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Asymmetric Vinylogous Mukaiyama Aldol Reactions Using Vinylketene
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Abstract: Asymmetric vinylogous aldol reaction is a powerful methodology to introduce a multi functional group in the
stereoselective manner. Recently, we have developed highly stereoselective vinylogous Mukaiyama aldol reactions using
vinylketene N,O-acetals possessing the chiral oxazolidone. Our methodology has been applied to the asymmetric synthe-
ses of natural products to establish the short and efficient routes. This review focuses on the asymmetric vinylogous Mu-
kaiyama aldol reactions using vinylketene N,O-acetals in total syntheses of natural products.
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1. INTRODUCTION

Polyketides have attracted chemists with their elegant
figures and remarkable bioactivities, and have contributed to
the growth of synthetic organic chemistry including the
methodologies of stereoselective construction of a carbon
chain, organometallic chemistry, macrocyclization, and
stereoselective glycosylation as well as protection of func-
tional groups. Polyketides have been a big group and their
polypropionate and/or polyacetate chains possess a variety of
chiral center arrangement and oxidation state. The acyclic
asymmetric syntheses are applicable to these systems and the
success to the short step synthesis depends on the choice and
delivery of the chiral sources. Convergency is also indispen-
sable to establish an efficient route. We already achieved the
total syntheses of the natural products belonging to this
group [1].

Vinylogous Mukaiyama aldol reaction is one of the
popular methodology of natural product synthesis [2,3]. Silyl
dienol ether 1 couples with aldehyde 2 in the presence of
Lewis acid to give homoallylic alcohol 3 (eq. 1). In the
stereoselective synthesis of natural products, the reaction has
been used by combination of an achiral dienol ether and a
chiral aldehyde. Recently, asymmetric vinylogous Mukai-
yama aldol reactions have been developed, by which the
functionalized C4 unit is introduced with stereoselective
construction of a hydroxyl group. These methodologies have
made it possible to synthesize polyketides in short steps.

R3SiO R-CHO 2 R _— X
)\/\ Lewisacid M (eq.1)
X OH 0
1 3

Recently, catalytic asymmetric vinylogous Mukaiyama
aldol reactions have been developed, which have been de-
scribed in excellent reviews [4]. In this review we focus
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on the application of vinylogous Mukaiyama aldol reactions
using vinylketene N,O-acetals to the total synthesis of natu-
ral products [5].

2. REMOTE STEREOINDUCTION WITH VINYL-
KETENE N,O0-ACETALS

Recently, we developed highly stereoselective viny-
logous Mukaiyama aldol reactions using vinylketene N,O-
acetals possessing the chiral oxazolidone (eq. 2 and 3) [5].
The reaction proceeded at the 7y position to give homoallylic
alcohol in the stereoselective manner. Vinylketene N,O-
acetal 4 promoted 1,7-sterecinduction to furnish 6 in high
yield with excellent stereoselectivity, and vinylketene N,O-
acetal 7 advanced 1,6,7-stereoinduction to give anti adduct 9
as a single isomer in quantitative yield. The vinylogous Mu-
kaiyama aldol reactions using vinylketene N,O-acetals pro-
ceeded with typical aldehydes in high stereoselectivity (Ta-
ble 1 and 2).

1,7-Stereoinduction
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1,6,7-Stereoinduction
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Table1. Vinylogous Mukaiyama Aldol Reaction Using Vinylketene N,O-acetal 4

R - CHO

X ) Me !
T|C|4
N O , R-CHO —  » R_7 = N 0
Me Al CH,Cl, : Al
TBSO 0 -718°C OH 0 0
4
Entry R Yield (%) ds
1 CH3(CH,), 97 42:1
2 CHg(CHz)lo 92 94:1
3 (CH3).CH 95 40:1
4 (E)-CH;CH=CH 54 (87)3 20:1
5 (E)-CHsCH,CH=C(CHy) 55 (65)3 86:1
6 Ph 94 30:1
8The yield in parentheses is based on the recovery of vinylketene 4.
Table 2.  Vinylogous Mukaiyama Aldol Reaction Using Vinylketene N,O-acetal 7
Me
R - CHO 1
X
Ticl, Me  Me
x~_N__O0 ., R-CHO —  » R_7 — N O
Me hig CH,Cl, 76 N
TBSO 0 -78°C OH o) 0
7
Entry R Temp. (°C) Yield (%) ds
1 CH3(CH,), -78 87 >50:1
2 (CH3).CH -78 99 >50:1
3 (E)-CHsCH,CH=C(CHy) -78~-40 67 (81) >50:1
4 Ph -78~-55 90 20:1
Me PivClI, Et;N R
LiCl NaHMDS NN
_ OH oxazolidinone Me TBSCI
" CH,CI 7 N\n/o THF, -78 °C X N\[(O
HCly R ,-18° Me
0
o) 0] TBSO 0
R = H : Tiglic acid (10) RfH:.H R=H:4
R = Me : 2-Methyl-2-pentenoic acid (11) R=Me:13 R=Me:7

Scheme 1. Preparation of vinylketene N,O-acetals 4 and 7.
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The vinylketene N,O-acetals 4 and 7 are prepared in two
steps from commercially available carboxylic acids (Scheme
1). They are crystals easy to handle and are so stable that
they are purified by silica gel column chromatography.

nOe (3%)

HHe2

nOe (6%)

Fig. (1). nOe correlation of vinylketene N,O-acetal 7 in CDCls.

NMR studies revealed the geometry of the diene (Fig. 1).
The nOe relations were observed between methyl group at
the o-position of the vinylketene N,O-acetal and a methyl
group of TBS, and between the olefinic proton at the B-
position of the vinylketene N,O-acetal and methyl group of
the isopropyl group. Namely, the larger methyl group (sp
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lectivity (syn:anti = 4:1). Interestingly, the stereochemistry at
C7 position of the adduct 16 was opposite to that of 6 [5].
The lower selectivity is due to the longer distance between
the stereogenic center of 15 and the terminal carbon, the re-
action site of the diene. On the other hand, methyl group at
the a-position of the vinylketene N,O-acetal 4 (eq. 2) en-
forces the direction of the diene moiety to make close to the
chiral auxiliary.

Since these reactions afford the multifunctional products
with high stereoselectivity, the vinylogous Mukaiyama aldol
reactions using vinylketene N,O-acetals 4 and 7 are applica-
ble to the total synthesis of natural products and make it pos-
sible to construct a polyketide skeleton in short steps.

3. TOTAL SYNTHESES OF NATURAL PRODUCTS
HAVING POLYPROPIONATE STRUCTURE
3.1. Total Synthesis of (+)-trichostatin D

Trichostatin D (17) was isolated as an inducer of pheno-
typic reversion in oncogene-transformed cells from the broth

Fig. (2). ORTEP drawing of crystalline 7. A). front view, B). side view.

carbon) located trans to the bulky oxazolidone and the
smaller olefinic carbon (sp?) located cis. X-ray crystallogra-
phy confirmed the stereochemistry of the vinylketene N,O-
acetals including the location of the oxazolidone (Fig. 2) [6].
These feature the impressible structure including axial chiral-
ity between the diene planer and the oxazolidone. The iso-
propyl group covers over the one face, which interferes the
attack of an electrophile. The rotation of oxazolidone was
restricted by TBS group and the dienolate chain. It is quite
reasonable that in the solution the vinylketene N,O-acetal
would take a similar conformation as crystalline state at low
temperature. Therefore, the electrophile approached from
another face to proceed the reaction stereoselectively. The
proposed transition state of vinylogous Mukaiyama aldol
reactions is shown in Fig. (3). The stereochemistry of the
methyl group at the o-position is important in achieving a
high level of stereoselectivity in the present vinylogous Mu-
kaiyama aldol reaction. The stereochemistry of vinylketene
N,O-acetal 15, the a-Me-missing analogue of 4 derived from
crotonic acid, was established to be trans configuration of
the terminal olefin and the chiral auxiliary by nOe experi-
ment (Scheme 2). Vinylogous Mukaiyama aldol reaction
using 15 and hexanal (5) was carried out to obtain the aldol
adduct 16 in moderate yield (38%) with moderate stereose-

\7/% Me
\

CH, Me
I
Me, R ‘Si—Q
/=<=\ Me
Me”! H No
- \7
| B —
ClyTi,, _ i .H 1]
0= o o)

Fig. (3). The proposed transition state of the vinylogous Mukai-
yama aldol reaction.

of an actinomycete Streptomyces violaceusniger (Fig. 4) [7].
Because various oncogenes correlate with tumor phenotypes,
the inducers of phenotypic reversion in oncogene-
transformed cells are expected to be selective antitumor
agents. Trichostatin D (17) has a chiral center at the middle
of the chain structure. This structure was suitable for applica-
tion of our remote stereoinduction reaction [5]. The total
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Scheme 2. Vinylogous Mukaiyama aldol reaction with crotonic acid derivative.

synthesis of trichostatin D was accomplished as shown in
Scheme 3 [6].

OH
Me HO 0
1 HO
.N HO
Me Me Me 0}
= 1
NN P NH
(0] (0]

Trichostatin D (17)

Fig. (4). Structure of trichostatin D.

The remote stereoinduction method with the enantiomer
of the vinylketene N,O-acetal 7 (ent-7) and p-
bromobenzaldehyde (18) proceeded to give the anti adduct
19 in excellent yield (98%) with high diastereosmeric ratio

/—\ SnCl,
N o————>
Me” N \n/ CH,Cl,
-78 °C
TBSO O 989 dr24:1 OH o o
19
Me Me
NP
OTBS OTBS
21 22
TBSO OTBS TBSO OTBS
O (0]
TBSO H TBSO H
Me
TBSO © N tBSO  ©
Me” Me  Me
54 NH2 Y
e — N F NH
WSCI-HCI
THF, 50 °C © o
48%
25

Scheme 3. Total synthesis of trichostatin D.

(dr 96:4, both isolated isomers possessed the desired 6R con-
figuration). After protection as the TBS ether 20, the imide
20 was directly converted to the o,3-unsaturated aldehyde 21
in high yield (91%) by treatment with DIBAL at -78°C. After
transformation to the dienoic acid 22, oxidation at the ben-
zylic position gave (+)-trichostatic acid (23), the common
polyketide chain of the trichostatin family.

Finally, condensation of 23 and 24, the glycoside pre-
pared by our glycosylation method [8], and successive de-O-
protection afforded (+)-trichostatin D (17).

3.2. Total Synthesis of (+)-actinopyrone A

Actinopyrone A (26) was isolated from Streptomyces
pactum S12538 as a relatively unstable compound possess-
ing coronary vasodilating activity and antimicrobial activity
(Fig. 5) [9]. Later, it was also found to exhibit potent anti-
Helicobacter pylori activity [10].

TBSCI
imidazole Me Me /_\ DIBAL
DMF N AN T
50 °C j]/ CH,Cl,
-718°C
quant. OTBS 0] (] 91%
20
Me
1
.N
Me Me  Me
DDQ z
_— N F
COMH  cp,clpH,0 COMH
72% 0
Trichostatic acid (23)
OH
Me HO 0
1 HO
N
Me” Me  Me HOo
70% aqg. TFA = 1
— N NH
quant.
o 0

Trichostatin D (17)
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Actinopyrone A (26)

Fig. (5). Structure of actinopyrone A.

In addition to multi-bioactivity, little toxicity makes acti-
nopyrone A (26) an attractive candidate for chemotherapy.
However, the instability of 26 makes further research diffi-
cult; even the absolute structure had not been disclosed until
our total synthesis. The total synthesis of actinopyrone A
(26) was achieved as below [11].

Our synthetic plan is shown in Scheme 4. To avoid insta-
bility of actinopyrone A (26), the conjugated pyrone 27 was
set up as the precursor. The precursor 27 would be subjected
to the reductive de-conjugation of the conjugated pyrone
moiety in the final stage of the synthesis. The conjugated
pyrone 27 might be synthesized by connection of the four
components 28, ent-7, 29, and 30. The stereogenic centers
C14 and C15 of 27 should be constructed by our developed
methodology using the chiral vinylketene N,O-acetal ent-7
[6].

Stereoselective construction of the C11-C18 unit 31 was
achieved by our remote stereocontrol method (Scheme 5)
[5]. The coupling of silyl dienolate ent-7 and tiglic aldehyde
(28) in the presence of TiCl, gave the C14-C15 anti adduct
31 as a single isomer. Protection of 31 as TBS ether followed
by reduction with DIBAL at -78°C to remove the chiral aux-
iliary gave the aldehyde 32 [6]. The aldehyde 32 was con-
verted to the triene 33 by Kocienski’s method [12] using the
sulfone 29. The epoxide 33 was transformed under acidic
conditions to the primary alcohol 34, which was oxidized to
afford the aldehyde 35. The pyrone moiety was introduced
by the Horner-Wadsworth-Emmons reaction of 35 with the
phosphonate 30 to give the stable intermediate 27. De-O-
silylation of 27 under acidic conditions proceeded to provide
36. Treatment of the vinylpyrone 36 with Sml, in the pres-

Actinopyrone A (26)
Me
" Uy -~
e 1 \
M \)\ ~ N
j 18 Z CHO Me
15 TBSO
28 ent-7

Scheme 4. Synthetic plan of actinopyrone A.

Mini-Reviews in Organic Chemistry, 2008, Vol. 5, No.1 5

ence of i-PrOH promoted reductive de-conjugation to give
actinopyrone A (26) in 70% yield via the intermediate 37.
The absolute structure of actinopyrone A (26) was deter-
mined to be the (14R, 15R)-configuration by the total synthe-
sis.

3.3. Stereoselective Construction of the Vinylogous Anti
Aldol Compounds

Although the vinylogous anti aldol is the structure avail-
able by hitherto asymmetric synthesis, stereoselective syn-
thesis of the arrangement takes a long sequence to give the
desired product in low yield over all.

Boger and co-workers accomplished the total synthesis of
piericidin Al (38) [13] possessing the same side chain as
actinopyrone A (26) (Fig. 6) [14]. In the synthesis, they ex-
amined some methods to construct aldehyde 32, the C6-C13
unit of piericidin A1 (38) (C11-C18 unit of actinopyrone A)
(Scheme 6). At First, Primary alcohol 41 was synthesized by
Whiting procedure [15]. Although Mukaiyama aldol reaction
with 39 gave anti aldol adduct 40 in good yield, successive
protection and reduction proceeded in moderate yield and
thus alcohol 41 was obtained in low yield over 3 steps. Addi-
tional 4 steps were required to obtain aldehyde 32. Secondly,
Nakao’s synthesis of aldehyde 42 [16a], utilizing the proce-
dure developed by Heathcock using 2 equivalent of n-
Bu,BOTf to promote anti aldol reaction, was applied to 32
[16b]. Boger group adopted this procedure and obtained anti
aldol adduct 46 in 67% vyield. Finally, Evans method using
MgCl, [17] was carried out to obtain anti aldol adduct 48 in
49% vyield. Both Heathcock and Evans methods gave anti
aldol adducts in high stereoselectivity, however, yields were
not so high and additional several steps were necessary to
obtain aldehyde 32. On the other hand, our procedure in the
total synthesis of actinopyrone A afforded 31 in high yield as
a single isomer (Scheme 5) [11]. Additional 2 steps includ-
ing protection and reduction gave the desired aldehyde 32 in
good yield. Thus, the remote asymmetric induction method-
ology is an effective and straightforward method to obtain
the vinylogous anti aldol compounds.

Me Me Me Me
w Leph L J
18 4 10 7
11 MeO
oTBS
27
P(O)(OEt
o (O)(OEY),
N Me 6 O_ _OMe
" 0
o N A ~K] U
NT LSS0 8= Me Me
o’ o
0
29 30
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Scheme 5. Total synthesis of actinopyrone A.

3.4. Total Synthesis of (-)-lagunamycin

Lagunamycin (49), a metabolite isolated from the culture
filtrate of Streptomyces sp. AA0310, showed inhibitory ac-
tivity against 5-lipoxygenases and antibacterial activity
against Gram-positive bacteria (Fig. 7) [18a]. The structure
of lagunamycin (49) has been elucidated to possess the dia-
zotetraoxoquinoline skeleton with the branched alkyl chain
by a combination of NMR studies and chemical degradations
[18b]. Existence of the rotational isomers caused by the
bulky side chain against the 9-methyl group attached to the
quinoline plane has been believed because of the complexity
of the NMR spectra of lagunamycin (49) [18b]. Interested in
the structure and bioactivities, we embarked on synthetic
studies of lagunamycin (49) [19].

Our retrosynthetic analysis is shown in Scheme 7. The
diazo group would be introduced in the final step and oxy-

Actinopyrone A (26) 0

genated quinoline moiety could be synthesized from 50 by
Knorr condensation to avoid the difficulty from steric inter-
action between the side chain and the quinolone moiety. The
B-ketoamide 50 would be obtained by coupling of the B-
hydroxycarboxylic acid 51 and the aniline 52 followed by
oxidation.

The actual synthesis of lagunamycin (49) started from
stereoselective and efficient construction of the side chain
moiety 51 (Scheme 8). The remote stereoinduction using the
ketene N,O-acetal 7 and isobutyraldehyde (8), gave the ad-
duct 9 in almost quantitative yield (99%) with excellent
stereoselectivity in multigram scale [5]. De-oxygenation at
C5’ position was realized by hydride reduction with the sul-
fonate 53. Treatment of phenylsulfonate 53 with super hy-
dride (LiBEt;H) made rapid progress of the reductive re-
moval of oxazolidone ring at -78 °C and promoted de-
sulfonation at room temperature to give the primary alcohol
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Piericidin A1 (38) OH 32

Fig. (6). Structure of actinopyrone A, piericidin A1, and aldehyde 32.
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)
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Scheme 6. Synthetic studies on aldehyde 32 using aldol reactions.

54. The resulting allylic alcohol 54 was oxidized to aldehyde
55, which was submitted to aldol reaction with the dianion
derived from propionic acid to give B-hydroxycarboxylic
acid 51.

Coupling of the carboxylic acid 51 and aniline 52 [20]
with WSCI afforded anilide 56 in high yield. The anilide 56
was treated with o-iodoxybenzoic acid (IBX) to promote
Nicolaou oxidation [21] quickly to give the quinone moiety
and oxidation of allylic alcohol slowly (overnight) at room
temperature to give B-ketoamide 57. The o-quinone 57 was
transformed to quinolone 60 in a one-pot procedure. Sub-

lagunamycin (49)

Fig. (7). Structure of lagunamycin.
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Scheme 8. Total synthesis of lagunamycin.
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Me ’ ; o)
: N Pz o
OH 0 0 OH

Khafrefungin (62)

Fig. (8). Structure of khafrefungin.

sequent manipulation of quinone 57 including i) hydrolysis
of methyl ether to convert to quinone 58, ii) selective reduc-
tion of the quinone moiety with Na,S,0, to provide the la-
bile trihydroxyanilide 50, iii) Knorr condensation under
acidic conditions [22] to give quinolone 59, and iv) oxidation
of hydroquinone with Oxone delivered p-quinone 60 in 87%
over all vyield. Finally, treatment of 60 with p-
acetoaminophenylsulfonyl azide (61) in the presence of
DBU gave lagunamycin (49), of which the analytical data
were consistent with those reported previously [18]. Thus,
total synthesis of lagunamycin was accomplished, and the
absolute structure of 49 was determined as 4’R configura-
tion.

3.5. Total Synthesis of Khafrefungin

Khafrefungin (62) is an antifungal agent isolated from
the fermentation culture MF6020 by Merck group in 1997 as
an inhibitor of inositol phosphorylceramide (IPC) synthase
(Fig. 8) [23]. IPC synthase catalyzes the fungal specific step
in Saccharomyces cerevisiae and pathogenic fungi such as
Cryptococcus neoformans and Candida albicans in picomo-
lar and nanomolar concentrations and causes ceramide ac-
cumulation [24]. Distinct from other sphingolipid inhibitors,
khafrefungin does not impair sphingolipid synthesis in
mammals. Therefore, khafrefungin is a candidate of drugs
working as specific antibiotics. The first total synthesis and
structural determination of khafrefungin have been achieved
by Kobayashi and co-workers on the basis of their catalytic

Me Me Me

OH

l\_/le Me Me Me l\_/le Me
Me ( ) 7_H /'\/\/OTBS \)\)
%\.EJ\/\W 6\?“ : f
OH 0 0

63 64

Me
L
MEH/:\ N

b owTY Y

(0}
TBSO 0
66
7

Scheme 9. Synthetic plan of khafrefungin.

and enantioselective aldol reaction [25]. Recently, we have
achieved the stereoselective and convergent synthesis of
khafrefungin using vinylketene N,O-acetals [26].

Our synthetic plan of khafrefungin (62) is shown in
Scheme 9. The target molecule 62 was divided into three
chiral building blocks 63, 64, and 65. Propionates 63 and 64
would be constructed by vinylogous Mukaiyama aldol reac-
tions with N,O-acetals 7 and ent-7, respectively. Polyhy-
droxy unit 65 might be derived from L-xylose (68), in which
the stereochemistry of C4’ position should be inverted by
Mitsunobu conditions at the stage of coupling with the ali-
phatic chain.

The fragment 63 was constructed in stereoselective man-
ner as shown in Scheme 10. Anti aldol adduct 70 was ob-
tained in almost quantitative yield with excellent stereoselec-
tivity by our methodology using vinylketene N,O-acetal 7
and aldehyde 66 derived from commercially available
methyl (R)-B-hydroxyisobutyrate (69). Protection of alcohol
followed by reduction gave aldehyde 63, the left end frag-
ment, in good yield. The center unit 64 was synthesized in 4
steps starting from propionaldehyde (67). The addition reac-
tion of ent-7 to propionaldehyde (67) also afforded anti-
adduct 71 in high yield with excellent stereoselectivity. Re-
ductive removal of the chiral auxiliary and successive selec-
tive protection and oxidation gave the C1-C6 unit 64. Tita-
nium-mediated aldol reaction with 63 and 64 proceeded
stereoselectively to afford C6-C7 syn aldol 72 [27]. The al-

Me I\_/Ie Me OH O
~16 :
- A.1_0.
7 O A —
o o OH
OH

Khafrefungin (62)

PMBO OTBS

"o —>
> OPMB
pMBO
65
Me J o_ ,.OH
\ c/ \ J/4\I/\E
HO . OH
N o z
Me hi OH
TBSO 0
ent-7 L-xylose (68)
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dol adduct was submitted to dehydration in the presence of
DIAD and PBu; to give C6-C7 double bond of conjugated
enone 73 in excellent yield [28]. Sequential deprotection and
oxidation of the terminal alcohol furnished carboxylic acid
74. Mitsunobu reaction with 74 and 65 provided ester 75
possessing the desired stereogenic centers. Selective de-O-
protection of the primary alcohol and successive oxidation
gave the carboxylic acid 76. Simultaneous removal of TBS
and PMB groups under the acidic conditions furnished kha-
frefungin (62).

Therefore, the vinylogous Mukaiyama aldol reaction us-
ing vinylketene N,O-acetal was applied twice to stereoselec-

Hosokawa and Tatsuta

tive synthesis of khafrefungin. Both proceeded to give anti
adduct in high yield with excellent stereoselectivity. The
method realizes efficient and convergent synthesis of the

multifunctional polyketides chain with flexibility on stereo-
chemistry.

3.6. Total Synthesis and Structure Revision of Palmerol-
ide A

Recently, an antitumor macrolide palmerolide A [29] was
synthesized by two groups independently and the structure
was revised by the total syntheses (Fig. 9) [30, 31]. Interest-
ingly, both groups used the vinylogous Mukaiyama aldol

1) TBSOTf
2,6-lutidine
CH,Cl,
Me gl"ot/: 15h
- (]
steps Me - T'C|4 W\[r
\n/\/ 9 ) CH2C|2 \n/
0 78°C 2) DIBAL
98% dr >20:1 CHyCl
69 66 0 : 70 -78°C,1h
88%
’/, 1) NaBH,, H,0
ent-7 Me Me Me - 2) TBSCI, imidazole
T|C|4 H I DMF
= N 0]
OTBS CHZCI2 Y 3) Dess-Martin periodinane
6 -78°C OH 0O o CH,Cl,
91% dr >20:1 94% in 3 steps
67 71
Me Me Me Ticl, Me Me Me Me Me Me DIAD
6 o OTBS DIPEA  Me
1 63 + 64 ———————>
0 CHCl 0TBS OH O 7810 -30 °C
-718°C 96%
64 86% dr >20:1 72
1) AcOH
THF-H,0
2) MnO, Me Me Me Me Me Me
CH,CI T T
OTBS 2vl2 Me R P 1 on
3) NaClO, 9 :
NaH,PO, OTBS 0] 0]
74
PMBO OTBS
HO _4'
65
z 1) AcOH
- OPMB THF-H,0
PMBO
DIAD Me Me Me Me Me PMBO OTBS 2) Dess-Marin periodinane
PPh3 H CH,Cl,
E—— / =
toluene 9 H 3) NaClO,
-20°Ctort OTBS (o] OPMB NaH,PO,
86% PMBO
75
Me Me Me Me Me PMBO
Me / \- / P 25% TFA M/\AMM(
9 Y OH ———>»
CH,ClI,
OTBS (o] OPMB
26 PMBO Khafrefungin (62)

Scheme 10. Total synthesis of khafrefungin.
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Fig. (9). Structure of palmerolide A (the proposed structure and the revised structure).

reaction to construct the same moiety of the attractive mac-
rolide.

Palmerolide A has drawn attention with an impressive
molecular architecture and bioactivity including selective
cytotoxicity against the melanoma cell line UACC-62 [29].
Palmerolide was isolated from an organism found in shallow
waters around Anvers Island on the Antarctic Peninsula, one
of the most inaccessible areas of the world in conjunction
with commercial exploitation prohibit by Antarctic Treaty.
Therefore, total synthesis remains as the only option to en-
sure investigation of bioactivities of palmerolide.

3.6.1. Total Synthesis of Palmerolide A by De Brabander
Group

De Brabander group divided the proposed structure 77
into three segments 79~81 as shown in Scheme 11 [30].

The C16-C24 unit 80, possessing C19-C20 syn relation-
ship, was constructed by the vinylogous Mukaiyama aldol
reaction followed by Mitsunobu reaction (Scheme 12). Al-
dehyde 82 [32] was submitted to the vinylogous Mukaiyama
aldol reaction with ketene N,O-acetal ent-7 to furnish anti
adduct 83. The configuration of C19 was inverted by Mit-
sunobu reaction to give C19-C20 syn product 84. Subsequent
DIBAL reduction and Wittig reaction afforded hydroxyester
80 in high yield. Thus, the C16-C24 unit 80 was synthesized
in 4 steps from aldehyde 82. Suzuki-Miyaura coupling [33]
of hydroxyester 80 and vinyl borane 81 was followed by
esterification with 79 under Yamaguchi conditions [34] to
afford 85. After transformation to macrolactone 86, carbox-

OH

Palmerolide A (proposed) (77)

ylic acid was submitted to Crutius rearrangement sequences,
in which the intermediary ketene was trapped with Grignard
reagents 87 to provide vinylamide 88 [35]. Manipulation of
protective groups gave the proposed palmerolide A (77),
whose NMR data were incongruent with those of the natural
product.

Next, diastereomer 19-epi-20-epi-77 was synthesized by
using the enantiomer of vinyliodide 80 derived from
vinylketene N,O-acetal 7. The NMR spectra, TLC, and ana-
lytical HPLC behavior of the synthetic 19-epi-20-epi-77
were identical with those of the natural palmerolide A. How-
ever, the mirror image CD spectra were obtained with the
synthetic 19-epi-20-epi-77 and the natural palmerolide A.
Therefore, the absolute structure of the natural palmerolide A
has been revised as 78, the enantiomer of 19-epi-20-epi-77.

3.6.2. Total Synthesis of Palmerolide A by Nicolaou Group

Nicolaou group divided the proposed structure (77) into
three segments including C1-C8 unit 89, C9-C15 unit 91,
and C16-C23 unit 90 (Scheme 13) [31]. They also applied
vinylketene N,O-acetal ent-7 to C16-C23 unit 90.

In the total synthesis, they examined two procedures to
synthesize C16-C23 unit 90. One utilized Evans aldol reac-
tion to construct C19-C20 configuration, and the other ap-
plied the vinylogous Mukaiyama aldol reaction with a
vinylketene N,O-acetal 95 (Scheme 14). Evans aldol reaction
[36] with B,y-unsaturated aldehyde 82 proceeded to give syn
adduct 92 in moderate yield with high stereoselectivity. Pro-
tection of the secondary alcohol of adduct 92 followed by

)
P(0)(OMe),

=z 9 OTIPS

TESO

Scheme 11. De Brabander’s synthetic plan of palmerolide A (proposed structure).
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OTBS

steps

Palmerolide A (proposed) (77)

Scheme 12. De Brabander’s synthesis of palmerolide A.

reduction of the imine moiety afforded primary alcohol 93.
Oxidation and elongation by Wittig reaction provided o-
methyl-o.,3-unsaturated ester 94, which was converted to
C16-C23 unit 90 in additional three steps including reduction
of the ester group, deprotection of the secondary alcohol, and
protection of the primary alcohol. Alternatively, vinylogous
Mukaiyama aldol reaction using vinylketene N,O-acetal 95,
the D-phenylalanine derivative, furnished the C19-C20 anti
adduct 96 possessing the requisite carbon length to construct
90. Reductive removal of the chiral auxiliary and successive
protection of the primary alcohol provided 19-epi-90. The
configuration of C19 was inverted by Dess-Martin oxidation
followed by reduction using LiAIH(Ot-Bu); in the presence

\(\ MgBr
Me

70% in 3 steps

19-epi-20-epi-77

of Lil. A mixture containing 90 and 19-epi-90 with 3:1 ratio
was separated by silica gel column chromatography after de-
O-silylation. The resulting primary alcohol was re-protected
to obtain the pure 90.

Stille coupling [37] of vinyl iodide 90 and vinyl stannane
91 afforded the C9-C23 unit 97, which was esterified [34]
with 89 to give 98 (Scheme 15). Several steps were required
to bis(allylalcohol) 99, the precursor for the ring-closing
olefin metathesis. The second generation Grubbs catalyst
worked well to give 8,9-E-olefin 100 [38]. The enamide
moiety was installed by Buchwald protocol [39] to achieve
the synthesis of the proposed structure 77, whose spectra
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Scheme 14. Nicolaou’s synthesis of C16-C23 segment 90.
were not identical with those of the natural product. Next, spectra (Scheme 16). Therefore, the structure of natural
the enantiomer of 90 was subsequently coupled with 89 and palmerolide A was revised as 78 (Fig. 9). Finally, the natural

91 to synthesize the 19-epi-20-epi-77, which was found to be form 78 was achieved using fragments 90, ent-89, and ent-
the enantiomer of the natural product by comparison of CD 91.
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Scheme 15. Nicolaou’s synthesis of palmerolide A (proposed structure).

4. ASYMMETRIC SYNTHESES OF 3-HYDROXYO-
XINDOLES

Some bioactive natural products possess the structure in-
cluding 3-hydroxyoxindole (Fig. 10) [40,41]. To establish
the most straightforward approach to this class of com-
pounds, we examined aldol reactions with some nucleophiles
and isatin (104), a commercially available o-ketoamide
(Scheme 17, Table 3) [42]. The vinylogous Mukaiyama aldol
reaction using ketene N,O-acetal 4 and isatin (104) was ex-
amined under the various conditions. The problem of the
reaction was the low solubility of 104 to the less-polar sol-
vent, especially at low temperature. This was solved by pre-
complexation of 104 with Lewis acid prior to addition of
enolates. The best result was obtained under the conditions
including the mixture of 104 and TiCl, in CH,CI, stirred for
30 min at 0 °C prior to the addition of vinylketene N,O-acetal

DMF, 23 °C
44% bhased on recovered
36% starting material

0
23
24
Me

o N
Y\r
(@]

7

4 at low temperature. This procedure afforded the adduct in
good yield with excellent selectivity and reproducibility.
Highly selective 1,7-sterecinduction was achieved with the
o-ketoamide to obtain a stereogenic tertiary alcohol. The
other nucleophiles 106~108 were also subjected to aldol re-
action with isatin (104) under typical Mukaiyama and Evans
aldol conditions (Table 3). In all cases, the corresponding
aldol adduct was obtained in low yield with low selectivity.
Therefore, only the vinylogous Mukaiyama aldol reaction
using 4 proceeded in the stereoselective manner. The
straightforward and highly stereoselective method to con-
struct 3-hydroxyoxindoles was established by the vinylogous
Mukaiyama aldol reaction using vinylketene silyl N,O-acetal
4, of which adduct was readily applicable to the natural
product synthesis.
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Scheme 16. Nicolaou’s synthesis of palmerolide A.

4.1. Total Synthesis of Madindoline A

Madindoline A was isolated from the culture of Strepto-
myces nitrospoteus K93-0711 by Omura group in 1996 as a
selective inhibitor of IL-6 activity (Fig. 10) [40]. Madindo-
line A is featured by 3-hydroxyfuroindoline connecting to
the cyclopentenedione. The first total synthesis and structural

OH

@—Q

(0] Me N H
Me/\/\%fo

Me

Madinoline A (101)

determination were also reported by Omura group in 2000
[43]. In the total synthesis they performed one step enanti-
oselective synthesis of 3-hydroxyfuroindoline under the
Sharpless asymmetric epoxidation conditions with tryp-
tophol. Recently, we established the original enantioselective
synthesis of 3-hydroxyfuroindoline by the vinylogous Mu-

Br
OH
Cl
Br 3
N 6}
H

Convolutamydine B (102)

Fig. (10). Structure of natural products possessing 3-hydroxyoxindole skelton.

Oy = QL -3y

103

Scheme 17. Aldol strategy to 3-hydroxyoxindole.

104 105
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Table 3.

e

Me ° WN

Aldol Reactions Using Nucleophiles 4, 106, 107, and 108%

-

Hosokawa and Tatsuta

N
TBSO

TBSO TBSO
4 106 107 108
Nucleophile Additive Yield (%) Selectivity
4 TiCl, 69 60:1
106 TiCl, 32 1.7:1
107 TiCl, 38 2.8:1
108 TiCly, i-PrNEt, 45 1.2:1

@Reactions were performed in CH,CI, at =78 °C.

kaiyama aldol reaction, which was applied to our total syn-
thesis of madindoline A (Scheme 18) [42].

Stereoselective construction of the tertiary alcohol was
accomplished using ent-4 as Table 3. After protection of the
tertiary alcohol of the adduct 109, ozonolysis gave the alde-
hyde 110. The aldehyde 110 was submitted to the one-pot
sequence to afford 3-hydroxyfuroindoline 111 including re-
duction of both amide and aldehyde moieties followed by
cyclization to give the N,O-acetal and the subsequent de-O-

J

protection of the tertiary alcohol. 3-Hydroxyfuroindoline
111, the key compound applied to the total synthesis of mad-
indoline A, was provided in 98%ee determined by HPLC.
Coupling of O-protected furoindoline 112 and neopentyl
aldehyde 113 [44] was problematic. Acid-sensitivity of 112
and bulkiness of 113 made it difficult to submit the typical
hydroamination reactions to afford 114 [45]. After a numer-
ous experiments, the combination of NaBH(OAc); and
Sn(OTf), in the presence of molecular sieves 4A was found

1) TBSOTf

o] 2,6-lutidine OoTBS

ent-4 CH-CI

asTable3 @__K\)\W O Gt CHO  oodAl
- .
2-2 37% in 3 steps
104 109 110
N 113
X CHO
OTBS
NaBH(OAc); OTBS
o steps g Sn(0Th, ACO Me steps
ﬁ .\ N
N W MS-4A X
CICH,CH,CI H O
111 0°C
112 66% 114
OTBS OH
o OTBS
TBAF
Me DBU o N o
"o > N THF
o ! H O benzene O Me H 0°C O Me H
rt
64%
© 87% 0
115 Me o) Me o)
Me Me
116 Madinoline A (101)

Scheme 18. Total synthesis of madindoline A.
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Scheme 19. Enantioselective synthesis of convolutamydine B.

to be effective to connect them. The cyclopentenedione moi-
ety was constructed by intramolecular condensation of trike-
tone 115. The reaction proceeded smoothly and regioselec-
tively under the mild conditions to afford cyclopentenedione
116 in high yield, which was submitted to de-O-protection to
obtain madindoline A (101).

4.2. Total Synthesis of (+)-convolutamydine B

Convolutamydine B (102) was isolated from the Florid-
ian marine bryozoans Amathia convolute by Kamano group
as a member of a family of oxindole alkaloids (Fig. 10) [41].
It induces the appearance of characteristic features, associ-
ated with normally differentiated cells, in the tumor cell line
HL-60. The structure of convolutamydine B was elucidated
as shown in Fig. (10), although the stereochemistry at C3
position had been not established and was assumed as R con-
figuration on the basis of the empirical rule for the correla-
tion of CD spectra [46]. To establish the absolute structure as
well as the enantioselective synthesis of convolutamydines,
the 1,7-stereoinduction methodology using vinylketene N,O-
acetals 4 was applied to the synthesis [42].

The (R)-convolutamydine B (102) was synthesized as
Scheme 19. The vinylogous Mukaiyama reaction of 4,6-
dibromoisatin (117) and vinylketene N,O-acetal ent-4 pro-
ceeded smoothly to afford aldol adduct 118 quantitatively
almost as a single isomer. After protection of the tertiary
alcohol as TMS ether, ozonolysis followed by hydride reduc-
tion gave primary alcohol 119. Transformation of 119 in-
cluding tosylation, chlorination, and de-O-silylation afforded
(R)-convolutamydine B (102). The stereochemistry of natu-
ral convolutamydine B was determined unambiguously as R-
configuration, because the CD spectrum of the synthetic (R)-
convolutamydine B (102) was perfectly matched with that of
the natural product.

5. CONCLUSION

The vinylogous Mukaiyama aldol reaction using
vinylketene N,O-acetal proved to be a powerful method to

Mini-Reviews in Organic Chemistry, 2008, Vol. 5, No.1 17
_J 1) TMSOTf
B 2 2,6-lutidine
r g
Me /_\ CHzCIZ
OH — N 0 2) 03 then MEZS
\n/ CH,Cl,
) 0]
N 0 3) NaBH,
H MeOH
49% in 3 steps
118
Br
OH
Cl
3
N o
H

Convolutamydine B (102)

construct the polyketide structure. This methodology is ap-
plicable to not only a variety of polypropionates but also the
3-hydroxyloxindoles. The reaction proceeded with typical
aldehydes in high stereoselectivity resulted from remote
stereoinduction. Yield and stereoselectivity are not affected
in scale so that the method is adequate to the multi gram
scale synthesis. Both enantiomers of vinylketene N,O-acetals
4 and 7 are easily prepared from commercially available
materials in multi gram scales and are stable solids easy to
handle. The product of the reaction composes multi func-
tional groups, which make this method flexible to the further
transformation including stereogenic exchange. Therefore,
the method is applicable to the total synthesis of natural
products including stereochemically unknown compounds.

The vinylogous Mukaiyama aldol reaction using
vinylketene N,O-acetal has been developed and widespread
to apply to the enantioselective synthesis of natural products.
Further studies to establish the methodology shortening the
sequences to synthesize the complex compounds are in pro-
gress.
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