is led to a new concept, it will be a “leap” from O to 1.

Until then, I had been involved more or less in analytical study of organic reaction mechanism, but this
single incident drove me to an utterly different research direction. After this experience and thus became aware of
its magic, I switched my research interest from the reaction mechanism to the exploration of new synthetic
reaction. What we observed in that flask that day confided great mystery of chemistry and it urged me to the
exploration of new and useful dehydration reaction of nitroethane to generate acetonitrile oxide (1960).1
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2. Deoxygenation Reactions: Oxidation-Reduction Condensation

With a cue we got from that dehydration reaction, we proceeded to deoxygenation reaction by using
trivalent phosphorus compounds since we had already obtained a hint through the related experiments that the
phosphorus compounds behaved as a strong deoxygenating reagent (1963).2 The oxidation-reduction
condensation takes place smoothly under neutral conditions by the combined use of characteristic praperties of a
reductant, P(ITT) compounds, and a week oxidant, such as S(II) compounds or dibenzoylethylene. Thus, a new

concent concernine dehvdration condensation reaction was established [10'70\ 3
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3. Crossed Aldol Reactions
3.1. The Boron Enolate Mediated Aldol Reaction

In 1971, it was found that the boron enolate derivative 2 is formed when phenyl di-n-butylthioboronite 1 is
treated with a ketone after observation of an unexpected experimental result of our original study on the reaction
of organothioboranes and carbonyl compounds. Similarly, boron enolate 3 was prepared by the reaction of
methyl vinyl ketone with phenyl di-n-butylthioboranite.

OBBuy
Bu»,BSPh + CHx=C=0 CHgﬁ
SPh
1 2
PBBuy
BusBSPh + CHy=CHCOCH3 PhSCHgCH—Q
Dh
1 3
Then, it was pomted out as a first example that these boron enolates are quite useful synthetic intermediates
to react with various aldehydes and ac e to afford B-hydroxycarbonyl co unds in excellent yields under

essennal]y neutral conditions.4 For example, treatment of boron enolate 4 with benzaldchyde at room temperature
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for 10 min gives the corresponding crossed aldol 5 in 98% yield. This method is a typical example of an aldol
reaction carried out under neutral conditions.5

£BBuz 1. PhCHO ™7
n-C4HeCH=C PMPh
Ph 2. H0 (134H9
4 5

OBBup
BusB + NoCHOX —  » Bu=
6 7 X o
OBBuy
BugB + CHy;=CHCOCH3 BUCHQCH=Q
- CHg

9

In addition, a convenient and an efficient method for generation of boron enolates from a wide variety of
enolizable ketones was explored (1976). Dialkylboryl trifluoromethanesulfonate (R2BOTH() reacts with ketones in

the presence of a tertiary amine to produce boron enolates which in turn react with aldehydes to give crossed
aldols in high yields.8

0 RoBOTY OBR, 1. R3CHO 9 ¢
._‘/U\ _R? - . . NG a U R? R3
R 7 Tertiary amine  H’ ~ 2. H0 ﬁ 2
Regioselective generation of a boron enolate is readily controlled by a suitable combination of reagents. For

O n-BusBOTE OBBu, 1. RCHC O OH
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In contrast, the thermodynamically stable boron enolate is generated by the reaction of the ketone and 9-
borabicyclo[3.3.1]nony! trifluoromethanesulfonate (9-BBN triflate) in the presence of 2,6-lutidine at -78 °C for 3
h. Subsequent reaction with an aldehyde gives the corresponding aldol 10 in a good yield.8a
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This reaction proceeds under very mild conditions without causing isomerization of the double bond of §,y
unsaturated aldehydes. Thus y-ionone is synthesized by a crossed aldol reaction of boron enolate with y-citral
without any contamination with isomeric o~ and B-ionones.?
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The most important stereochemical question in the directed aldol reaction concerns the formation of ani-
and/or syn-isomers of aldols or ketols. Consequently, stereochemistry on the geometry of enolate species, the
nature of the metal, kinetic vs. thermodynamic control, and steric effects was extensively studied.

The formation of stereoisomers is dependent on the geometry of the starting enolate under kinetically
controlled conditions. The formation of stereoisomers is dependent on the geometry of the starting enolate. In
general, the (Z)-enolate gives the syn-isomer and the (E)-enolate gives the anti-isomer, respectively.
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The carbonyl component approaches the enolate perpendicularly, and the reaction proceeds via a pericyclic
ocess. Dialkylboron enolates have relatively short metal-ligand and metal-oxygen bonds, which are suited for
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stereoselective aldol reaction.®° The boron enolate generated in situ from 3-pentanone and 9-BBN triflate by th
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action of 2,6-lutidine reacts with benzaidehyde in a complietely stereoselective manner, giving syn-aidol 13 aimost

exclusively.
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Further study on the aldol reactions of stereodefined boron enoliate by D. A. Evans and S. Masamune
revealed that the (Z)-isomers react with various aldehydes to yield predominantly the syn-aldols whereas the (E)-
isomers react somewhat less stereoselectively to give anti-aldols as the major products. In some cases the
preparation of either (E)-boron enolate or (Z)-boron enolate in a highly stereoselective manner can be achieved
starting from the same ketone resulting in a stereoselective synthesis of either syn- or anti-aldol. 8b.c.f,10
Furthermore, Evansl! and Meverssl2 showed diastereoselective aldol reactions using chiral boron enolates.
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3.2. The Tiianium Teirachioride Promoied Aldol Reaciion

During our research on new reactions based on organo-suifur compounds (1967~ 1975),13 we were using
AgClO4 as an activator of the reaction. However, AgClO4 happened to be explosive and we were needed to find
some other useful and safe metal salts. While screening various metal salts, we got the feeling of titanium
chloride(IV)'s interesting character as an activator which is quite safe. The construction of carbon skeletons, such
as the crossed aldol reaction and the Michael reaction by using TiCl4 demonstrated that, in contrast to the common
belief at that time, reactions under acidic conditions can provide highly selective synthetic schemes if one selects

the proper combination of reagents and reaction conditions (1973~1976). 14 Fy several useful functional
proper comoination of rea and reaction conarions ner, several useihul nnctional
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Those results stimulated wide interest in the Lewis acid nature of the titanium compounds, which are very
commonly used in current organic synthesis. These studies also made silyl enol ethers popular as readily
available and isolable enol derivatives, and established them as effective carbon nucleophiles indispensable for a

varietv of modern cunthetic activities
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usually carried out under basic conditions. However, under classical aldol reaction conditions in which basic
media are employed, dimers, polymers, self-condensation products, or o,3-unsaturated carbonyi compounds are
invariably formed as by-products. Useful synthetic methods have been developed to alleviate those difficulties,
especially under basic conditions. The lithio derivative mediated method offers one of the solutions to those
problems. 15 On the other hand, there appeared no practical procedure for a crossed aldol reaction carried out
under acidic conditions. Enol ethers react with acetals or ketals by promotion of Lewis acids to give aldol-type



adducts. However, these reactions are often accompanied by undesirable side reactions when stoichiometric
amounts of carbonyl compounds and enol ethers, and acids are employed. 16

The use of stoichiometric amounts of titanium tetrachloride, trimethylsilyl enol ether, and a carbonyl
compound is a great advance in directed aldol reaction. Powerful activation of carbonyl groups by TiCl4 enables
the nucleophilic attack by trimethylsilyl enol ethers to form trimethylsilyl chloride and the titanium salt of the
aldol-type product. In this case, undesirable dissociation of the adduct is inhibited by the formation of a stable

titanium chelate, hvdrolysis of which vields the desired B-hydroxy ketone 17 This type of reaction is also
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s such as SnCl4, BF3-OEi2, A
titanium tetrachioride was found to be superior to the other Lewis acids with respect to yields. Starting enol ether
compounds, silyl enol ethers, can be conveniently prepared regioselectively under either kinetically or
thermodynamically controlled conditions. The reaction proceeds with retention of the regiochemical integrity of
the starting silyl enol ethers to afford the corresponding aldol regiospecifically.

. TiCls
QSMes o ey s % o § QHae
I U LT - IV L 9 <.
AZ R R R? RS R,2\R3
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v-Alkoxy-o,p-unsaturated aldehydes 15 are valuable synthetic intermediates because of their
polyfunctionality. Reaction of acetals and the dienoxysilane 14 in the presence of TiCl4 alone gives only

polymers. However, the desired aldehyde 15 is obtained in good yield by treating acetal and silane 14 at -40 °C
in the coexistence of TiCl4 and Ti(O-iPr)4.18
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Thus, we initiaiiy reported on the TiCi4-mediated aldol reaction of silyl enol ethers with aidehydes and
showed subsequently that the trityl salt, represented by trityl perchlorate, can be used as an efficient catalyst in
these types of reactions. While the original reaction required a stoichiometric amount of titanium tetrachloride, 5-
10 mol% of trity} salt was sufficient to drive the reaction to completion (1984). 19

MenSi
SiMes cat. TrX eoSi
RCHO *+ R3 . , e R R2
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Several interesting features of the tin(Ii) species were explorea, for example, tin(II) enolates are prepared in
situ by the oxidative addition of a-bromoketones to metailic tin.20 The enolates are in turn react with aldehydes
to yield aldols in highly regioselective manner with high syn-selectivity (1981). It was also found that the
allylation reaction of carbonyl compound takes place smoothly by treating with tin(II) fluoride and allyl iodide
(1980).21

More conveniently, tin(1I) enolates can be gencrated by reaction of ketones and Sn(OTf)2 in the presence of

a tertiary amine. In this reaction, the choice of the tertiary amine is crucial. For example, pyridine or DBU which
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very versaiile metal enolates, display poor reactivity ioward keiones and even mor

react with less-hindered ketones in moderate yield.
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Although several asymmetric aldol reactions have been reported, chiral auxiliary groups are usually attached
to the ketone equivalent molecules in these reactions. No example has existed so far in aldol-type reaction where
two achiral carbonyl compounds are used for constructing a chiral molecule with the aid of a ligand (1982). Since
the divalent tin having vacant d orbitals is capable of accepting a bidentate ligand, chiral diamines derived from
(S)-proline was successfully employed in certain asymmetric reactions. Enantioselective aldol reaction via

raantinn hatween arnmatic katanac or 3-acetvithiazolidine-2_thione and varione aldehvdec wac carried ont neing
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purity staring Irom two achiral carbonyl compoundas eémpiloying chirai diamines as cheiating agents.<«
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being transformed into various synthetic intermediates.22b
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Furthermore, in the tin enolate mediated aldol-type reactions of 3-(2-benzyloxyacetyl)thiazolidine-2-thione,
the stereochemical course of the reaction is dramatically altered by the addition of TMEDA as a ligand. High

crharantarictins fo of tinf(T annalatac anahle the ctarancelactive cynthecic nf aldnl nradnete avan fram twan
CIlAL AVIVELIOUIL IvAtULIvD UL ‘.lll\‘.‘./ WIIVIAWY WiidUVIw MW DlViIi VUV OVIVV L Y W L’]ll‘-llvolo Vi diuuvl Pluuu\llc ("R AVITRNURV SR, A V]
AifFavant Latanmas Mamhinatinm AF Cal/OYTHAA and M oathylninamding mravidagc an ancy annerannh ta 110/ TTY anAlatac
Ul1iC1 U ACLULIOD. LULlIvLIAUIULL UL OV L 1)/ dllu TYTwdl lpl‘lh 1ULIIC PIVVIUWD Aill Caa] appl i ww llll\u) APULALOD,

whereas tin(IV) enolates have been prepared through relatively iaborious muiti-step procedures. Enantioselective
aldol reactions effected by chiral diamines also enhances the utility of tin(IT) enolates which will find useful
applications in organic synthesis.
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4. Synthetic Reactions with the Onium Salts of Aza-arenes
The synthetic procedures based on the onium salts of azaaromatics were successfully brought about in
efficient inter- and intra-molecular dehydration reactions (1975~1977).24 For example, carboxylic acids and

ndar mild dit
der mild conditions v '6"_')5 SmGO!

alcohols were converted into various acylated and alkylated compounds on treating with several nucleophiles
i

o

synthesis of optically active alcohols
Thus, we embarked on a new area that previously we had left untouched as it had looked so difficuit — the field

of asymmetric synthesis (197’1’).25
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reactions. The use of chiral Lewis acid composed of tin(Il) tr

further urged our interests in enantioselective crossed aidoi reactions.

5. Aldol Reaction Using Tin(II) Complex as a Lewis Acid



For the asymmetric aldol reaction, chiral tin(II) Lewis acids prepared in situ by the coordination of chiral
pyrrolidine derivatives to tin(II) triflate was chosen. Divalent tin has several vacant orbitals. Therefore, it easily
forms complexes with chiral diamines, the chiral auxiliaries. After the coordination of two nitrogen atoms to
tin(1I), it can accept an aldehyde as a Lewis acid without losing the favorable asymmetric environment created by
the chiral liga,m:l,?-6
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bonds with the control of absolute conngurauons of new chiral centers, <’ and the Utllit_y of tl

f-wr

his reaction has been
demonstrated by a number of applications to the synthesis of natural products such as macrolide and polyether
antibiotics, carbohydrates, etc.28

Conventional asymmetric aldol reactions have been mostly performed in a diastereoselective manner by
using chiral enolates and achiral carbonyl compounds as starting materials.29-34
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especially in the field of the Diels-Alder and related reactions. The chiral Lewis acids employed were consisting

. —oal P Loeeod coendnly niiable nve maliscenlicivoan o
of rather sirong Lewis acidic and hard metals such as aluminum and (it

e m s 3 Lot = P P S,

iium. Since these metals auuugxy
coordinate to oxygen, the smooth metal exchange from the metal to silicon wouid hardly take piace. Then, chiral
tin(1l) Lewis acids, which were prepared in situ by the coordination of chiral pyrrolidine derivatives to tin(Il)
triflate was chosen (Scheme 1). Divalent tin has vacant d orbitals and easily forms a complex with an amine.35
One feature of this chiral tin(IT) Lewis acid is that the tin(I[) metal is coordinately bonded with the chiral auxiliary.
After the coordination of two nitrogen atoms to tin(II) metal, one vacant orbital still remains and tin(II) can
coordinate to aldehyde as a Lewis acid without loosing the favorable asymmetric environment. Several efficient

asymmetric aldol reactions between achiral enolates and achiral carbonyl compounds were developed based on

Sn
TfO \OTf

s
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OO 0 O

N
Me Et r
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S22 { M~y
; vooH
Pent " Me 20 & /)

Scheme 1. Chiral Tin(ll) Lewis Acids
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5.1. Asymmetric Synthesis of syn- and anti-1,2-diol Derivatives

Optically active 1,2-diol units are often observed in nature such as carbohydrates, macrolides or polyethers,
etc. Several excellent asymmetric oxidation reactions of olefins using osmium tetraoxide with a chiral ligand has
been developed to attain high enantiomeric excesses.36.37 However, there still remains some problems such as
preparation of optically active anti-1,2-diols. Then, development of the asymmetric aldol reaction of the silyl enol
ether derived from a-benzyloxy thioester (21) with aldehydes was tried in order to introduce two hydroxyl

groups simultanecusly with stereoselective carbon-carbon bond formation.
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consisting of tin(II) triflate, (§)-1-methyl-2-[(N-1-naphthylamino)methyi]j-pyrrolidine (20) and tributyltin
fluoride. The reaction proceeded smoothly at -78 °C to afford the corresponding aldol adduct in 69% yield with
anti-preference. The enantiomeric excesses of syn- and anti-aldols proved to be 30% and 97%, respectively.
Several chiral diamines were examined in order to improve the diastereoselectivity (Table 1). When (S)-1-ethyl-
2-[(piperidin-1-yl)methyl]pyrrolidine (17) was employed, the aldol adduct was obtained in 54% yield with
excellent diastereo- and enantioselectivities. Furthermore, the yield was improved without any loss of the
stereoselectivity by the combination of tin(II) triflate, 17, and dibutyltin diacetate.

Sn(OTf), + Chiral diamine

SiMe H H
DhOLIO ? 3 + Sn(lV) compound i i N i
FTiINVENS T " + v "
" SE T Chgo, 7sec | P Y SEt P TSt
BnO OBn OBn
7 syn anti

Table 1. Effect of Chiral Diamine in the reaction of 21 with benzaldehyde
Entry Chiral diamine Sn(lV) compound  Yield/% syn/anti  ee/% (anti)

1 16 n-BusSnF 70 1/99 97
2 17 n-BusSnF 54 1/99 99
3 18 n-BugSnF 54 1/99 99
4 19 n-BusSnF 38 1/99 97
5 20 n-BusSnF 69 26/74 97
6 16 n-BupSn(OAc)z 74 1/99 96
7 17 n-BusSn(OAC)» 83 1/99 96

The result of this asymmetric aldol reaction by employing several kinds of aldehydes such as aromatic,
aliphatic, o,B-unsaturated aldehydes and a dienal are shown in Table 2. 38 1n every case, anti-o,B-dihydroxy
thioesters are obtained in high yields with excellent diastereo- and enantioselectivities. The aldol adducts thus
obtained, optically active anti-a,B-dihydroxy ester derivatives, are generally difficult to prepare by the
conventional asymmetric oxidative procedure because starting materials, cis-o,B-unsaturated ester equivalents,
are not easily available. Moreover, a consideration of the mechanistic model of the asymmetric dioxyosmylation
was reported that preparation of anti-1,2-diols in high enantiomeric excesses is hardly achieved.39 According to

the present aldol methodology, two hydroxyl groups can be introduced in 1,2-trans-position stereoselectively
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Table 2. Asymmetric Aldol Reaction of 21
Entry R Yield/% syn/anti ee/%(anti)
1 Ph 83 1/99 96
2 CHaCHz 72 2/98 97
3 c-CgH11 59 9/ 98
4 (E)-PhCH=CH 88 2/98 98
5 (E)-CHaCH=CH 85 2/98 97
6  (E E)-CH3CH=CHCH=CH 83 2/98 95

Although the excellent aldol reaction of 21 with aidehydes was developed, the high antfi-selectivities attained
in this reaction were unexpected and interesting results, because the aldol reaction of the silyl enol ether derived
from S-ethyl propanethioate (22Z) with aldehydes using the above chiral promoter proceeded with syn-

preference in excellent diastereo- and enantioselectivities (Table 3).

PSiMes gn(oTh), + 20+ HBuSN(OAc), ' ¢ Hg @
RCHO  + [/\sa CHyClg, 78 °C R)\‘/\sa * NSE‘(
222 ani
Tabie 3. Asymmeiric Aidoi Reaction of 222
Entry R Yield/% syn/anti ee/%
1 Ph 85 100/ 0 >08
2 p-Cl Ph 96 100/ 0 >08
3 p-CH3 Ph 92 100/ 0 >08
4 p-OCHg Ph 95 100/ 0 >98
5 CHg(CHo)g 90 100/ 0 >98
6 oCeHis 90 100/ 0 >98
7 iPr 70 100/ 0 >98
8 LBu 86 100/ 0 >08
9 (E)-CH3CH=CH 92 100/ 0 >98
10 (E)-PhCH=CH 91 100/ 0 >98
11 (E)-n-PrCH=CH 91 100/0 >98
12 Q 93 100/ 0 >98
13 [s_)( 92 100/ 0 >98

The consideration on the transition states of these aldol reactions led us to assume that i) coordination of the
oxygen atom of the a-benzyloxy group of the silyl enol ether 21 to tin(II) atom of tin(1I) triflate was essential in
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the anti-selective transition state, leading to the different course in the diastereofacial selectivity from that of the
syn-selective reaction of 22Z, ii) thus syn-o,,B-dihydroxy thioesters would be formed when this coordination
was restrained.

According to this hypothesis, t-butyldimethylsilyl group was chosen as a sterically hindered functional
group, which would forbid the coordination of the oxygen atom to tin(II) atom, and such silyl enol ether 23 was
prepared. As expected, the syn-aldol adduct was obtained under the same reaction conditions; namely in the

mracamn~a AF tinlTI\ teiflata ~hi
Plcwllbc O1 uu\u} ll.l Wy Vil

l‘

benzaldehyde proceeded smoothly to give the corresponding aldol adduct in
enantiomeric excess of the syn-isomer was aiso very high. Afier examination of several reaction conditions, it
was found that the corresponding aldol adduct was obtained in 79% chemical yield with syn/anti ratio = 85/15,
and the enantiomeric excess of the syn-isomer was 92% ee when (S)-1-n-propyl-2-[(piperidin-1-
yDmethyl]pyrrolidine (18) was employed (Table 4).

OSiMa, SNOTN2 + Chiral diamine |\ HO O
PhcHo + A tSn@Vicompound - ] o A
r "SEt CHoClo. -78 °C Pi I SEt PH Y SEt
1880 22 OTBS OTBS
23 S.V"' anfi

Entry Chiral diamine Sn{lV) compound  Yield/% synfanti  ee/% (syn)
1 16 n-BugSnF 81 86/14 49
2 16 n-BugSn(OAC); 83 91/9 49
3 17 n-BusSn(OAc)z 83 86/14 90
4 18 n-BupSn{OAc)o 86 88/12 90
5 24 n-BuaSn(OAc)z 75 8713 89
6 19 n-BuzSn{OAc)2 63 83117 89
7 20 n-BuySn(OAC), 73 73727 94
Bu
24

Several examples of this syn-selective aldol reaction are shown in Table 5. In every case, the reactions
proceeded smoothly to afford the aldol adducts in good yields with very high syn-selectivities, and the

enantiomeric excesses of these syn-isomers were proven to be more than 90% in most cases. 40
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?Q'M“a Sn(OTNz + 18+ nBuSN(OAc), 'Y ] W 9
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23 syn anti
Table 5. Asymmetric Aldol Reaction of 23
Entry R Yield/% syn/anti ee/%(syn)
1 Ph 86 88/12
2 CH3CH, 46 92/8 82
3 (n PN 93 94/ 6 93
4 (E)-PhCH=CH 76 90/10 92
5 (E)-CH3CH=CH 75 97/3 94
~ 0 By LR ML /ALINLL ML an anl -y mA
%7 (L Cunigurni=uimuf 1I=wr (o3 ] 9o/ 4
Now it becomes possible to control the enantiofacial selectivity of the silyl enol ethers derived from «-
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(PSIMea Sn(OTf)z + 18 + n-BuaSn(OAC), H? ?

RCHO +
SEt CHClz, -78 °C " -
rash oTBS
23 syn
rsMes Sn(OTf)2 + 17 + n-BuzSn(OAc), '-R j\

R™ Y TSEt

RCHOC + ~SEt
r CH.Clp, -78 °C
9]

Scheme 2. Synthesis of Optically Active syn- and anti1,2-Diol Derivatives

In the last decade, chemical synthesis of monosaccharides made a great advance based on the stereoselective
adAditinn raantinne nf D) AMNcanranvlidena. N nr T _olvecaraldehvda I7<\41 nrd_ N han7vl.? 2N iennranviidenaly o
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L
threose (26)42 with enolate components or allyl nucleophiles, and many examples of the effective synthesis of
sugars inciuding natural and unnatural forms were demonstrated. In these syntheses, one of the starting
materials, glyceraldehyde or threose derivative, is prepared from a natural chiral pool, mannitol and tartaric acid,
respectively. Also, Masamune and Sharpless reported the synthesis of L-hexoses starting from an achiral allylic
alcohol 27 using the Sharpless epoxidation as a key step.43
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The synthetic plan according to the present asymmetric reaction is shown in Scheme 3. The starting
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readily prepared from chloroacetic acid. The chiral induction is accomplished by the asymmetric aldol reaction
between the o,B-unsaturated aldehydes and the silyl enol ethers by using the chiral promoter consisting of tin(II)
triflate, a chiral diamine, and a tin(IV) compound. The successive oxidation of olefinic part of the aldol adduct
forms tetrahydroxy thioester derivatives 28, which are useful precursors for the synthesis of various
monosaccharides including rare sugars.

One of these examples, synthesis of 6-deoxy-L-talose, is shown in Scheme 4.44 The asymmetric aldol
eaction between crotonaldehyde and the silyl enol ether of d-benzyloxy thioester 21 was carried out in the

presence of tin(Il) triflate, chiral diamine 17, and dibutyltin diacetate, and the corresponding aldol adduct was

Aks I 1 .. OL£0r _of 5 ML . csiasmsccisrs Aavidatines 0 aL? g -y
obtanea 1n s8a7 yie (] Wll[l >7l /0 c[ldllLlUlllCI lL CXCCSS, 1 HC SUCCCSSIVE OX1UdllOIn 01

Uil (.«Hll'dl byl'l ()Il lIl
acetone-water (8/1) at room temperature in the presence of a catalytic amount of osmium tetraoxide and a
stoichiometric amount of N-methylmorpholineoxide resulted in the formation of the corresponding lactones 29,
30 in 72% yield. The major lactone 29 was isolated and reduced with diisobutylaluminum hydride (DIBAL) in
dichloromethane at -78 °C. Deprotection of the benzyl group under Pd/C in ethanol gave desired 6-deoxy-L-talose
in quantitative yield.

Q
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Y
Sn{OTf); + Chiral diamine 2
QSiMes + Sn(IV) compound ri‘ ?H (R
M ’/\SE‘ CHyCly, -78 °C RSNy ser
R® OR
02aOH O ',———> 6-deoxy-hexoses
cat. 050y iV JL
———— R¥ sgt — = 4-C-methyl-pentoses
NMO X5
ROHQOR \
o i pentoses
£0
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29 CH,Cly, -78 °C Hé\l-—l/ EtOH I H

6-deoxy-L-talose

Scheme 4. Synthesis of 6-Deoxy-L-talose

According to this method, several monosaccharides including branched, deoxy, and amino sugars were
synthesized.45 Since the key asymmetric reactions, asymmetric aldol reaction and successive dihydroxylation,
have some flexibilities in controlling newly created chiral centers, the present methods are expected to provide

useful routes to the synthesis of various monosaccharides from achiral unsaturated aldehydes and chloroacetic
acid without using any starting materials containing natural chiral pools (Scheme 5)

H H OH
Asym. Aldol j\ 050, Oxid. g\ j\ j\
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r Ll

o, f-unsaturated aidehyde
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] .

Asymmetric Aldol Asymmetric Aldol
(8S) or (R)-diamine ligand synor antj

Scheme 5. General Synthetic Route to Monosaccharides.

5.3. The Catalytic Asymmetric Aldol Reaction
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As shown in the previous sections, highly diasterco- and enantioselective aldol reactions of silyl enol ethers
1

r

with aldehydes by using the novei promoter system, combined use of stoichiometric amounts of ti
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chiral diamine, and a tin(TV) compound (tributyltin fluoride or dibutyltin diacetate), were developed. According
to these reactions, optically active aldol adducts were easily prepared from both achiral aldehydes and silyl enol
ethers, while stoichiometric use of chiral source still remained as a problem in terms of practical use. In the
course of the investigations to characterize the above promoter system as well as to clarify the mechanism of these
reactions toward a truly catalytic aldol process, the following catalytic cycle was postulated (Scheme 6).46

Tin{I) triflate coordinated with a chiral diamine (a chiral tin(1I) Lewis acid) interacts with an aJdehyde, and

tin(IT) alkoxide 31 and trimethylsilyl triflate (TMSOTHT) are initially produced by the attack of silyl enol ether 22Z
nntn the activatad aldehudae When the meatal avchanoe hatween tinfI1 and cilican af the ahava nradict 21 talkac
LZERLLT LMW QWi ¥ GLWAl AWML Y UV Y AERVIL Vilw IiiwidAx Ul\\/llmlsv VWA vy VAL UL\ 11 ) GG Oluaviual Ul uUiv auu vy IJLUU\A\/I, oF 2 LAARLD
IS PRSP, TR WURRINPUI- LI, P DUy R I TPOR, Altnimad ao ite teimamtholailol aslioe B4 1o co-iel oL o
pl' CC NN lluy 11C COUIl bp()llu 0y amaul uuubl Latkl Uc Ootaincea as its mimeum lbllyl CLICI o4 alUIlg WILH U1

regeneration of the catalyst. If the above mentioned metal exchange step is slow, undesirable TMSOTf-promoted
reaction of affording the achiral aldol adduct proceeds at the same time and results in lowering the selectmty.‘”
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It is necessary to complete the above catalytic cycle, especially the metal exchange reaction of the initially
formed aldol adduct 31 with trimethylsilyl triflate (metal exchange between tin(II) and silicon). In order to
accelerate this metal exchange step, various polar solvents with low melting points (under -78 °C) were carefully
examined by taking the reaction of 22Z with benzaldehyde as a model, and finally propionitrile (CoHsCN)
was found to be an excellent solvent (199()).48 The examination of the addition time (addition of the reactants to
the solution of the catalyst) revealed that the rate of the metal exchange in propionitrile is faster than that in
dichloromethane. Several aldehydes including aromatic, aliphatic and o, 3-unsaturated aldehydes were applicable

ta thic raantinn and tha Adagired nradncte woerae nhtainad in annd vialde wit iah calastivitiac (~ONT, an Tahle A)
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2-hexenal, and cyclohexanecarboxaldehyde, were remarkably improved by using propionitrile as a soivent. High
selectivities were also attained even when 10 mol% of the catalyst was employed.49
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Table 6. Synthesis of sym-a-Methyl-B-hydroxythioesters {solvent: CoHsCNj)
Entry R Addition Time/h  Yield/%  syn/anti ee/% (syn)

1 Ph 3 77 92/ 8 90

2 p-CtPh 45 83 87/13 90

3 p-CHs Ph 3 75 89/11 91

4 CHg(CHo)g 45 80 100/ 0 >98

5 oCeHis 3 71 100/0  >08

) {E}-CH3CH=CH 3 76 96/ 4 93

7 (E)-CHs(CHg)2CH=CH 3 73 97/3 93

6. Catalytic Oxygenations of Olefins with Molecular Oxygen

The study of metal complex catalysts that allow one to control reactivity and regioselectivity by the judicious
choice of their ligands would be of particular interest. Therefore, a study on the oxygenation of olefins with
molecular oxygen using a catalytic amount of metal complex containing 1,3-diketone ligand was initiated (1989).
Then, cobalt(IT)-catalyzed oxidation-reduction hydration,50 catalytic peroxygenation31 and nickel(I)-catalyzed
epoxidation were developed.32

R &LCO(IIE/ ﬂ/H

\
/

Further, a practical enantioselective borohydride reduction of aromatic ketones were successfully carried out

by using sodium borohydride in the presence of chiral Co(II) complex catalysts ( 1995).53

o

7. Stereoseieciive Glycosylation Reactions

The use of glycosyl fluoride proved to be quite effective in stereoselective glycosylation and has widely
been used in the synthesis of many complex oligosaccharide chains after our publication in 1981 54 Recently, the
above reaction was found to be successfully performed by using a catalytic amount of trityl salt. In addition,
several useful methods for the catalytic and stereoselective preparation of various saccharides were also developed
(1992~1999).55
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8. Asymmetric Total Synthesis of Taxol
In 1992, we turned our eyes on a targeted subject for the first time in over 40 years of our research on the
exploration of new synthetic methodologies. We took up an asymmetric total synthesis of Taxol as our target

motivated by a telephone call from my son, an oncologist, requesting its total synthesis.

Taxol //—\\ {\ r x ,\
\ 77

[ |
side chain
\ |



As always, a working hypothesis is put forward by the help of wisdom from experience. We therefore
pianned the foliowing strategy after we got to know the basic skeleton of Taxol: that is, from optically active
polyoxy unit of the basic skeleton which should be prepared by using our highly controlled enantioselective aldol
reaction, to synthesize 8-membered B ring system first. After that to fuse the A and C ring systems onto this
framework.56
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Taxol Scheme 7. Retrosynthesis of Taxol
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subjects even if we planned careful strategies toward a definite goal. Repeated discussions and experiments along
absoluiely necessary before the goai: that is, from 1 to 5 and

Optically active aldehyde 36 was prepared from commercially available methyl 3-hydroxy-2,2-
dimethylpropionate (33) by the asymmetric aldol reaction (Scheme 8) or by the following alternative route
starting from L-serine (Scheme 9).
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Scheme 9. Synthesis of optically acvtive trialkoxy aldehyde 36 (Route b)

The aldol reaction between 36 and the appropriate ketene silyl acetal took place rapidly in the presence of
MgBr2-OEt2 to yield the desired ester 39 in good stereoselectivity which in turn was led to methyl ketone 40 via

methylation and Swern oxidation. a-Bromoketoaldehyde 42, a precursor of 8-membered ring compound, was
prepared by successive bromination and methylation of the o-position of the ketone 40, followed by deprotection

of the t-butyldimethylsilyl group and Swern oxidation. Synthesis of 8-membered ring compound 43 from the

- . . St AN il Motln £ontlnmnlied

optically active polyoxy-unit 42 containing all th necessary for the constrt



performed by the intramolecular aldol reaction using Sml2. Successive mesylation of this mixture of isomeric
alcohols 43 and treatment with DBU gave the desired 8-membered enone 44 in good yield.57
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Scheme 10. Synthesis of 8-membered ring enone 44
It had been generally considered difficult to synthesize 8-membered ring from a linear precursor. Fortunate
[ LY. & Py R, Ty 2 P I A® . L al U P

enough, however, we were able i0 obtain 8-membered ring compound 43 in the case of this polyoxy compound
with the yield as high as 90% because of its conformational control. Now, there are two alternative routes for
constructing ABC ring system starting from B ring: that is, a route of B to AB to ABC, or a route of B to BC to

ABC. Our synthetic approach was of the former route which we started working in 1993.58,59

A highly stereoselective reduction of 44 with L-Selectride afforded the corresponding o-alcohol, which
was converted to MOM ether. P,y-Unsaturated ketone 45 was obtained by DDQ oxidation followed by oxidation

using Dess-Martin periodinane. Allylation of 45 with allylmagnesium bromide afforded homoallyl alcohol 46 in
high yield with good diastereoselectivity. Deprotection of silyl ether 46 gave the cis-diol in quantitative yield,

further treatment of thus formed cis-diol with benzaldehyde dimethylacetal in the presence of a catalytic amount of
camphorsulfonic acid afforded a single benzylidene derivative in quantitative yield. Reductive cleavage of the
benzylidene derivative proceeded with almost perfect chemoselectivity to give secondary alcohol 47 in 87% yield.
v,8-Unsaturated ketone was obtained in high yield by oxidation of the alcohol with PDC, and diketone 48, a
precursor of the AB ring system of 12-demethyltaxoid, was prepared by successive Wacker oxidation. Next,
intramolecular aldol condensation of the diketone 48 was tried in order to produce the desired a,-unsaturated
ketone 50 directly from 48. However, in the case of substrate 48, the corresponding aldol 49 was unexpectedly
isolated on treatment with LHMDS and HMPA combined system. The aldol 49 was stable at room temperature

and dehydration of 49 to form the desired AB ring system 50 did not proceed at all under the above reaction
PS VAL E E D SO L P PR MU NP PRSI 1 Iy L P, [ SR vy o el e oo ~ affand EH o
conditions. On the other hand, facile dehydration of 4% was achieved by ubulg urgess reagent to atfora Sv in

high yield. It is noteworthy that optically active S0 was synthesized in high yield from 8-membered ring enone
44 via successive highly stereoselective allylation and intramolecular aldol reactions.

However, thus obtained AB ring system 50 including 1,5-diene structure is an unstable compound, and
intramolecular Cope rearrangement occurs spontaneously at room temperature to give [2.2.2] bicyclic compound
51 because C-3 and C-12 of this compound locate closely each other and the overlapping of molecular orbitals
causes facile rearrangement. Thereforc, we decided to change our synthetic plan of the ABC ring system to that
of B to BC to ABC ring route in 1994,
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The synthetic strategy was next designed toward the BC ring system of Taxol via intramolecular aldol
cyclization and following stereoselective methylation with methyl iodide.60 The Michael addition of cuprate
reagent, generated in situ from 2 mol equivalent of 4-bromo-4-pentene-1-ol with 6 mol equivalent of z-BuLi and 1
mol! equivalem of CuCN, to the 8-membered ring enone 44 proceeded smoothly and the desired B-

monosubstituted 8-membered ring hydroxyketone 52 was obtained in high yield with perfect diastereoselectivity.
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presence of NaOMe at room temperature, the desired reaction proceeded smoothly to afford a mixture of bicyclic
compounds 54 in nearly quantitative yield with good diastereoselectivity (87 / 13/ 0/ 0). Oxidation of the
mixture afforded the corresponding diketone in high yield. Methylation of the diketone took place by using 1 mol
of NaH and excess amount of methyl iodide where the desired methylated compound 55, corresponding to BC
ring system of Taxol, was obtained in high yield. Though the bicyclic compound S5 had an opposite
configuration to Taxol at C-8 Dosition. o-isomer concerning methyl group at C-8 position was supposed to be

epimerized to more favorable B-isomer by successive retro-aldol and aldol reactions after constructing ABC ring
system.
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diol with isopropylidene acetal provided tricyclic compound. 8-Membered ring ketone 56 was obtained in good
yield by DDQ oxidation of the above tricyclic compound, followed by oxidation with PDC. Allylation of 56 with
allylmagnesium bromide afforded homoallyl alcohol 57 as a single stereoisomer in quantitative yield. Wacker
oxygenation of C-13 position in the above homoallyl alcohol 57 was carried out under forced conditions and the
corresponding hydroxyketone was obtained in good yield. Reduction of the carbonyl group and successive
protection of hydroxyl group gave disilyl ether 5§8. Regioselective deprotection of benzyl group in 58 and

following protection thus formed 1,2-diol gave benzylidene acetal 59. The acetal was converted to the desired
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construct the basic skeleton of 8-epitaxoid by intramolecular aldol condensation reaction. When aldol reaction of
60 was carried out in the presence of an excess amount of KO’Bu in THF with a trace amount of water, the ABC
ring system 61 which possesses C-11, C-12 bridgehead double bond was obtained in low yield.
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Scheme 12. Synthesis of the ABC ring system of 8-epitaxoid 61

However, we concluded that this route was not appropriate because it needed too many steps to come out
and the yield of the desired enone 61 was low. In addition, it was considered that this route directed to the ABC
ring system of 8-epitaxoid included additional deprotection-protection steps for preparing the precursor, and the
stereochemistry at C-8 had to be inverted in a later stage of the synthesis. Then in 1995, we decided to make an

alternative plan once again for the synthesis of the desired BC ring system.
In order to construct the BC ring system having methy! group at C-8 position, a three-component coupling
reaction of 44 with a cuprate reagent, followed by trapping with methyl iodide was tried under several reaction

conditions. The three-component coupling reaction was carried out smoothly by employing the cuprate reagent
generated in situ from 2 mol equivalent of 4-bromo-1-triethylsiloxy-4-pentene with 4 mol equivalent of -BuLi
and 1 mol equivalent of CuCN, and successive treatment with excess amounts of methyl iodide and HMPA.
Ketoaldehyde 63, a precursor of the BC ring system of Taxol, was obtained in high yield by deprotecting 62
with TBAF, followed by Swern oxidation. Next, synthesis of bicyclic compound 64 from the precursor 63
red functionalities for constructing Taxol was tried under several reaction conditions.
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Contrary to our expectation, intramolecular aldol reaction did not proceed at all in any case, and ketoaldehyde 63
.............. A alin ot ~srnmes 1
was recovered alimost quantitatively.
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Scheme 13. Attempted synthesis of the BC ring system 64

By the conformational analysis of ketoaldehyde 63, it was assumed that generation of enolate anion by
deprotonation from 63 having a C-3,8 trans-configuration is hardly possible under the standard conditions
because the dihedral angle between the H-C8-C9=0 bonds is nearly antiperiplanar. This gave us an important
recognition that a ketoaldehyde 68 having the C-3,8 cis-configuration is able to generate the key enolate anion
(Scheme 14). The enolate anion thus formed should easily cyclize with the aldehyde at C-7 to form the BC ring
system of Taxol by intramolecular aldol reaction. Then, it was planned to synthesize the desired ketoaldehyde 68
having the C-3,8 cis-configuration by a-face selective hydrolysis of the intermediate Michael adduct, formed
from 8-membered ring enone 66 and the cuprate reagent.01,62

Methyiated 8-membered ring enone 66 was prepared after synthesis of 8-demethyl compound via
methylation of an enolate anion derived from the polyoxy linear intermediate 41. Michael addition of the cuprate
reagent generated in situ from 7 mol equivalent of 2-bromo-5-triethylsiloxypentene, 14 mol equivalent of +-BuLi
and 3.6 mol equivalent of copper cyanide to the enone 67 gave the 8-membered ring ketone having the C-3,8 cis-
configuration in high yield with almost perfect diastereoselectivity by way of a-face selective hydrolysis of the

enolate anion. Ketoaldehyde 68, a precursor of the BC ring system of Taxol, was obtained in good yield by the

deprotection of the above Michael adduct with 0.5 N HCI, followed by oxidation with TPAP and NMO. As
expected, the cyclization proceeded smoothly to afford a mixture of bicyclic compounds in nearly quantitative
yield with high diastereoselectivity when intramolecular aldol reaction of the precursor 68 was carried out in the
presence of NaOMe. The diastereomer 70 that has an o-hydroxyl group ai the C-7 position could be epimerized
to the desired B-alcohol 69 in good yield on treatment with NaOMe.
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Then, we focused our attention on the synthesis of ABC ring system of Taxol by intramolecular aldol
reaction using C-11, C-13 diketone 73 as a precursor (Scheme 15). Diastereoselective reduction of aldol 69 with
AlH3 and followed by treatment with isopropylidene acetal provided tricyclic compound, which was converted to
8-membered ring ketone 70 by successive DDQ and PDC oxidations. When 70 was treated with allyllithium
reagent, the desired homoallyl B-alcohol 71 was obtained as a single stereoisomer in quantitative yield. Removal

of the TBS group gave cis-diol and subsequent treatment of the diol with dichlorocyclohexylmethylsilane yielded
n oilerlana anmimmiinAd wrhiskh cwnc thaam conve mrtad t~ tha trmallboloilelathae ot sha ™ PRS-, dim L
a auy AIC Luxupuuuu wnuuu Wad UiCH CULIVULICU LU LLIC uxau\ymuylct ISl di Uuic \4'1 pUDHJUll Uy Wd.y Ul dlK)’lduU[l (8]
the bridged silicon atom with aikyilithium reagent. Oxidation of thus formed secondary aicohol with PDC gave 8-
membered ring ketone 72 in good yield. In order to prepare C-13 oxygenated compound 73, a precursor of the
ABC ring system of Taxol, several methods of oxygenation at C-13 position were examined. However, in no
case did the desired reaction take place and, against our expectation, the C-12 position was regioselectively

oxygenated to form ketoaldehyde 74 under forced conditions.
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Scheme 15. Attempted synthesis of a precursor of the ABC ring system 73

Again, we were on the verge of another turning point. Although it was impossible to think of the exact
strategy right away, we at once proceeded to reconsider every unsolved questions all over again, for our motto is
“to catch the interesting while running.” After a while, we succeeded at last to construct the A ring, our

immediate target, by the pinacol coupling according to the hint obtained through experiments which is to be

The IH NMR of 72 and MM2 calculation of its conformation indicate that 72 has a rigid tricyclic structure.
Comparison of the environments of the C-12 and C-13 positions in the model suggested that the C-12 position
was more easily attacked by a water molecule during Wacker oxygenation because the C-13 position is
considerably shielded by both the trialkylsilyl group and the exo olefin on the C ring of 72. These results led to a
new synthetic strategy of forming the ABC ring system of Taxol from intermediate 77 (Scheme 16). This 77
was prepared by the nreferentia] oxygenation of the C-12 position of 76 as shown in the Scheme. Therefore,
alkylation of the C-1 n of 70 with homoallyllithium reagent was tried in order to produce bishomoallyl B-

alcohol which was in turn dlrectly converted to the ABC ring system by way of an intramolecular pinacol
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dichlorocyciohexyimethyisilane yieided the silylene derivative in high yield. Alkylation with methyliithium
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furnished secondary alcohol having the desired C-1 protected hydroxyl group. The desired diketone 77,
precursor of ABC ring system of Taxol, was obtained from the alcohol by successive oxidation with PDC and
Wacker oxygenation. Next, the intramolecular pinacol coupling reaction of 77 using the low valent titanium
reagent, prepared from TiCl2 and LiAIH4, gave the novel taxoid 78 containing the ABC ring system of Taxol.63
Successive deprotections of 78 with Na/NH3 and TBAF gave the desired pentaol 79 in high yields.

Regioselective protcctlon of the pentaol 79 with bis(trichloromethyl)carbonate and with acetic anhydride afforded
o C-10 acetoxv ('-I (C-2 carbonate 80 in

orresponding C-10 acetoxy, C carbonate 80 in good yi
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Scheme 16. Synthesis of the ABC ring system 80
Deprotection of the acetonide group and regioselective protection of thus formed tetraol, followed by
oxidation of triol with a combination of TPAP and NMO yielded C-9 ketone 81. A novel taxoid 82 was formed
by the desuifurization of thionocarbonate derived from the above ketone 81. Regioseiective oxygenation at the

C-13 position of 82 with PCC and NaOAc gave an enone, which in turn was reduced to the desired a-alcohol
stereoselectively on treatment with K-Selectride. Protection of thus formed o-alcohol afforded tetracyclic

compound 83 possessing all the functionalities of Taxol. Allylic bromination at the C-5 position of 83 by using
excess amounts of CuBr and PhCO3¢-Bu (1:1 molar ratio) gave two separable allylic bromides 84 and 85 in 62%
and 15% yields, respectively. Further treatment of the allylic bromide 84 with CuBr in CH3CN, 25% of 84 and
64% of 85 were obtained. Dihydroxylation of this allylic bromide 85 with OsO4 in pyridine gave a dihydroxy

a il waily

bromide 86 in 92% yield as rield when

g

this dihydroxy bromide was treated with DBU. The corresponding acetate was prepared by acetylation of the
tertiary alcohol 87 with acetic anhydride in pyridine. The carbonate was benzoyiated at the C-2Z position by
treating with phenyllithium to give 7,13-bistriethylsilylbaccatin 1II (88) in high yield. Desilylation of 88
followed by monosilylation of the intermediate triol afforded 7-triethylsilylbaccatin 111 (89) in good yield.63.64
The so-called f-lactam method has been the most popular method for the introduction of side chains to 7-
O-protected baccatin III, and was utilized in all the reported total syntheses of Taxol. By making good use of
what we have built up in reaction chemistry, we tried at this stage to develop a new method for the direct

condensation reaction between 89 and the side chain as its free carboxylic acid form unde rather mild conditions

because the B—lactam method was generally carried out under stron 1gly basic conditions. The dehydration
condensation between 89 and a derivative of N-benzoylphenylisoserine, prepared from achiral starting materials
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by our enantioselective aldol reactions, was studied and it was found that the condensation reaction proceeded
smoothly when DPTC (di(2-pyridyl)thionocarbonate) was used as a novel coupling reagent in the presence of
DMARP affording the corresponding ester 90 in 95% yield at 93% conversion.63.66 Finally, deprotection of the
protected Taxol 90 thus formed gave the final target molecule Taxol in nearly quantitative yield.57,68
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Scheme 17. Completion of the asymmetric total synthesis of Taxol

doctorates except myself.

I would like to express my hearty thanks to many coworkers who worked very hard to complete all of the

topics described herein.
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190 Reaction of Mixed Carboxylic Anhydrides with Grignard Reagents. A Convenient Method for the Preparation of 1,4- or 1,6-Diketones.
Chem. Lett., 1974, 687, by M. Araki, S. Sakata, H. Takei, and T. Mukaiyama.

191 Reaction of Vinyloxytin. A New Method for the Preparation of B-Hydroxyalkanoate. Chem. Lett., 1974, 689, by E. Shimada, K.
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192 The Highly Stereoselective Synthesis of Ethyl Geranate. Chem. Lett., 1974, 705, by S. Kobayashi and T. Mukaiyama.

193 Biotin Synthesis. 1. Synthesis of 4-(4-Carboxybutyl)-1,2-dihydrothienof3,4-dlimidazol-2-one. Chem. Lett., 1974, 729, by T.
Taguchi, Y. Sato, K. Watanabe, and T. Mukaiyama.

194 A Convenient Method for the Preparation of Ketones by the Reaction of Grignard Reagents with Carboxylic Acid Derivatives. Bull.
Chem. Soc. Jpn., 47, 1777 (1974), by M. Araki, S. Sakata, H. Takei, and T. Mukaiyama.

195 The Reaction of Trimethylsilyl Suflides with o,p-Unsaturated Acetals. A Convenient Method for the Preparation of y-Alkoxyallyl
Sulfides. Chem. Len., 1974, 1013, by T. Mukaiyama, T. Takeda, and K. Atsumi.

196 A Convenient Method for the Preparation of Allyl Ethers —— The Reaction of a,B-Unsaturated Acetals with Grignard Reagents Activated
by Titanium Tetrachloride. Chem. Lett., 1974, 1077, by T. Mukaiyama and H. Ishikawa.

197 A Convenient Method for the Preparation of Styrene Derivatives by the Use of TiCl4 and Zn. Chem. Lert., 1974, 1161, by S. Song, M.
Shiono, and T. Mukaiyama.

198 A Convenient Synthesis of the Antibiotic Botryodiplodin. Chem. Len., 1974, 1181, by T. Mukaiyama, M. Wada, and J. Hanna.

199 A Convenient Method for the Synthesis of 3-Alkoxy-B-ketoester. The Titanium Tetrachloride-Activated Reaction of Diketene with
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202 Aminoaluminum Hydride as New Reducing Agents. I Selective Reduction of Carboxylic Acids to Aldehydes. Chem. Lett., 1974, 1447,
by M. Muraki and T. Mukaiyama.

203 A Convenient Method for the Synthesis of a-Alkoxycarboxamide Derivatives. Chem. Lett., 1974, 1457, by T. Mukaiyama, K.
Watanabe, and M. Shiono.

204 Reductive Elimination of B-Benzoyloxy Sulfides by the Use of TiClg-Zn. A Convenient Method for Ketone Methylenation. Chem.
Lerr., 1974, 1523, by T. Mukaiyama, Y. Watanabe, and M. Shiono.

205 New Cross-Aldol Reactions. Reactions of Silyl Enol Ethers with Carbonyl Compounds Activated by Titanium Tetrachloride. J. Am.
Chem. Soc., 96, 7503 (1974), by T. Mukaiyama, K. Banno, and K. Narasaka.
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206 A New Method for the Oxidation of Alcohol to Carbonyl Compound. Chem. Lent., 1975, 145, by K. Saigo, A. Morikawa, and T.
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207 A Convenient Method for the Preparation of 8-Hydroxy-B-Ketoesters and 6-Alkyl-5,6-dihydro-4-hydroxy-2-pyrones. Application to
the Syntheses of Kawain and Dihydrokawain. Chem. Lett., 1975, 161, by T. Izawa and T. Mukaiyama.

208 Aminoaluminum Hydride as New Reducing Agents. II. Selective Reduction of Esters of Carboxylic Acids to Aldehydes. Chem. Lett.,
1975, 215, by M. Muraki and T. Mukaiyama.

209 A New Method for the Preparation of Unsymmetrical Ethers. The Reaction of Alkyl 2,4-Dichlorophenyl Acetals with Grignard Reagents

Activated by TiClg. Chem. Leti., 1975, 305, by H. Ishikawa and T. Mukaiyama.

210 A Convenient Method for the Preparation of 8-Alkoxy-o,B-unsaturated Aldehydes by Reaction of Acetals with 1-Trimethylsiloxy-1,3-
butadiene. Chem. Lett., 1975, 319, by T. Mukaiyama and A. Ishida.

211 A Convenient Method for the Synthesis of Furan Derivatives. Chem. Lett., 1975, 527, by T. Mukaiyama, H. Ishihara, and K. Inomata.
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1975, 637, by T. Sato, T. Inoue, and T. Mukaiyama.
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217 The Oxidation of Alcohols to Carbonyl Compounds via Alkoxy-magnesium Bromides. Chem. Lett., 1975, 691, by T. Mukaiyama, M.
Tsunoda, and K. Saigo.

218 A Convenient Method for the Preparation of gem-Dichlorocyclopropane Derivatives by the Use of TiClg and LiAlHg. Chem. Lett.,
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219 New Cross Aldol Reactions. The Reactions of Silyl Enol Ethers with Keto Esters Promoted by Titanium Tetrachloride. Chem. Lert.,
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220 A Convenient Method for Methylenation of Carbonyl Compounds. The Reductive B-Elimination of 2-(Phenylthio)-ethanols into
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Terminal Olefines Using TiCl4-LiAlH4. Chem. Leit., Y. Watanabe, M. Shiono, and T. Mukaiyama.

221 Aminoaluminum Hydride as New Reducing Agents. III. Selective Reduction of Carboxamides to Aldehydes. Chem. Lerr., 1975, 875, by
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A New Method for the Preparation of o-Diketones by the Photo-oxidation of B-Ketoalkylpyridinium iodides. Chem. Leu., 1975, 1033,
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225 A Convenient Method for the Synthesis of Carboxylic Esters. Chem. Leit., 1975, 1045, by T. Mukaiyama, M. Usui Shimada, and
K. Saigo.
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228 A Facile Synthesis of Carboxamides by Using 1-Methyl-2-halopyridinium Todides as Coupling Reagents. Chem. Lett., 1975, 1163, by
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229 New Method for the Preparation of Polyenals from 3-Alkoxy-«,B-unsaturated Aldehydes. Chem. Letr., 1975, 1167, by A. Ishida and T.
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230 A New Synthesis of Vitamin A. Chem. Lett., 1975, 1201, by T. Mukaiyama and A. Ishida,

231 Reactions of Vinyloxyboranes with Carbonyl Compounds, Nitriles, and Formates. Bull. Chem. Soc. Jpn., 48, 3200 (1975), by M.
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232 Betaine as an Effective Acid Captor: A Convenient Method for the Synthesis of Carboxylic Esters. Chem. Lett., 1976, 13, by T.
Mukaiyama, H. Toda, and S. Kobayashi.

233 The Facile Synthesis of Lactones. Chem. Lett., 1976, 49, by T. Mukaiyama, M. Usui, and K. Saigo.

234 Betaine as an Effective Acid Captor: A Convenient Method for the Synthesis of Carboxamides. Chem. Lert., 1976, 57, by T.
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235 Regiospecific Aldol Synthesis. The Generation of Active Enolates by the Reduction of 2,2,2-Trichloroethyl Esters of Substituted-B-
Keto Acids with Zn. Chem. Lett., 1976, 95, by T. Mukaiyama, T. Sato, S. Suzuki, T. Inoue, and H. Nakamura.

236 S,S-Di-2-Pyridyl Dithiolophosphate as a Key Intermediate in the Phosphorylation by Oxidation-Reduction Condensation. Chem. Lett.,
1976, 157, by M. Hashimoto, M. Ueki, and T. Mukaiyama.

237 The Michael Type Reaction of O-Silylated Ketene Acetals with o,B-Unsaturated Carbonyl Compounds Promoted by Titanium
Tetrachloride. Chem. Lett., 1976, 163, by K. Saigo, M. Osaki, and T. Mukaiyama.

238 2-Halo-3-ethylbenzothiazolium Salts as Reactive Coupling Reagents. Chem. Lett., 1976, 267, by T. Mukaiyama and K. Hojo.
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241 A Convenient Method for the Preparation of Carboxylic Acid Fluorides. Chem. Lett., 1976, 303, by T. Mukaiyama and T. Tanaka.
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242 A New Method for the Preparation of a-Keto Carboxylic Esters by the Photo-oxidation of 1-(1-Ethoxycarbonylalkyl)-pyridinium
Todides. Chem. Lertt., 1976, 347, by T. Takeda and T. Mukaiyama.

243 A Convenient Method for the Transformation of Alcohols to Alkyl Iodides Using 2-Fluoropyridinium Salt. Chem. Len., 1976, 373, by
8. Kobayashi, M. Tsutsui, and T. Mukaiyama.

244 Synthesis of Unsymmetrical Ketones by the Reduction of 2-Alkoxypyridinium Salts Formed from x-Hydroxy Ketones (Acyloins) with
Sodium Hydrosulfite. Chem. Lert., 1976, 381, by M. Wada, M. Imaoka, and T. Mukaiyama.

245 Pyrimidone Derivatives as Effective Acid Captors. A Method for the Preparation of Carboxamides. Heterocycles, 4, 1707 (1976), by E.

Baid, S. Kobayashi, and T. Mukaiyama.
246 A Convenient Method for the Reduction of 1-(2-Oxoalkyl)-pyridinium Salts. Chem. Lett., 1976, 477, by T. Takeda and T. Mukaiyama.

247 A Convenient Synthesis of B-Acetyl-y-substituted-y-butyro-lactones and y-Acetyl-8-substituted-3-valerolactones. Bull. Chem. Soc.
Jpn., 49, 1055 (1976), by T. Sato, J. Hanna, H. Nakamura, and T. Mukaiyama.

248 A New Synthesis of the Pungent Principles of Ginger — Zingerone, Gingerol and Shogaol —. Bull. Chem. Soc. Jpn., 49, 1453 (1976),
by K. Banno and T. Mukaiyama.

249 A Facile Method for the Oxidation of Alcohols. Bull. Chem. Sac. Jpn., 49, 1656 (1976), by K. Saigo, A. Morikawa, and T.
Mukaiyama.

250 New Cross-Aldol Reaction via Vinyloxyboranes. Chem. Lett., 1976, 559, by T. Mukaiyama and T. Inoue.

251 Reaction of Pyridinium Ylides with Diethyl Azodicarboxylate — A Facile Synthesis of A2-1,3,4-Oxadiazolines —. Chem. Lett., 1976,
597, by T. Mukaiyama, K. Atsumi, and T. Takeda.

252 Synthe51s of Alkyl Halides from Alcohols by the Reaction with 2-Alkoxy-3-ethyl Benzothiazolium Salts. Chem. Leit., 1976, 619, by
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nvenient Method for the Preparation of N-Acyl Lactams. Chem. Lett., 1976, 711, by A. Ishida, T. Bando, and T. Mukaiyama.
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254 A Convenient Method for the Prepm'alion of Olefins by Reductive Demethoxylation of Allyl Methyl Ethers Using TiClg-LiAlH4. Chem.
, 1976, 737, by H. Ishikawa and T. Mukaiyama.
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256 The Titanium Tetrachloride-promoted Reaction of Ketene Alkyl Trialkylsilyl Acetals with Acetals or an Orthoformate. Chem. Lett.,
1976, 769, by K. Saigo, M. Osaki, and T. Mukaiyama.
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258 Solid Phase Peptide Synthesis by Oxidation-Reduction Condensation. Synthesis of Adrenocorticotropin(1-24) by Chain Elongation at
the Carboxyl End on Solid Support. Bull. Chem. Soc. Jpn., 49, 2259 (1976), by H. Maruyama, R. Matsueda, E. Kitazawa, H. Takahagi, and
T. Mukaiyama.

259 Optical Interconversion of Enantiomeric Secondary Alcohols Using 2-Fluorobenzothiazolium Salt. Chem. Leu., 1976, 893, by T.
Mukaiyama and K. Hojo.

260 New Synthesis of y-lonone. Chem. Ler., 1976, 1033, by T. Mukaiyama, K. Saigo, and O. Takazawa.

261 Synihetic Conirol Based on 2-Halopynidinium Salts L Preparation of (R)- and (S)-2-chloro-1-(1-cyclohexy
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methylpyridinium Fluoroborate. Chem. Lett., 1976, 1041, by M. Shiono, T. Shlbanuma nd T. Mukaiyama.

262 A Convenient Method for the Preparation of Symmetrical Polyolefins. Synthesis of B-Carotene, Chem. Letr., 1976, 1127, by A.
Ishida and T. Mukaiyama.

263 The Reaction of 2- F!u(,\fopv"d.nmm Salt with Nerol and Geraniol. Non-Enzymic Biogeneticlike Cyclization to Limonene. Chem. Lert.,
1976, 1137, by S. Kobayashi, M. Tsutsui, and T. Mukaiyama.

264 Lewis Acid-Promoted Reaction of 2-Alkoxy-3,5-dinitropyridines with Thiols. A New Method for the Synthesis of Unsymmetrical
Sulfides. Chem. Lert., 1976, 1177, by T. Mukaiyama, T Masui, and T. Tzawa.

265 2-Dialkylaminopyridinium Salts as New Type of Catalysts in Two-Phase Alkylation Reaction. Chem. Lett., 1976, 1259, by T. Tanaka
and T. Mukaiyama.

266 A Facile Method for the Beckmann Rearrangement Using 2-Fluoropyridinium Salt or 2-Chloropyrimidinium Salt. Chem. Leit., 1976,
1397, by M. Shiono, Y. Echigo, and T. Mukaiyama.
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267 New Synthetic Reactions Bawd on l-Methyl—l-ﬂuoropyridinium Salts. Facile Conversion of Alcohols to Thioalcohols. Chem. Lett.,
1977, 133, by K. Hojo, H. Yoshino, and T. Mukaiyama.

268 New Directed Cross-Aldol Reaction Using 9-Trifluoromethyl-sulfonyl-9-borabicyclo[3.3.1]nonane. Chem. Lett., 1977, 153, by T.
Inoue, T. Uchimaru, and T. Mukaiyama.

269 A Facxle Mcthod for the Pinacol Rcaxrangemem of Phenyl-ethanediol Derivatives by the Use of 2-Chloropyridinium Salt. Chem. Lett.,

......... himen amd A Ohimc~
l,ll ll’, Uy l mumuyamd, ! ﬂ-ﬂl Ly ﬂu mi. O .

270 A New Method for the Preparation of a-Hydroxy Ketones. Chem. Lett., 1977, 245, by T. Takeda, M. Ueda, and T. Mukaiyama.

271 A New Synthetic Method for the Transformation of Alcohols 1o Alky! Chlorides Using 2-Chlorobenzoxazolium Salt. Chem. Lett.,
1977, 383, by T. Mukaiyama, 5. Shoda, and Y. Watanabe.

272 New Synthetic Reactions Based on 1-Methyl-2-fluoro-pyridinium Salts. Stereospecific Preparation of Thioalcohols from Alcohols.
Chem. Lett., 1977, 437, by K. Hojo, H. Yoshino, and T. Mukaiyama.

273 An Efficient Method for the Synthesis of Macrocyclic Lactone. Chem. Lett., 1977, 441, by T. Mukaiyama, K. Narasaka, and K.
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274 A New Synthesis of di-Variotin. Chem. Lett., 1977, 467, by A. Ishida and T. Mukaiyama.

275 A Convenient Method for the Preparation of Isothiocyanates Using 2-Chloropyridinium Salt. Chem. Lett., 1977, 573, by T.

Shibanuma, M. Shiono, and T. Mukaiyama.

276 A Convenient Method for the Preparation of Carbodiimides Using 2-Chloropyridinium Salt. Chem. Lett, 1977, 575, by T. Shibanuma,
M. Shiono, and T. Mukaiyama.

277 A New Method for the Preapration of y-Alkoxy-e,B-unsaturated Aldehydes and Polyenals. Bull. Chem. Soc. Jpn., 50, 1161 (1977), by

278 New synthetic Reactions based on 1-Methyl-2-fluoro-pyridinium Salts. Stereospecific Preparaiotn of Primary Amines from Alcohols.
Chem. Lerr., 1977, 635, by K. Hojo, S. Kobayashi, K. Soai, S. Ikeda, and T. Mukaiyama.
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281 New Methad for the Preparation of Carboxylic Esters. Bull. Chem. Soc. Jpn., 50, 1863 (1977), by K. Saigo, M. Usui, K. Kikuchi, E.
Shimada, and T. Mukaiyama.

99

Chidv an Raramizatian in Ovidation_.Radurtinn Condencation hy th,
a2 SWGY On Kacemizalion in OXiGauon-KeGuction Longensauon oy i

Qo
Leu-OBut. Chem. Ler., 1977, 719, by R. Matsueda, H. Takahagi, and T. Mukaiyama.
283 New Synthesis of y-Damascone. Chem. Lett., 1977, 757, by O. Takazawa, K. Saigo, K. Narasaka, and T. Mukaiyama.

284 The Fucile Synthesis of Macrocyclic Lactones by the Use of 2-Chloro-3-methoxymethyl-1-methyl-pyridinium Todide. Chem. Lett.,
1977, 763, by K. Narasaka, T. Masui, and T. Mukaiyama.
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287 A New Method for the Transformation of 1,2-Epoxides to 1,2-Dichloroalkanes. Chem. Leit., 1977, 1013, by Y. Echigo, Y. Watanabe,
and T. Mukaiyama.

288 Asymmetric Synthesis Based on (Z)-(2R,35)-6-Benzylidene-3,4-dimethyl-5,7-dioxo-2-phenylperhydro-1,4-oxazepine. Synthesis of
Optically Active 3-Substituted 3-Phenyl-propionic Acids. Chem. Leu., 1977, 1165, by T. Mukaiyama, T. Takeda, and M. Osaki.

289 Biogenetic-Like Cyclization of Farnesol and Nerolidol to Bisabolene by the Use of 2-Fluorobenzothiazolium Salt. Chem. Lett., 1977,
1169, by S. Kobayashi, M. Tsutsui, and T. Mukaiyama.

290 Isomerization of Oxiranes to Allylic Alcohols with Dialkylboryl Trifluoromethanesulfonates. Chem. Lett., 1977, 1215, by T. Inoue,
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291 Efficient Methods for Oxidation of Alcohols. Bull. Chem. Soc. Jpn., 50, 2773 (1977), by K. Narasaka, A. Morikawa, K. Saigo, and T.
Mukaiyama.
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293 A New Method for the Preparation of Isocyanates from Methyl Thiocarbamates by the Use of 2-Chlorobenzoxazolium Salt. Chem. Letr.,
1977, 1345, by Y. Echigo, Y. Watanabe, and T. Mukaiyama.

294 The Partial Reduction of Carboxylic Acids to Aldedydes via 3-Acylthiazolidine-2-thiones with Diisobutylaluminum Hydride. Chem.
Lest., 1977, 1443, by T. Izawa and T. Mukaiyama.

1978

295 A New Method for the Preparation of Ketones by Decarbonylation of a-Hydroxycarboxylic Acid with 2-Chlorobenzoxazolium Salt.
Chem. Lett., 1978, 49, by T. Mukaiyama and Y. Echigo.

296 Enantioface-Differentiating (Asymmetric) Addition of Alkyllithium to Aldehydes by Using (25,2'S)-2-Hydroxymethy!-1-[(1-
methylpyrrolidin-2-yl)methyl]-pyrrolidine as Chiral Ligand. Chem. Lest., 1978, 219, by T. Mukaiyama, K. Soai, and S. Kobayashi.

297 An Efficient Phosphorylation Method by the Activation of Alcohol. Chem. Lett., 1978, 349, by Y. Watanabe and T. Mukaiyama.

298 Oxidation of Alcohols with 2-Fluoro-1-methylpyridinium Tosylate and Dimethyl Sulfoxide or Hexamethylenetetramine. Chem. Lett.,
1978, 369, by K. Hojo and T. Mukaiyama.

299 New Synthesis of ()-Pestalotin and (t)-Epipestalotin. Chem. Leit., 1978, 409, by T. Izawa and T. Mukaiyama.

300 Preparation of Olefins by Reductive Elimination of B-Hydroxysulfides Using 2-Fluoropyridinium Salt and Lithium lodide. Chem. Letz,,
1978, 413, by T. Mukaiyama and M. Imaoka.

301 Asymmetric Synthesis of §-Oxocarboxylic Acids by the Michael Reaction Using (2R,35)-3,4-Dimethyl-5,7-dioxo-2-pheny!perhydro-
1,4-oxazepine. Chem. Lett., 1978, 461, by T. Mukaiyama, Y. Hirako, an Takeda

302 Prenaration of Vinvl Chlorides from Enolizable Aldehvdes hem. Lert. 1978 465 bv Y. Echion and T. Mukaivama

302 Preparation of Viny! Chlorides from Enolizable Aldehydes. Chem. Lert., 1978, 465, by Y. Echigo and T. Mukaiyama

303 Effects of Solvents on the Enantioface-Differentiating (Asymmetric) Addition of Butyllithium to Benzaldehyde Using (2S,2'S)-2-
Hydroxymethyl-1-[(1-methylpyrrolidin-2-yl)-methyl]pyrrolidine as a Chiral Ligand. Chem. Lett., 1978, 491, by K. Soai and T.
Mukaiyama.

304 Asymmetric Reduction of Prochiral Ketones with Chiral Hydride Reagents Prepared from Lithium Aluminium Hydride and (S)-2-(N-
Substituted aminomethyl)pyrrolidines. Bull. Chem. Soc. Jpn., 51, 1869 (1978), by M. Asami, H. Ohno, S. Kobayashi, and T. Mukaiyama.

305 Enantioface-Differentiating (Asymmetric) Addition of Dialkylmagnesium to Aldehydes by Using the Lithium Salt of (ZS 25’) 2-
Hydroxymethyl-1-[(1-methylpyrrolidin-2-yi)-methyllpyrrolidine as a Chiral Ligand. Chem. Leit., 1978, 601, by T. Sato, K. Soai, K.

Suzuki, and T. Mukaiyama.

306 Qvnthpkl\ of Nucleonsides form ]J{yg_l OXYS!

306 Synthesis of Nucleosides form 1-Hydroxysug

Shoda, T Nakatsuka, and K. Narasaka.

307 A Regioselective Coupling Reaction of Allyl Pyridyl Ethers with Grignard Reagents. Chem. Lett., 1978, 689, by T. Mukaiyama, M.
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