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This is the first review on six dithienothiophene isomers, which covers their syntheses and electronic and optical properties.
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1. Introduction

Dithienothiophenes (DTT) possess three fused thiophene
rings, the orientations of which vary depending on the
locations of the sulfur atoms of the peripheral thiophenes.
Six isomers, dithieno[3,2-b;2’,3'-d]thiophene 1,
dithieno[3,4-b;3',4'-d]thiophene 2, dithieno[2,3-b;3',2'-
d]thiophene 3, dithieno[2,3-b;2/,3'-d]thiophene 4,
dithieno[3,4-b;3’,2'-d]thiophene 5, and dithieno[3,4-
b;2' 3'-d]thiophene 6 can be depicted and all have appeared
in the literature.
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Due to their interesting electrochemical and optical
properties, dithienothiophenes have been receiving increas-
ing attention. As these compounds are rich in sulfur, with
three S atoms, they are electron rich species, which makes
them good electron donors and important building blocks of
a wide variety of materials for electronic and optical
applications such as electroluminescence, two-photon
absorption, excited fluorescence, photochromism, nonlinear
optical chromophores, transistors with high mobilities of on/
off ratios, conducting polymers and charge-transfer
complexes. Easy oxidation of the thiophene sulfur of the
middle ring gives the molecules property of fluorescence,
which makes them good candidates for labelling, particu-
larly important for biological systems.

Dithieno[3,2- b 2'.3'-d]thiophene [3,4- b 3'.4"-d]
1 2
[2,3-b;3',2'-d] 23b2‘3‘
3 4
4 5 r 5
5/34/81 5'82'4/81
S ¢ a m
17 2Ng”3 2 4 Ng73 2
[3,4-0;3",2'-d] [3,4-5;2',3'-d]
5 6

2. Dithieno[3,2-b; 2',3'-d]thiophene 1
2.1. Methods for synthesizing the ring system

Although the first synthesis of 1 was claimed earlier, no
spectroscopic data were reported.' In 1971, Jong and
Janssen published its first synthesis with spectroscopic
data.”> The crystal structures of 1 and its charge -transfer
complex with TCNQ were reported in 1983.> Jong and
Janssen’s synthesis started with lithiation of 3-bromo-
thiophene 7 with n-BuLi at —70 °C, which was followed
by addition of bis(phenylsulfonyl)sulfide 8 to afford 3,3'-

Br

1) n-BulLi, ether S
4 \; e - | \i Z/ )
s 2) (PhSO,),S 8 S S
7 68% 9

1) n-BuLi, ether
reflux— 0°C
2) CuCl, (anhydrous)
52%

Scheme 1. First synthesis of dithienothiophene 1.

dithienyl sulfide 9. This was then dilithiated with n-BuLi
and subjected to oxidative ring closure using CuCl, to afford
1, (Scheme 1).

Conversion of the dithienothiophene 1 into the correspond-
ing dioxide 10 was performed by oxidation of the sulfur of
the central thiophene to the sulfone with hydrogen peroxide,
which yielded 10 in good yield (Scheme 2).

H,0, S S
1 ——>
AcOH \ / \ /
rt O//S\O
10

Scheme 2. Oxidation of 1.

The second method of synthesis appeared in 1989 with the
preparation of two higher homologues 17 and 19, which
contain four and five linearly condensed thiophenes.*> The
key intermediate bromothienothiophene 14 was synthesized
starting from 3,4-dibromothiophene 11, which was con-
verted into 12 in a one-pot four-step reaction: (i) lithiation
with n-BuLi; (i) addition of sulfur; (iii) reaction with
a-chloroacetic acid and (iv) esterification with methanol
(Scheme 3). It was then formylated using methylphenyl-
formamide/phosphorus oxychloride, which gave 2-formyl-
thiophene 13. Treatment of 13 with sodium ethoxide formed
bromothienothiophenecarboxylic acid, and the carboxylic
acid was removed by using Cu to afford the key
intermediate bromothienothiophene 14.

CO,CH;
Br Br 1yn-BuLi,-78°C B S
s~ 3) CICH,CO,H s
1" 4) MeOH/H" 12
PhN(CHO)Me
POCI,
(:020H3

1) NaOFEt

m 2) Cu/quinoline H\

Scheme 3. Synthesis of higher homologues of 1.

The thienothiophene 14 was initially treated with n-BuLi
and then with the dithienyl disulfide 15 to obtain 16, which
was converted into the tetrafused thiophene 17 by oxidative
ring closure, using n-BuLi and then CuCl,. The X-ray
crystal structure of 17 has also been reported (Scheme 4).°
The fused pentathiophene 19 was obtained in a similar
fashion using bis(phenylsulfonyl)sulfide 8 in place of the
dithienyl disulfide 15 to provide a sulfur bridge between two
thienothiophenes and, after an oxidative coupling of 18, the
fused pentathiophene 19 was obtained in 15-20% yield.
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1) n-BulLi, ether
S
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(E00, -83‘;,882% @ UJ
16

1) n-BuLi
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-80°C
23% 2 Cﬁuo(i/lz’ oc
0
Iy s 87V
S 18 s S o ®
1) n-BuLi
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s s s

\/ V[ \
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Scheme 4. Synthesis of higher homologues of 1.
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Scheme 5. Synthesis of tetramethyl derivative of 1.
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Scheme 6. Synthesis of dicarbonyl derivatives of 1.
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The third synthesis of the dithienothiophene ring was
reported in 1995, for a tetramethyl derivative of 1.” The
synthesis was completed in four steps starting from 2,3-
dimethylthiophene 20 (Scheme 5). Iodination of 20 afforded
monoiodinated dimethylthiophene 21, which was dimerized
using nickel catalysis and the product 22 was dibrominated
to obtain 23. It was then dilithiated with n-BuLi, and the
formation of the central thiophene ring was achieved using
bis(phenylsulfonyl)sulfide 8 as a sulfur source. The final
reaction gave the tetramethyl-DTT 24 in 26% yield.

Dicarbonyl chloride and dicarboxanilide derivatives of DTT
were reported in 1995 with the construction of the
dithienothiophene ring following a different method.®’
The synthesis started with the bromination of 2-bromothio-
phene 25 to obtain 2,5-dibromothiophene 26, which was
reacted with ethyl acrylate in the presence of a catalytic
amount of Pd(II) acetate to afford the thiophene 27, having
two ethenylcarboxylic acid groups at the 2- and 5-positions
(Scheme 6). Treatment of 27 with thionyl chloride let to
dual ring closure and formation of the functionalized DTT
28, which has two carbonyl chlorides and two chloro
groups. The corresponding anilines were added to 28 to
obtain the desired dianilides 29-31. A benzene solution of
31 was subjected to light of different strength for various
times. When 31 was irradiated with a 400 W high-pressure
mercury arc lamp for 10 h, DTT 32 having two peripheral
quinolones was formed (Scheme 7). On the other hand,
when 31 was irradiated with a 125 W high-pressure mercury
arc lamp fitted with a pyrex filter for 15 min, a mixture of
starting material, 32 and mono-quinoline 33 was obtained in
60, 5 and 7% yields, respectively.

In 1997, it was reported that a reaction of thieno-anellated 1,
2-dithiins 40-42 led to the synthesis of the dithienothio-
phenes 24, 1 and 43 (Scheme 8).10 Because the strategy was
particularly designed to synthesize the targeted dithiins
40-42 and then investigate their various reactions, this
method to obtain the dithienothiophene is rather longer than
the previous methods. The thiophenes 20, 34 and 35 were
lithiated and subsequent oxidative coupling using CuCl,
gave the 2,2'-dithienyls 22, 36 and 37, which were
brominated to obtain the 3,3’-dibromo-2,2'dithienyls 23,
38 and 39. The 1,2-dithiins 40-42 were synthesized in a
four-step one-pot reaction: (i) lithiation with n-BuLi; (ii)

/
s~ \

27

HO,C CO,H

s0Cl,
40%

S S
4 R-NH-R CIOC \ / \ / COCI
S

Cl Cl
28
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hv benzene
31

10 h, 400 W
75 %

hv
benzene

15 min, 125 W
0 0
s s
MeN~ \ / \ / Nme
cl S

33
7%

+ 32 + 31
5% 60%

Scheme 7. Irradiation of 31.

addition of elemental sulfur; (iii) hydrolysis with NaOH and
finally (iv) oxidation using Kj3[Fe(CN)g]. Treatment of
40-42 with copper bronze at elevated temperature yielded
the dithienothiophenes 24, 1 and 43.

In 2001, a similar synthesis to the first synthesis of DTT but
using thionyl chloride in place of b1s(phenylsulfonyl)sulﬁde
8 as a sulfur source was reported.'""'

In 2002, a new method for the synthesis of the ring system
was reported for the preparation of photochromic deriva-
tives containing two dithienothiophenes having a perfluoro-
cyclopentene bridge 49." The synthesis, which started with
5,5'-dimethyl-2,2'-bithiophene 44, was completed in three
steps to obtain the 2,6-dimethyl derivative 47 of DTT
(Scheme 9). The dimethylbithiophene 44 was selectively
dibrominated at the 3- and 3’-positions to yield 45, which
was converted into the 3’-bromo-3-thio derivative 46 by first
lithiation with n-BuLi and then addition of elemental sulfur.
Cyclization of 46 was achieved in the presence of Cu,O in

DMF to give the 2,6-dimethyl-DTT 47. The target
compound 49, which possesses two 2,6-dimethyl-DTTs
linked with hexafluorocyclopentene, was prepared in two
additional steps. The dimethyl-DTT 47 was brominated
with NBS to give 48, which was reported to be a
nonregioselective reaction and the product was isolated in
low yield by column chromatography from a mixture of the
products. Two moles of the 3-bromo-DTT 48 were then
lithiated and reacted with one mole of octafluorocyclo-
pentene to obtain the target molecule 49.

Photocyclization of 49 was performed at A=313 nm and the
reverse reaction was carried out at A=578 nm in MeCN. It
was reported that the long-wavelength absorption bands
were observed for 49 and 50 at 290 and 612 nm,
respectively.

In 2002, two improved syntheses of DTT 1 appeared,'*'?
one of which started with the diformylation of tetra-
bromothiophene 51 by first dilithiation and then reacting
with 1-formylpiperidine to obtain 3,4-dibromo-2,5-
diformylthiophene 52 (Scheme 10). The dialdehyde 52
was converted into the diester 53 with ethyl mercapto-
acetate, which gave the corresponding dicarboxylic acid
derivative 54 upon reacting with LiOH. The DTT 1 was then
obtained after decarboxylation of 54 using copper in
quinoline at 230 °C. The overall yield was reported to be
47%.

In the second improved synthesis, 2,3-dibromothiophene 55
was used as a starting material (Scheme 11).15 Lithiation of
55 was followed by usual oxidative coupling with CuCl, to
obtain 3,3’-dibromo-2,2/-bithiophene 56, which was con-
verted into DTT 1 in two steps: (i) lithiation and (ii) addition
of bis(phenylsulfonyl)sulfide 8 as a sulfur source.

In 2003, a method to synthesize DTT appeared with shght
differences from the previously described methods.'

Bromination of bithiophene 57 with NBS gave 3,3',5',5-
tetrabromo-2,2'-bithiophene 58, and the bromines at the 3-

R S
l)nBuLl -78°C
2

) pe \ T [

R

20 R=Me 22 R=

34 R=H 36 R= R =Me

35 R=Ph 37 R= 38 R=H
39 R=Ph

1) n-BuLi, -78°C
2) Sq

3) NaOH/H,0
4) K;[Fe(CN)g]

S S S S
R \ / \ / R copper bronze RWR
R S R A R SS R

24 R =Me, 50%
1 R=H,47%
43 R=Ph, 69 %

Scheme 8. Synthesis of 1 and its derivatives.

40 R = Me, 64%
41 R=H, 19%
42 R =Ph, 61%
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Br
1) n-BuLi, -70°C
/\/\ _wmsacon [ ) S DRRORTOE /\
CHCI3,IO°C 7\ J 2)88"35C
Br 46%
67%
45 46
Cu,0, KOH
DMF
79%
S Br
At m
s s CHC13,5 C
0,
1) n-BuLi, -78°C 48 10%
hexane-THF
2) octafluorocyclopentene
64%

578 nm

313 nm
MeCN

Scheme 9. Synthesis of photochromic derivative of 1.

Br Br and 3’-positions were removed using zinc in refluxing acetic
1) n-BuLi, -78°C acid to give 56 (Scheme 12). The next step, lithiation and
/\ addition of 8 at —70 °C, gave the DTT.
Br 2) formylpiperidine, QHC S CHO
25°C, 80% 52 Recently, a new method for the synthesis of DTT

1) ethyl mercaptoacetate
2) K,CO3, DMF, 71%

functionalized at the 3- and 5-positions was reported.'’

This interesting method involved the use of P,S;y or
Lawesson’s reagent (LR) 59 to form the DTT via a one-pot,
two-ring-closure reaction of a-dithioketones at the 3- and

EtO,C \ J \ / CO,Et 4-positions of the thiophene ring (Scheme 13).
|
S
s MeO rC P OMe
LiOH H s
90% S
S S 59
Cu, quinoline HO2C \ / \ / CO,H
230°C, 87% S . . . .
The synthesis required four steps starting with the
54 tetrabromination of thiophene 60 with Br, to give

Scheme 10. Improved synthesis of 1.

Br
U\ 1) n-BuLi, -78°C / \ S
S Br 3)cucl, 78 2) CuCl,, -78
55 79%

1) n-BuLi, -78°C
2) (PhSO,),S, 8 -78°C

70%

Scheme 11. Improved synthesis of 1.

mﬂg

58

Zn-AcOH
reflux
1) n-BuLi, -70 °C
] =— 56
2) 8, -70°C
60%

Scheme 12. Synthesis of 1, from bithiophene 57.



11060 T. Ozturk et al. / Tetrahedron 61 (2005) 11055-11077

Br Br Br Br

f/ \E Br, M Zn/AcOH Z/ \S
s~ 95% Br” g~ "Bri20°c, 85% S
60 51 1

i) n-BuLi, -78°C, N,

i) Sg

iii) 4-RC4H,4COCH,X

(X=Bror Cl)

61 R=H (55%), Br (50%)
MeO (58%)
P4Sipor59
toluene (dry)
120°C

S

s
WA
s

R 62 R
(P4S19) R=H (43%), Br (45%)
MeO (50%)
(LR, 59) R=H (15%), Br (18%),
MeO (22%)

Scheme 13. Synthesis of derivatives of 1, using P4S;, or LR.

tetrabromothiophene 51. Selective removal of the bromines
at the 2- and 5-positions was carried out using Zn to yield
3,4-dibromothiophene 11, to which a-thioketones were
introduced at the 3- and 4-positions via a one-pot, three-step
reaction: (i) lithiation with n-BuLi at —78 °C; (ii) addition
of elemental sulfur and (iii) introduction of a-thioketones by
adding a-bromoketones to the mixture. The crucial dual ring
closure was achieved by treatment of the diketones 61 with
P,S¢ in boiling anhydrous toluene, which was completed in
3 h, to give 62. As indicated, in Scheme 13, when LR was
used, lower yields were obtained.

The same molecule 62 (R=H) was also synthesized by a
separate §r0up,18 following the slightly modified
method'""'* of the first> synthesis of DTT 1.

2.2. Reactions and derivatization of the ring system

The DTTs are multi sulfur compounds, which makes them
electron rich and they tend to give electrophilic reactions."
Reactions of the central thiophene sulfur with peroxides
easily produce the sulfone 10, which gives the compound
the property of fluorescence (Scheme 2).>'%2*% Various

functional groups were generally provided, and these
molecules could even be further functionalized, by initial
lithiation or bromination of the c-position.

Double formylation of 1 was carried out for conformational
analysis by means of ESR spectroscopy (Scheme 14).%° The
dibromo-DTT 63 was obtained in quantitative yield by
bromination of 1 with N-bromosuccinimide (NBS), which
was followed by treatment of 63 with n-butyllithium and
then addition of dimethylformamide to obtain the dicarbal-
dehyde-DTT 64.

Scheme 14. Synthesis of diformyl-DTT.

To investigate the host—guest compositions and the
conformation of the host molecules in crystalline inclusion
compounds, a series of analogues of 1 and 17 were prepared
by lithiation and then reacting with di(cyclohexyl)ketone,
benzophenone and fluorenone to obtain 64a—c and 65c
(Scheme 15).>” A charge-transfer complex of 64¢ with the
electron acceptor, dichlorodicyanobenzoquinone (DDQ),
was prepared and the X-ray crystal structure of the complex
was reported.?®

1) lithiation

2) di(cyclohexyl)ketone, w

benzophenone

or 64a-c
fluorenone or

S S

R

/ \ I\ _J
S
JR= 65¢

O D
SN

Scheme 15. Synthesis of analogues of 1 and 17.
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NG CN
S S TCNEO
Br Br  1,2-dibromoethane — S __ S _
\ /N . N CN
reflux, 34% — —_—
S
d o O//S\\
69 70
2 eq mCPBA
CH,Cl,, reflux, 46%
Br S S\_pr 1:2eqmCPBA TCNEO NG S s. N
69 + \ / \ / 0°C 6 1,2-dibromoethane NC = = = CN
25% 3 reflux, 39% — s —
(% excess Br, 66
46% CSy
71 reﬂux, 94%
TCNEO
1,2-dibromoethane S S TCNEO
Br Br 1.3-dib
reflux, 26% \ / \ _,5-dibromopropane
CuBr, 27%
66 Br S
67
Scheme 16. Synthesis of analogues of DTT, bearing dicyanomethylene groups.
In 1989, electron-acceptor derivatives of 1 bearing
bis(dicyanomethylene) were synthesized>® by applying the B
Gronowitz reaction,® which is conversion of a 2.5- B r
dihalothiophene into a 2,5-bis(dicyanomethylene)-2,5- @\ 1) /@\
dihydrothiophene, using tetracyanoethylene oxide g~ Hex CHCLyAcOH Br g~ Hex
. 0,
(TCNEO) (Scheme 16). When TCNEO was applied to the 75 52% 76
2,5-dibromo-DTT 63, the dicyanomethylene derivative 66
1) nBuLi, -78°C
2) MeOH
1) NaCH(CN), 929
o3 (PhsP)Pd % Br
s Hex
Scheme 17. Short synthesis of 66.
77
o R F / .
1) nBuLi, Et,0 S S B/ F F I)ZCBuI_I;l, -78°C
0 SHI12
1 -78°C \ /A ) “oH F F 2) CsFg THF
2) B(OBu)3, 550
83% S °
72 J \Hex./ \
4-Br-Py S Hex s
Pd(PPhy),
72%

73
NBS
90%
— N
S S
Br /
Yawa
S
74

Scheme 18. Synthesis of DTT, having pyridine unit 74.

1) nBuLl Et,0
2) B(OBu)3

79

Scheme 19. Synthesis of the second intermediate 79.
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74 + 79

1) Pd(PPh3)4, ana2C03/THF
9 o

2) CF3803Me, CH,Cl, 81%

600 nm

300-365 nm

80 R = Lone pair
81 R =Me". CF;S0;

Scheme 20. Coupling of the intermediates 74 and 79.

was obtained. The tetrabromo derivative 67, which was
synthesized by treatment of 63 with a large excess of
bromine in refluxing carbon disulfide, was reacted with
TCNEO in the presence of copper(I) bromide to obtain the
dibromo-bis(dicyanomethylene)-DTT 68.

To obtain the dioxide derivative, 63 was reacted with
m-chloroperbenzoic acid (mCPBA) in refluxing dichloro-
methane, which gave the dibromo-DTT dioxide 69.
Treatment of 69 with TCNEO yielded the bis(dicyano-
methylene)-DTT dioxide 70. On the other hand, when 63

By
1) nBuLi/DMF, 95% /N
2) 4-BuyNC4H,CH,P*Ph;I” Bu
/BuOK, CH,CH,
48%

1,3-diethyl-2-thiobarbituric acid,
EtOH, 90%

Scheme 21. Introduction of donor and acceptor groups to 1.

was oxidized with mCPBA at 0 °C, the monoxide 71 was
obtained as the major product, along with 69. Gronowitz
reaction of 71 gave 66 in 26% yield. Furthermore, 66 was
obtained in high yield (78%) when 63 was reacted with
sodium dicyanomethanide in the presence of catalytic
amounts of tetrakis(triphenylphosphine)palladium(0),
followed by oxidation with bromine in water (Scheme 17).

Two dithienothiophene derivatives were synthesized as
photoswitching materials in 1995.%" The synthesis involved
the preparation of two separate units 74 (Scheme 18) and 79

S S\_CHO
7=
\ / \ /
S
82
malononitrile
EtOH, 68%
\
N S s
/ CN
7 X
Bu \ / \ / g
S N

84
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(Scheme 19), which were then coupled to obtain the desired
target molecules 80 and 81 (Scheme 20). Dithienothiophene
1 was converted into its boronic acid derivative 72 by
lithiation with n-BuLi and then reacting with tributyl borate
(Scheme 18). Coupling of 72 with 4-bromopyridine in the
presence of Pd(PPhs), yielded the pyridine-substituted
dithienothiophene 73, which was brominated with NBS to
obtain the intermediate 74.

The second intermediate 79 was prepared starting with the
bromination of 2-hexylthiophene 75 with bromine, which
gave 3,5-dibromo-2-hexylthiophene 76 (Scheme 19). The
bromine at C-5 of 76 was removed with n-BuLi and MeOH,
and then two moles of 3-bromo-2-hexylthiophene 77 were
lithiated and reacted with one mole of octafluorocyclo-
pentene to obtain 78. The intermediate 79 was then
synthesized by lithiation of 78 and treatment with tributyl
borate. Coupling of the intermediates 74 and 79, using
palladium, afforded the photoswitchable material 80, the
pyridyl groups of which were methylated with methyl
trifluoromethanesulfonate to obtain its methyl pyridinium
salt 81 (Scheme 20).

Quantitative ring closure of 80a was observed to give 80b
when the compound was simply exposed to daylight. On the
other hand, this did not happen with compound 8la. It
required irradiation at wavelengths of <400 nm to give
92% conversion into 81b, and back conversion occurred in
98% yield on irradiation at A> 600 nm.

By adding donor (D) and acceptor (A) groups to the 2- and
6-positions of DTTs, various chromophores have been
prepared In 1996, nonlinear optical chromophores contain-
ing DTTs, with donor and acceptor groups, were sgn-
thesized to investigate their solvatochromic behaviour.’
Recently, vibrational and quantum- chermcal studies of
these Compounds were also reported.®* The synthesis was
carried out using the conventional reaction sequences
(Scheme 21).

Double formylation of DTT 1 with n#-BuLi/DMF was
followed by the addition of a 4-N,N-dibutylaminobenzyl-
idene group by means of a Wittig reaction to obtain the
compound 82, which had the D-DTT-A sequence. Then,
the remaining aldehyde group was reacted with the
acceptors, malononitrile and 1,3-diethyl-2-thiobarbituric
acid, to obtain two new materials 83 and 84, having
the same D-DTT-A sequences. Their two-photon
absorptlon and electrochemical properties were also
reported.®

Quadrupolar fluorophores 85, 86 and 87, having electron-
releasing or electron-accepting groups, with high two-
photon excited fluorescence were prepared, followmig a
similar synthetic strategy to that described above.?**"

85 R =NBu, (D)
86R=CF; (A)
87R=NO, (A)

R/\S/\S/\R1

S

Ty O

HL“ D, D,

E ON/BU EQ\(OY@)(
e ay
D; A

88 R=R, =D,
89 R=D; R;=A
90 R=R,;=D,

91 R=D, R;=A
92 R=D; R, =D;

R S S
7 L
S

93 R:D3

R S s
\ /S\ /
94R=H

95 R = Hex

1) nBuLi,
-78—> 20°C

2) CO,, -40°C
HH

S s
R CO,H
\ / \ /
S
96 R = H (61%)
97 R = Hex (90%)

S 150°C
98
NaN;
NH,CL, NM,F/
N—NH
\ / A\ /

S
100

Scheme 22. Synthesis of DTT derivatives having electroluminescent
properties.
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A new group of chromophores containing donor and
acceptor side groups 88-93 were prepared, following the
well-established formylation of 1 and employing the
Wittig reaction sequence, and their two-photon-absorb-
ing®®*° photo/electroluminescent,*” and optical/electro-

chemical®>*! properties were investigated.

The synthesis and electroluminescent properties of DTT
derivatives having carboxylic acid and tetrazole groups
were reported (Scheme 22).42’43 It was claimed that they
show strong blue or blue-green photoluminescence in
solution. The DTT derivatives 94 and 95, the hexyl group
of which was introduced by Friedel-Craft acylation with
hexanoyl chloride and then reduction with lithium
aluminium hydride in the presence of anhydrous AICls,
were converted into the carboxylic acid derivatives 96 and
97, respectively, in three steps: (i) lithiation with n-BuLi;
(ii) addition of CO, at —40 °C and (iii) acidification with
HCI. Introduction of a tetrazole group was achieved by
starting from DTT 1, which was monobrominated to obtain
2-bromo-DTT 98. This was then reacted with copper(I)
cyanide in hot N-methylpyrrolidine (NMP) to give the
corresponding nitrile 99. The final product, tetrazole-DTT
100, was synthesized by the reaction of 99 with a mixture of
sodium azide and ammonium chloride in NMP.

Chromium, tungsten and molybdenum biscarbene
complexes of 1 were reported and their X-ray structures
were disclosed (Scheme 23).'""'? The dilithiated DTT 1 was
treated with chromium or tungsten hexacarbonyl and
subsequently quenched with alkylating agent (Et;0)BF, to
yield three products, monocarbene complexes 101 and 102,
biscarbene complexes 103 and 104 and oxidized products
105 and 106."" When the same reactions were employed
using molybdenum in place of chromium and tungsten,
similar products 107, 108 and a dimerized product,
dinuclear biscarbene 109, were obtained.

1) nBuLi EtO
2) Cr(CO)q or
=) ey
\ / \ / W(CO)s (CO)sM \ / \ /
3) (Et;0)BF,
101M Cr
12M=W
+
EtO OEt
(CO)M \ / \ / M(CO)s
103 M =Cr
104 M =W
EtQ o + g OEt
cosMm \ / \ /
S
105 M =Cr
106 M=W

Scheme 23. Preperation of chromium and tungsten complexes of 1.

B0 S BO s Ot
cosmd \ / N\ / comd \ ]\ J Mooy
s s
107 108

DTT 1 was also used as an extension unit in the synthesis of
analogues of tetrathiafulvalene (TTF) 110.** The synthesis
was performed by applying Wittig or Wittig—Horner
olefination reactions to the dialdehyde-DTT 64, phos-
phorane 111 and phosphonate 112 (Scheme 24). The
dialdehyde-DTT was reacted with both 111 and 112 to
obtain the DTT derivatives 113 and 114, respectively. Their
cyclic voltammetry (CV) measurements exhibited two
reversible one-electron transfer processes.

S S MeO,C
5T
S S MeO,C
110
111
MeS ]

s §
I D—P(OEN),
s

112

MeS

R R
S S
111 \ S S /
64 ——> \ / \ /
112 S
113 R=CO,Me
114 R =SMe

Scheme 24. TTF derivatives of 1.

Dimerization of DTT was achieved using ferric acetyl-
acetonate as the coupling reagent to produce new organic
conductors for thin-film transistors (TFT) (Scheme 25).4>4¢
Treatment of 1 with n-BuLi and then addition to a refluxing
solution of ferric acetylacetonate gave the DTT-DTT dimer
115, which was reported to have an unusual 7-stacked
structure, a very high on/off ratio and a wide HUMO-
LUMO gap.

| _DBuLi,-78°C
_—

2) Fe(acac)s,
THF, reflux
57%

Scheme 25. Dimerization of 1.

The di- and tetramethylthio-substituted DTT derivatives
116 and 117, respectively, were synthesized by double
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lithiation of DTT 1 and then reacting with dimethyl disulfide
to obtain the bis(methylthio) derivative 116 (Scheme 26).*’
The tetramethylthio derivative 117 was then synthesized in
three steps: (i) bromination of 116; (ii) double lithiation with
LDA, and (iii) treatment of the lithiated compound with
dimethyl disulfide to yield the tetramethylthio derivative

117.
eS \S/ \S/ SMe
S

116

1) LDA

2) MeSSMe
73%

1) Br,, 98%

2) LDA

3) MeSSMe
28%

S

es\mSMe

MeS S SMe
117

Scheme 26. Synthesis of di- and tetramethyl derivatives of 1.

The electrochemical behaviour of the di- and tetra-
methylthio and dibromodimethylthio derivatives has been
reported. All of these electron donors showed two reversible
half waves of lower oxidation potentials. Their charge-
transfer complexes with tetracyanoquinodimethane
(TCNQ) and chloranil (CA) were prepared.

a,0-Disubstituted bis(dithienothiophene) derivatives 119
and 120, having long alkyl chains, were synthesized for
organic thin-film transistors (Scheme 27).*® Monolithiation
of 1 and then treatment with dihexyl disulfide produced
thiohexyl-DTT 118, which was dimerized following the
coupling procedure involving ferric acetylacetonate as the
coupling reagent**® to obtain dithiohexyl-bis-DTT 119.
Following the same protocol, dioctyl-bis-DTT 120 was
synthesized, using the prior addition of octanoyl chloride
DTT and reduction of the carbonyl group to the alkyl chain
with LiAlIH,. It was reported that these materials exhibited
high on/off ratios.

1) nBulLi, S S
78°C \ / SHex
1 ———\ _/ \
2) (CeH13S), S
64%
118
1) A1C13 l) nBuLi
2) C;H,5COCI (63%) 2) Fe(acac);
3) LiAIH, (75%) 34%
4) nBuLi s s
5) Fe(acac); (41%) 3 \ / \ / SHex
Y S

S S c 119
S
120

Scheme 27. Synthesis of substituted dimers of 1.

On the way to making new electron donors, two dithiin
groups were attached to the periphery of 1.* The reaction of
1,2-ethanedisulfenyl dichloride 121, which could be
prepared by chlorinating ethanedithiol with sulfuryl
chloride,”®>" with 1 in the presence of AlCI; at 0 °C gave
the dithiino-DTT 122 (Scheme 28).

S S S S
1 s IO

Scheme 28. Synthesis of dithiin derivative of 1.

The 4,4'-dioxide analogues of DTT 124, with various
substituents, have been synthesized in order to prepare light-
emitting devices (LEDs) and fluorescent markers.'8-20-21:24
For the synthesis of LEDs, a well-established method was
followed to obtain the 3,5-dimethyl-DTT 123,% the
oxidation of which with hydrogen peroxide and mCPBA
gave the 4,4-dioxide 124 and 4-monooxide 125, respect-
ively (Scheme 29).?' Bromination of 124 was followed by
coupling with a phenyl- or thienyl-stannane in the presence
of a palladium(0) catalyst, which gave the corresponding
diphenyl-DTT dioxide 126a and dithienyl-DTT dioxide
126b, respectively.

Me % \\
124
mCPBA
BF;.Et,0 1) NBS
CH,Cl, 2) ArSnBu;,
Pd(AsPh3)4
S S
VLV T /
Mé S Me
I/ Me // \\
125 126a Ar=Ph

126b Ar = 3-methylthiophene

Scheme 29. Synthesis of substituted dioxide analogues of 1.

A series of fluorescent markers as labelling agents for
biological systems containing S,S-dioxide and isothio-
cyanates was synthesized.'®** Through their isothiocyanate
groups, they form a stable linkage with bovine serum
albumin and monoclonal antibodies. In the multistep
synthesis, the intermediate compound, 3,5-diphenyl-DTT
62, which was also synthesized through a different method
by a separate group,'’ was prepared by following a
conventional method.'"'? Oxidation of 62 to the corre-
sponding S,S-dioxide was performed with mCPBA, and
then bromination with NBS was followed by Stille coupling
with thienylstannane 127 in the presence of palladium to
obtain 128 (Scheme 30). In the next step, 128 was
brominated once more with NBS and then the second
coupling with 129 afforded 130. Treatment of the
chloromethylsilyl side chain of 130 with sodium
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thiocyanate produced the target labelling agent 131, having
a very reactive thiocyanate group.

Following the same methodology, various labelling agents
132-137 with efficient light-emitting properties were also
synthesized.

2.3. Poly-DTT (pDTT) 1, copolymers and properties

The thiophene-like nature of 1 enabled it to be polymerized
electrochemically. Its first polymerization was conducted in
1985, which produced a cathode-active material 138, doped
with Cl0; and PF,.>>>

It was reported that doped pDTT 1 presented some
important features, which make it relevant for application
in battery technology. On the other hand, it had a
disadvantage of a fast self discharge. This was claimed
not to be due to polymer degradation, as the pDTT
electrodes could be recharged to recover their original
voltage and cycling capabilities.”* Therefore, rather than a
degradation, the voltage decay due to a spontaneous
undoping process of the polymer in solution was held
responsible.

138 X = ClO4", PF4, CF58057%° Br>®

Studies indicated that 1 had a lower irreversible oxidation
potential compared to that of thiophene and pDTT, which

showed a comparable oxidation potential with

polythiophene.>

Further electrical and structural studies, including compara-
tive studies with polythiophene (pT) and polythienothio-
phene (pTT), were also performed.’®®® These studies

\Si/\NCS
\

indicated that the pTT polymer electrodes are not
competitive in relation to their use as cathode active
materials. It lacked fast kinetics of the doping—undoping
process and high specific capacity. The pT and pTT showed
similar properties, including the general problem of
p-doped-based thiophene polymers, which is self discharge.

Studies on the electrochromic properties of pDTT revealed
that it showed reversible electrochromic behaviour with a
high contrast in colour between the red neutral state
(absorption coefficient at 480 nm=3.5X 10*cm™") and
the blue-black oxidized state.®”’® It had a switching time of
<1s. It was reported to be a promising electrochromic
material having a satisfactory stability to repeated switching
and an optical memory up to 11,000 tested cycles.

A copolymer of 1 with dithienopyrrole, which formed
the poly(dithienothiophene—dithienopyrrole)copolymer
(pDTDP) 139, was prepared by cyclic voltammetry and it
was reported that a very stable junction with good rectifying
characteristics was obtained.”" Further studies indicated that
pDTDP had good electrochromic characteristics.’”

139
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1) mCPBA, 46%
2) NBS, 65%

3 N 127
/Q\SnBug,

Pd(ASPh3)4
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1) NBS, 66%
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Pd(PPhy),
72%
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Scheme 30. Synthesis of derivative of 1 as a labelling agent.

Two new conjugate polymers incorporating 1 were
synthesized by the Knoevenagel reaction (Scheme 31).”

Condensation of the 1,6-dialdehyde DTT 64 with the
dinitriles 140 and 142 in the presence of +~-BuOK produced
the corresponding copolymers 141 and 143, respectively

1
64 + NC\/@/CN BuOK/THF
S
+

(Scheme 31). The onset of their absorption was found to be
in the near infrared, and the redox processes showed that
both materials were p- and n-dopable. The polymer 141 was
reported neither to be photovoltaic nor photoconductive.
Photochemical polymerization’*” and photo-induced
electron-transfer reactions of 1, using laser flash photoly-
sis,”*”” were conducted in the presence of electron
acceptors such as dinitrobenzene and CCly.

Nonlinear optical studies of 1, to determine the relaxation
kinetics and the size of the third-order nonlinear suscepti-
bility, were also performed.”®”®

The DTT and DTT-S,S-dioxide copolymers with thiophene
were synthesized for photovoltaic applications and their
blends with buckminsterfullerene Cgq or TiO, were
prepared.”** Their synthesis involved coupling of the
thienyltributylstannane 144 with both 63 and 69 to produce
the monomers 145 and 147, respectively, the polymeriz-
ation of which, using FeCl;, yielded the corresponding
soluble polymers 146 and 148, respectively (Scheme 32). It
was reported that, while a Cg blend of 146 exhibited photo-
induced electron transfer, 148 had a good interaction with
TiO, nanoparticles and showed a photoluminescence
quenching in copolymer/inorganic composites.

2.4. Miscellaneous

An X-ray single-crystal analysis of 1 was disclosed in 1983
and the crystals were monoclinic (space group P2,/n).* In
the same year, the charge-transfer complex of 1 with the
electron acceptor 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ) 149, was prepared and its X-ray diffraction analysis
was reported.

NC CN

NC CN
149

In a separate study, the conductivity of the charge-transfer

s. S I\
Data G
S

50°C CN CN
140 141
OHex
NC ‘BuOK/THF CN
CN 50°C
OHex \
142

Scheme 31. Synthesis of conjugated polymers incorporating 1.
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C1oH21

Pd(PPhs), S

P e e
SnBus toluene

69

toluene

‘ Pd(PPhy),

/ j S S i \
\ / \ J
C1oH21 C

S
\
IAS

10H21
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Scheme 32. Synthesis of 1 and 1-S,S-dioxide copolymers with thiophene.

salt DTT-TCNQ was reported to be poor, which was related
to its mixed-stack structure.®>

Theoretical®~*° and vibrational®' spectral studies of 1 were
presented by various groups.

3. Dithieno[3,4-b;3',4’-d]thiophene 2
3.1. Methods to synthesize the ring system

The first synthesis of 2 appeared in 1971, along with the
syntheses of its isomers 1, 3 and 5 with a similar reaction
sequence to the synthesis of 1.7 It utilized lithiation of 3,4-
dibromothiophene 11 with n-BuLi and reaction with
bis(phenylsulfonyl)sulfide 8 to obtain 150, which was
followed by dilithiation and then oxidative ring closure
using CuCl, to afford the desired product 2 (Scheme 33).

1) nBuLi, Br
11 __-718°C /j\ /C 1) 2 nBuLi
2) 8, -70°C 2) CuCl,
63% 20%

Scheme 33. First synthesis of 2.

It was claimed that, alternatively, 150 could be obtained in
high yield (83%) if the disulfide 151 was used in place of 8.

S—S§

BrU UBr

S S
151

S S P \
ST VTN
CioH21 S C1oHz1
145

l FeCls/chloroform

Oxidation of 2 with hydrogen peroxide in acetic acid gave
the corresponding sulfone 152, along with the sulfoxide

153.

//\\

152 153

The formation of dithieno[3,4-b;3’,4'-d]th103)hene
following a different route appeared in 1997.°%%% The
reaction was performed by cyclization of 150 via palladium
coupling using tetrakis(triphenylphosphinyl)palladium(0)
and hexamethylditin, which afforded 2 in 78% yield
(Scheme 34).

Pd(PPh;),

Me;SnSnMej
PPh;, dioxane, A
78%

150

Scheme 34. Synthesis of 2.

The same workers further developed the method and, using
different reagents such as ate-type complexes and organo-
zinc species, cyclization of 150 produced 2 (Scheme 35).”

3.2. Reaction and derivatization of the ring system

In order to prepare new donor molecules, a new DTT 2
analogue 156 having tetramethylthio groups was syn-
thesized.*” Its cyclovoltammetric behaviour, which demon-
strated two reversible half waves at 0.82 and 1.14 V, cation
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1) nBulLi, CNCu CuCN

_ — 1o
150 —3°€ s 2Li—>2)C2Cl 2
S N uCly
e
1) nBuLi, Clzn ZnCl
_780C — — CLIC12
150 — > S T 2
2)ZnCl, S\ g N 70%
-50°C

Scheme 35. Synthesis of 2.

radical salts with PFg and AsFg and charge-transfer complex
with chloranil were reported.

The synthesis started from tetrabromothiophene 51, which
was dilithiated using n-BulLi and then treated with
dimethylsulfide to give 3,4-dibromo-2,5-dimethylthiophene
154 (Scheme 36). Following Jong and Janssen’s well-
established method,2 154 was then monolithiated and
reacted with 8 to obtain the intermediate 155, the oxidative
coupling of which, applying the n-BuLi/CuCl, protocol,
gave tetramethylthio-DTT 156.

Br, Br
1) nBuLi
L
2) MeSSMe  MeS S SMe
85%
154
1) nBuLi
2)8
74%
MeS Br Br SMe
s S
o Ws
MeS SMe
55

1
1) nBuLi
MeS SMe 2) CuCl,

43%
TN s
MeS S SMe
156

Scheme 36. Synthesis of tetramethylthio-2.
3.3. Poly-DTT 2, copolymers and properties

The first electropolymerization of 2 appeared in the
literature in 1988, the oxidation potential of which remained
constant at 1.04 V during the polymerization versus a
standard calomel electrode.” Doping indicated that the
polymer had one ClO, ion for every three monomer units.
Its electrical conductivity measured by the standard four-
point technique gave a specific conductivity of 1.0 S cm ™"
An electrochromic study indicated that the polymer had a
strong electrochromic effect. While its reduced (insulating)
form was opaque, the oxidized (conductivity) state was
colourless and semitransparent. Undoped (reduced) poly-
DTT showed a low energy of the first w—m* electron

transition with a maximum at 2.1 eV (590 nm) and a band
gap of 1.1 eV, which are indications of the large -electron
delocalization.”” As the molecule had four electroactive o
positions, various possible polymerization situations
157-160 could be proposed (Scheme 37), among which
157 was found to be the more likely.”>~*®

s Oy 3 L
| | | }

/ s s —s
s Y

S S
157 158 159 160

Scheme 37. Possible polymerization situations of 157-160.

A mixture of dimethyl-substituted DTTs (DMeDTT) 161-
163 in a ratio of 100:28:1, respectively, was synthesized,99
following the conventional method.?

Me Me Me
Me S Me S Me S
161 162 163

Electropolymerization of the mixture, unfortunately, gave
only short oligomers, and, when DMeDTT was added to 2,
polymerization resulted in endcapping of the DTT
oligomers and blocked formation of the conjugated
polymer. Conclusions were reached that the structure of
the poly-DTT was given by 164 and only two of the active
positions could be used among the four o positions during
polymerization.

The DTT 2 was functionalized with either an ethylene or an
ethyl group and polymerized to obtain new poly-DTTs.'®
The monomers 166 and 167 were synthesized starting with
the formylation of 2 using n-BuLi and DMF to obtain 165,
which was converted into the monomer 166 through a
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Wittig reaction (Scheme 38). Reduction of the ethylene
chain of 166 using tosylhydrazine produced the second
monomer 167. Polymerization of 166 produced a grey film,
which did not change colour during reduction. On the other
hand, polymerization of 167 gave a blue-violet film,
contrary to 166, and its oxidation potential remained
constant at 1.04 V (vs SCE). During reduction, the colour
of the polymer shifted to grey, and it was found to be very
sensitive to oxygen.

nBuLi S N 7 /S
DMF — —N,

165 CH;PPh;Br
EtONa

g,
/
— 7\CH=CH2
CH;PhSO,N,H; S
166

gt
= 7\CHZCH3

S
167

Scheme 38. Synthesis of the monomers 166 and 167.

New DTT 2 analogues 168-170 having methyl and octyl

groups at the 2- and 5-positions were synthesized and

polymerized.'?"'°* Additionally, the DTT 2-methyl deriva-

tive 169 was also synthesized by lithiation of 2 with n-BuLi
—78 °C and then treating with Mel.

1) Me(CH,)COCI

AICI M\
[\ 2NN KOH Oct/Q\Oct
s~ 3) Me(CH,)(COCI

AICL 1m
4) NH,NH,, KOH

Br,/CHCI,
Fe
Oct S Oct
172
11
1) nBuLi, -78°C
2)8
Br Br
1) nBuLi
) o AN\ S \_-Oct
-78°C
170 <= &/ \
2) CuCl, S
-50°C Oct
173

Scheme 39. Synthesis of analogues of 2.

168 Rl Rz =Me
169 Rl H R2 =Me
170 R, =R, = Oct

Contrary to the previous synthesis of dimethyl-DTT,”
following the same conventional reaction path,” a mixture
of 2,2'-, 2,5'- and 5,5'-dimethyl-DTT was claimed to be
obtained. On the other hand, the 2,5-dioctyl derivative of
DTT was synthesized as the only product starting from
thiophene. Successive Friedel-Craft acylation and Wolf—
Kishner reduction reactions gave 2,5-dioctylthiophene 171
(Scheme 39). Bromination of 171 gave 3,4-dibromo-2,5-
dioctylthiophene 172, a mixture of which with 3,4-
dibromothiophene 11 was then lithiated and reacted with
bis(phenylsulfonyl)sulfide 8 to yield 173. Lithiation and
oxidative coupling of 173 with CuCl, at —50 °C gave 170
as the only product. The mono- and dimethyl-DTT 168 and
169 were reported to be electrochromic and the dioctyl-DTT
170 underwent oxidation around 0.9 V, but dissolved from
the electrode surface. Chemical polymerization of 170 was
also performed with FeCl; in CHCl; to obtain the
corresponding polymer, a thin-film of which, doped by
exposure to iodine, had a conductivity of 5.1 Scm™

Electrochemical,“’103*116 and photoche:mical74*76’117
polymerization of 2 and their properties were also
conducted by various research groups.

3.4. Miscellaneous

The X-ray single-crystal analysis of 2 was reported in 1988,
the structure of which was monoclinic, P21/n.118 A charge-
transfer complex of theis donor was prepared with the
acceptor TCNQ and its single-crystal analysis was also
reported.''” The conductivity of the smgle crystal was
measured as 0,30 xk=2X10"1°Q " 'cm

Li@Li

174

_CH,CH(OCHj3),

\ 175
“CH,CH(OCH3),

H,CO._ JOCH; H;CO

AW g0
lPPA

3

OCH;

Scheme 40. First synthesis of 3.
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Br Br Br
8 1) 2 nBuLi
e (0 ) 2o,
S S S 21%
177 178

Scheme 41. Second synthesis of 3.

Theoretical calculations, including geometries and
electronic spectra of the sulfone of 2, were reported by
various research groups.®*%’

4. Dithieno[2,3-b;3',2-d]thiophene 3
4.1. Methods to synthesize the ring system

The synthesis of 3 first appeared in 1958, although no
spectroscopic data were given.'”® The reaction of the
dilithiated thiophene 174 with the disulfide 175 gave the
disubstituted thiophene 176, which underwent cyclization
with polyphosphoric acid (PPA) in boiling chlorobenzene to
obtain the DTT 3 (Scheme 40).

The second synthesis, with spectroscopic data, was reported
in 1971.% This synthesis was similar to those of the
analogues 1 and 2, which were carried out by the same
group.? 3-Bromo-2-lithiothiophene 177 was treated with 8
to produce the intermediate 178, the subsequent oxidative
coupling of which, with CuCl,, yielded the DTT 3
(Scheme 41).

Oxidation of 3 with either H,O, or m-chloroperbenzoic acid
gave the corresponding 7,7-dioxide 179, which showed a
longer wavelength band in its UV spectrum.

7 \\
S /S S
\

179

Alternative methods for coupling 178 to 3 employ
palladium catalysis or ate-type copper complexes and
organozinc species followed by CuCl,-induced cyclizations
(Scheme 42).°*°* Palladium-catalyzed cyclization was

Pd(PPh;),
Me;SnSnMe; 3

dioxane,\
75%

178

2
CNCu CuCN 1)O,,

1) nBuLi, t
O(—
178 —=18°C @\ /@ 2Li -780Cc> 1t 3
2) CuCN s g 2) CuCl,
780¢C S 47%
180
lynBuLi, ClZn  ZnCl

cucl
18 8C, [\ /U%O/%
2)ZnCl, g~ 87 g o
-50°C 181

Scheme 42. Synthesis of 3 through coupling.

performed on 178 using Pd(PPhj), and hexamethylditin,
which produced 3 in 75% yield.

In the second method, 178 was initially dilithiated with
n-BuLi and then reacted with CuCN to form the
intermediate 180, the oxidation of which with molecular
oxygen from —78°C to room temperature yielded 3.
Finally, the organozinc species 181 produced by treating
178 with n-BulLi and then ZnCl, at —50°C was
subsequently subjected to oxidative coupling using CuCl,
to obtain 3, (Scheme 42).

A heptathiophene analogue of DTT 3, in which the
thiophene rings are conjugated and annelated into a helix,
has been reported.'?' 3,4-Dibromothiophene 11 was
monolithiated with n-BuLi and coupled using CuCl, to
produce 4,4'-dibromo-3,3’-bithienyl 150 (Scheme 43). TMS
protection of the most acidic positions was followed by the
introduction of sulfur with 8 to obtain the DTT 3 analogue
182. One of the TMS groups was removed using

Br Br
1)nBuLi = =
] —_—
2)CuCl, S /7 \ S
40% 150
1) LDA
2) TMSCI, 70%
3)LDA
4) 8, 65%
Br Br
™S/ ) \\ T™MS
TFA S s S
Br Br 80%
182
7 ) \\ T™S
S S
S
183 1) ,BuLi
2)CUC12 S

30%

185

Scheme 43. Synthesis of a chiral heptathiophene analogue of 3.
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Br Br
Zn
S e
Br Br AcOH
S 86% S

186 7
1) nBuLi 1) nBuLi
2) SCl, 2) CuCl,
3) nBuLi 71%
4)H,0

Br Bn s\ S
18

oAy
s© S s NBS
178
1) nBuLi
2) CuCl, Br  Br
29% _ ~
-
1) nBuLi S / N\ _s
2) SCl,, 188
-100°C
or
8, -70°C

31%

Scheme 44. Synthesis of 3 through two similar routes.

trifluoroacetic acid (TFA) to yield 183. Treatment of 183
with n-BuLi and then oxidative coupling using CuCl, gave
184, which was subsequently annelated to obtain the target
compound 185. The axial chirality was introduced in the
final step.

The synthesis of DTT 3, following two similar routes, was
reported.'*? 2,3,5-Tribromothiophene 186 was employed as
a starting material for both routes (Scheme 44). Treatment
of 186 with zinc in acetic acid smoothly gave 3-bromo-
thiophene 7, which was lithiated and coupled with CuCl, to
produce 3,3'-bithiophene 187. Bromination of 187 with
NBS gave 188. Formation of the third thiophene ring on 188
was performed by lithiation and treatment with SCl,, which
yielded 3. The second route, relatively shorter, was carried
out by lithiation of tribromothiophene 186 and then
treatment with SCI,, followed by one more lithiation and
reaction with H,O to produce 178. This was lithiated with
n-BuLi and then coupled using CuCl, to give the target
compound 3.

The 3,4-dimethyl-7,7-dioxide derivative of 3 was syn-
thesized to investigate its optical properties.'*> Although the
synthesis was similar to the conventional synthesis of DTT,
it was outlined that the use of the different lithiating agents
such as n-BuLi or LDA resulted in different DTT isomers 2
or 3, respectively (Scheme 45).>2! Lithiation of 3-bromo-4-
methylthiophene 189 with LDA led to lithiation of «
position to give 190. Following the well-established
method, 190 was reacted with 8 to produce 191, which
was converted into the dioxide 192 in three steps: (i)
lithium-halogen exchange; (ii) coupling with CuCl, and
(iii) oxidation with mCPBA. On the other hand, lithiation of
189 with n-BuLi yielded B-lithiation by replacement of
bromine to form 193, which led to the synthesis of 124,
following the same method describe above. The photo-
luminescence properties of sulfone 192 were reported to

Br Br Br Br
e e
S S % N7 s
189 190 191

1) nBuLi
2) CuCl,, 47%
3) mCPBA, 68%

7 N
193
¢ S /s ) S
¢ d o
124 192

Scheme 45. Synthesis of S,S-dioxide analogue of 3.

make it less useful than the sulfone 124 for the preparation
of molecular materials for electroluminescent devices.

The synthesis of further analogues of the mono- and
diphenyl DTT-S,S-dioxides, 195 and 199, respectively,
was attempted (Scheme 46).'** Treatment of 192 with NBS
gave the corresponding monobromo derivative 194.
Unfortunately, all attempts for further bromination were
unsuccessful. Moreover, the Stille coupling of 194 with
phenyltributylstannane in the presence of palladium did not
yield 195. On the other hand, bromination of 196 with NBS
smoothly gave the dibromo-DTT 197, which was coupled
with the phenylstannane to produce the 4,5-dimethyl-2,6-
diphenyl-DTT 198. Unfortunately, all attempts to oxidize
the central S atom were unsuccessful.

Bis(benzothieno)thiophene 201, an analogue of 3, was
synthesized as a byproduct in two ways starting from
dibenzothienyl 200 (Scheme 47).'° Treatment of 200 with
either ethoxycarbonylsulfenyl chloride in the presence of
TiCl, or with n-BuLi and then elemental sulfur resulted in
the formation of 201.

4.2. Miscellaneous

The theoretical and experimental proton chemical shifts of
3, along with some condensed thiophenes,'** and theoretical
calculations, including electrophilic aromatic substitution,'®
geometries and electronic spectra, of its sulfone were
reported by various research groups.>*®’

5. Dithieno[2,3-b;2',3'-d]thiophene 4

5.1. Methods to synthesize the ring system

The only synthesis of 4 appeared in 1971 (Scheme 48).'% Tt
was prepared starting from 3-bromo-2-(thiophen-3-yl)thio-
phene 202, which was brominated with NBS to obtain 203.
Monolithiation of 203 with n-Buli was followed by the
addition of elemental sulfur to yield the thiol 204. This
thermally unstable thiol was then directly treated with
copper(I) oxide to form the third ring, which gave the target
compound 4. Oxidation of 4 with mCPBA provided the S,S-
dioxide 205.
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S
N
6}
194
7 N, NBs B~
]\ 4 )
S S 48% S
S
196 197
Scheme 46. Synthesis of analogues of 3.
Cri
/ S
N
(OJN0)
205
T1C14
s/ \ S 3%
200
1) nBuLi, TMEDA
2) Sg
47%
201

Scheme 47. Synthesis of benzothiophene analogue of 3.

BN NBS

203
1) BuLi
2)S
88%
Br
(e} =
Cuy N\ \
DMF < S
0,
90% HE
204

Scheme 48. Synthesis of 4.

N N, B @3”5“3 N
) s ) s

d o
195
7
X Br @SnBu3 7 N Xy
Pd(AsPhs), S /s\ S
1% 198

AT AL

S /S\ S
d o

199

Theoretical calculatlons including electrophilic aromatic
substitution,'® geometries and electronic spectra of its
sulfone were reported by various research groups.®

6. Dithieno[3,4-b;3',2-d]thiophene 5
6.1. Methods to synthesize the ring system

A similar synthesis of 5 to that of 3 was reported by the same
group (Schemes 41 and 45), begining with the same starting
material, 3-bromo-2-lithiothiophene 177, which was
reacted with the disulfide 151 to afford the dibromodithienyl
sulfide 206 (Scheme 49). Dilithiation with n-BuLi and then
oxidative ring closure using CuCl, gave the target
compound, dithienothiophene 5, which was oxidized with
mCPBA to obtain 207.

Crer
aad

S
A

d o

207

Theoretical,®>*’ and spectro- and electrochemical proper-
ties of the dithienothiophene 5 were investigated by various
research groups.®®!16-126:127

7. Dithieno[3,4-b;2',3'-d]thiophene 6
7.1. Methods to synthesize the ring system

The only method to synthesize 6 appeared in the literature
in 1971,'* using almost the same methodology as for
the synthesis of 5 with a slight difference. Lithiation of
3-bromothiophene 7 with n-BuLi at —70 °C was followed
by the addition of the disulfide 151, which gave the
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Br Br, S—
S S
Et,0

-70°C
94%

Br
Ve
Br
206

1) 2 nBuLi
2) CuCl,
29%

Scheme 49. Synthesis of 5.

bromodithienyl sulfide 208. Bromination of 208 with NBS
yielded the dibromodithienyl sulfide 209, which was then
dilithiated with n-BuLi, and oxidative ring closure resulted
in the formation of the target compound 6 (Scheme 50).
Oxidation of 6 with mCPBA gave the corresponding S,S-

dioxide 210.
1) nBuLi, /b
7+ 151 —10°C \:}
2) Et,0
-70°C
80% NBS
84%
Br,
Br ——
2 nBuLi s \ S S
CuCl, S
19% =
209

Scheme 50. Synthesis of 6.

s

7 s

Syl
S

d o

210

Theoretical,*>*” and spectro- and electrochemical proper-

ties of the dithienothiophene 6 and polydithienothloghene
were investigated by various research groups.®®!!'6-126-129
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Abstract—A total synthesis of zaragozic acid C by a convergent strategy is described in which the key features include (1) the simultaneous
creation of the C4 and C5 quaternary stereogenic centers by a Sn(OTf),-promoted aldol coupling reaction between an o-keto ester and a silyl
ketene thioacetal derived from L- and p-tartaric acids, respectively, (2) the direct introduction of lithium acetylide as the C1 side chain
equivalent onto the fully functionalized aldehyde, and (3) construction of the bicyclic core structure by acid-catalyzed internal ketalization

under kinetically controlled conditions.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The zaragozic acids and squalestatins, fungal metabolites
isolated and characterized independently by researchers at
Merck,! Glaxo,2 and Tokyo Noko University/Mitsubishi
Kasei Corporation3 in 1992, have been shown to be
picomolar competitive inhibitors of the enzyme squalene
synthase. Consequently, they are considered to be promising
lead compounds for the development of new serum
cholesterol-lowering drugs.* Some members of this family
have also been found to display farnesyl-protein transferase
inhibitory activity,'®> which has implications in the
development of antitumor agents. Structurally, these
molecules share a 4,6,7-trihydroxy-2,8-dioxabicyclo[3.2.1]-
octane-3,4,5-tricarboxylic acid core with an array of six
stereogenic centers including contiguous quaternary ones,
and represent considerable variations in the C1 alkyl and C6
acyl side chains. The gross structural similarity between
presqualene pyrophosphate (PSPP) and zaragozic acids, that
is, a highly acidic central core with two long lipophilic side
chains, has led to the speculation that zaragozic acids inhibit
squalene synthase by effectively mimicking the binding of
PSPP to the enzyme.'“’ Due to the biological activity of
these compounds and their novel structural aspects,
zaragozic acids (squalestatins) have elicited considerable
attention from numerous synthetic chemists.®” Of a variety
of approaches to preparing the densely oxygenated 2,8-
dioxabicyclo[3.2.1]octane ring system by innovative
strategies and tactics, the two research groups of Carreira®
and Nicolaou’ accomplished the first total syntheses of

Keywords: Zaragozic acids; Aldol reaction; a-Keto ester; Silyl ketene

thioacetal; Internal ketalization.

* Corresponding author. Tel.: +81 11 706 3236; fax: +81 11 706 4981;
e-mail: hsmt@pharm.hokudai.ac.jp
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zaragozic acid C (1) and zaragozic acid A, respectively, in
1994. Since then the Evans'® and Armstrong'' groups
reported the total syntheses of 1, while the efforts of the
Heathcock,12 and Tomooka and Nakai'> groups culminated
in the total syntheses of zaragozic acid A. In addition to the
six total syntheses, a total synthesis of 6,7-dideoxysquale-
statin H5, a less oxygenated congener of the zaragozic acids,
has also been reported by Martin and co-workers.'* All of
these approaches involve internal ketalization to construct
the core structure; only Heathcock adopted a stepwise
approach, wherein the full C1 alkyl side chain was installed
after the ketalization event. Our own efforts in this area have
led to two total syntheses of zaragozic acid C (1) through
entirely distinct routes based on an aldol approach'” and a
carbonyl ylide cycloaddition approach,'® respectively. In
this article, we describe the details of the total synthesis of 1
by the aldol-based strategy.

Zaragozic Acid C (1)

2. Results and discussion

2.1. Synthetic plan

The main problem in zaragozic acid synthesis is the
construction of the highly oxygenated bicyclic core bearing
an array of six stereogenic centers, including contiguous
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quaternary ones. Our retrosynthetic analysis of zaragozic
acid C (1) originated from the identification of r- and
D-tartaric acids in the core structure (Scheme 1).17 While
some concern arose over the formation of the isomeric
bicycloketal 4, we expected that the natural 2,8-
dioxabicyclo[3.2.1]octane core structure 3 would be
thermodynamically more stable than 4. We envisioned
that the addition of the metalated C1 alkyl side chain
equivalent 7 to aldehyde 6, followed by oxidation, would
provide the ketalization precursor 5. The aldol moiety in 6
allowed the indicated disconnection, defining the tartrate-
derived o-keto ester 8 and enolate 9 as potential
intermediates. This approach has the advantage of mini-
mizing the use of protecting groups and oxidation state
manipulation.

L-Tartaric Acid

Scheme 1. Retrosynthetic analysis of zaragozic acid C (1).

With regard to the aldol reactions associated with our
scenario, Seebach and co-workers reported that the
acetonide derivative of dimethyl L-tartrate could be
deprotonated without B-elimination by LDA at —78 °C to
provide the corresponding lithium enolate, the reaction of
which with acetone took place preferentially from the less
hindered face to give a 4:1 mixture of adducts in 60%

yield."® Provided that the nucleophilic addition of enolate 9
to a-keto ester 8 occurs in accord with the Felkin-Anh
model, the formation of the desired stereoisomer 10 with the
correct stereochemistry would be expected (Eq. 1)."°

OR"

(D

2.2. Preparation of substrates for the aldol coupling

At the outset of our studies, a number of enolate precursors
and a-keto esters were prepared to investigate the key aldol
reaction. The enolate precursors 13 and 14 were readily
available via short synthetic routes depicted in Scheme 2.
The known b-tartaric acid-derived aldehyde 11%° was
subjected to a Pinnick oxidation?' to give carboxylic acid
(+)-12 in 95% yield. Treatment of (+)-12 with CH,N, in
Et,O afforded methyl ester 13 in 78% yield, whereas the
corresponding thioester 14 could be obtained through the
intermediacy of the acid chloride in 77% yield in two steps.

(0]
R—'I_'artaric lit. OHCLB(\OBH a R&:}(\OB"]
N DE w08

11 b — (+)-12:R=OH g
78% 13:R= OMa °

77%
14: R = SMe

Scheme 2. Reagents and conditions: (a) NaClO,, NaH,PO,, 2-methyl-2-
butene, ‘BuOH-H,0, 18 h; (b) CH,N,, Et,0, 0 °C, 30 min, then rt, 30 min;
(c) (COCl),, cat. DMF, CH,Cl,, 1.5 h; (d) 20% aqueous MeSNa, BuyNI,
CH,Cl,, 0 °C, 10 min.

On the other hand, a-keto ester 17 could be prepared from
the L-tartaric acid-derived carboxylic acid (—)-12 in four
steps via the a-keto vinyl ether intermediate 16
(Scheme 3).?> The reaction of (—)-12 with (COCl),,

> >

o 0 a,b | @ 9 c
g OB N~ OB
HO2C/6_7k1/ " “g2%  MeO W S~
(-)-12 O 15
o}(o | o>(o
= 1_0Bn EtOQCWOBn
EtO% 96% T
16 17

Scheme 3. Reagents and conditions: (a) (COCl),, cat. DMF, CH,Cl,,
30 min; (b) MeONHMe-HCl, pyridine, CH,Cl,, 0 °C, 1 h; (c) ethyl vinyl
ether (EVE), ‘BuLi, THF, —78 °C, 3 h; (d) O3, CH,Cl,, —78 °C, 10 min,
then Me,S, —78 °C to rt, 1 h.
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followed by condensation with N,O-dimethylhydroxyl-

LDA (1.2 equiv), THF, =78 °C

MeO,C. 4 3
amine hydrochloride, afforded the Weinreb amide 15 in : OBn then O
92% yield, which upon treatment with lithiated ethyl vinyl O><O L (0.5 equiv)
ether gave the a-keto vinyl ether 16 in 85% yield. 1 Et02018 (CHelsPh

Ozonolysis of 16 furnished the desired a-keto ester 17 in
96% yield. The synthetic schemes described above proved
to be effective for a variety of thioesters and a-keto esters.
Since the tartrate-derived a-keto esters were prone to
hydration, they were azeotropically dried with benzene prior
to use.

2.3. Aldol reaction

With the enolate precursors and a-keto esters in hand, we
then proceeded to investigate the key aldol coupling
reaction. Since the simultaneous creation of the consecutive
quaternary stereogenic centers by an aldol reaction of
a-keto esters is unprecedented in the literature,>>** we felt it
was prudent to test the viability of the reaction using a
simple a-keto ester. The known compound 18 was then
chosen as a model substrate for the reaction. We initially
explored the reaction of the lithium enolate derived from
ester 13 with a-keto ester 18 (Eq. 2). Treatment of ester 13
with LDA at —78 °C followed by the addition of o-keto
ester 18 led to an inseparable mixture of four aldol adducts
19 in 84% combined yield, the ratio of which was
determined to be 61:15:15:9 by 270 MHz 'H NMR. The
stereochemical assignment of the two isomers 19a and 19b
will be presented later (vide infra). A similar result (84%
yield, dr=60:17:16:7) was obtained when HMPA was used
as a co-solvent. However, under these conditions the
reaction with 17 did not proceed beyond a 50% conversion.
As a result, we were prompted to investigate the Lewis acid-
promoted aldol reaction.

84%

HO HO HO

CH5)sPh CHy)3Ph CHy)3Ph
EtOZC—JH(A?)S Et0,C: j;(;)s Et0sCg (CHo)3
MeO,C= +MeO,C=4 3 +MeO,Cr /4 3
o OBn o OBn o) OBn
)Vo )(o )(o
19a 19b 19cd

61 : 15 24 (15:9)
2

The enolate precursors 13 and 14 could be converted to the
corresponding silyl ketene acetals by treatment with
LiHMDS at —78 °C followed by the addition of TMSCI
(Scheme 4). Although the hydrolysis-prone silyl ketene
acetal derived from ester 13 could not be obtained in
synthetically useful levels of purity in our hands, silyl
ketene thioacetal 20 (Z/E=99:1), derived from thioester 14
in 95% yleld was more stable than the corresponding ester
derivative,”® and could be purified on Florisil. The
stereochemistry of the major isomer was verified by 'H
NOE correlation (0.3%) between Si(CH3); and the methine
proton in 20. At the inception of this project, several
literature reports appeared documenting the effectiveness of
TiCly and Sn(OTf), as promoters in the Mukaiyama aldol
addition to a-keto esters.>*®¢ While TiCl, had no effect on
the reaction of a-keto ester 18 with silyl ketene thioacetal
20, the use of Sn(OTY), in EtCN, a combination developed
for aldol reactions of pyruvates by Kobayashi and
co-workers,Be’g’27 resulted in a quantitative reaction,
whereby a 1:2.6 mixture of two adducts 21a and 21b with

o} OSiIMES) 035
e %
43 I4 33~H oo EtO.C 2 (CHz)SPh EtO cHO (CHz)gPh
MeSMOBn a Mes/g—ﬁoan b 2 2-"s
s b — S MeSOC= ogn * MesOC={s~
95% t.
< > O%o L&
14 20 (Z.E=99:1)
21a 21b
1 : 2.6
EtOzc BnO—. QH
EtO»C. - (CHy)sPh
EtOgC HalPh o onYg (CHPh - EtOQC Ha)sPh e, f 02 NG 2)s
MeSOC ‘.4 — o, MeO,Cm= "
O4 OBn 87% 4 o Bn 83/ O oBn 98% @) O
o )Vo o
21a 22a 19a 233
NOE 4%
HQ, Et0,C HO OH
EtO,C., ] -(CHa)sPh
EtO,C (CH2)3Ph c o (CH2)3Ph _ Bro—tH, H Ph ¢ EI0,C 5(CH2)3Ph e f 02 ] , o)
S 4 - y, O/s 43
MeSOC—; 5 oBn 84% 7 ¢ OBn ol 89%  MeOLC oBn 9% 0
o) o) 5 o)
)VO )VO )VO COzEt )VO 3%
21b 22b 19b 23b

Scheme 4. Reagents and conditions: (a) LIHMDS, THF, —78 °C, 30 min, then TMSCI, —78 °C, 1 h, and rt, 15 min; (b) a-keto ester 18, Sn(OTf),, EtCN,
—78 °C, 30 min; (c) Hg(OCOCF;),, MeCN; (d) K,CO3, MeOH; (e) H,, 10% Pd/C, EtOH, 2 h; (f) DMAP, CH,Cl,, 1 h.
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the correct stereochemistry at C4 out of the four possible
diastereomers was obtained. The absolute stereochemical
relationship of each of the easily separable diastereomers
was determined based on the C3 stereocenter, the
configuration of which was secure. The treatment of each
diastereomer with Hg(OCOCFj3), in MeCN resulted in the
formation of B—lactone,28 thus affording 22a and 22b,
respectively, in high yields. The 'H NOE (4%) between
C3-H and C6-H confirmed the relative stereochemical
relationship between the quaternary stereocenters in 22b,
whereas the absence of an NOE between C3-H and C6-H in
22a indicated an opposite relationship to that in 22b.
Methanolysis of B-lactones 22a and 22b afforded methyl
esters 19a and 19b, respectively. Debenzylation of 19a and
19b followed by treatment with DMAP effected the
v-lactone formation, insuring the relative stereochemical
relationship between C3 and C4. This sequence of
experiments established the stereochemistry of 21a/19a
and 21b/19b as 4S,5R and 45,55, respectively. Despite the
lack of carbonyl diastereofacial selectivity, it appeared
attractive for the present coupling that the Sn(OTf),-
promoted reaction occurred exclusively from the less
hindered si-face of silyl ketene thioacetal 20 due to the
steric demands of the benzyloxymethyl group, thus creating
the proper configuration at C4. Following these results, this
reaction was applied to the more functionalized substrate
17.

Under the foregoing conditions, the aldol reaction between
a-keto ester 17 and silyl ketene thioacetal 20 (Z/E=99:1)
proceeded to completion within 1.5 h to give a 1:2.2 mixture
of aldol adducts 24a and 24b in 90% combined yield
(Table 1, entry 1). In an effort to reverse the stereochemical
outcome of the aldol reaction to give the desired
stereoisomer, alternate conditions were investigated. A

Table 1. Lewis acid-promoted aldol reaction of a-keto ester 17 with
(Z)-silyl ketene thioacetal 20

> oTMS

Q_ O 43 promoter (2 equiv)
EtozoWOBn + MeS OBn
o. O EtCN
o
17
20

(Z:E=99:1, 2 equiv)

HO
EtO.C'
MeSOC
/k 0
24b
Entry  Lewis acid Temperature  Time Yield  24a:24b*
O () (%)

1 Sn(OTf), —-70 1.5 90 1:2.2
2 Sc(0Tf); —45 0.5 31 1:5.3
3 TiF, —60 2 70 1:5
4 (PrO),TiCl, 1t 12 30 1:1.5
5° (‘PrO),TiCl,  rt 12 55 1:1.5

2 The ratio was determined by 270 MHz '"H NMR analysis of the crude
mixture.
" The reaction was performed using 5 equiv of silyl ketene thioacetal 20.

survey of reaction solvents (EtCN, CH,Cl,, toluene, THF,
Et;,0) revealed that EtCN was the only solvent that
permitted the present coupling to proceed. Of the Lewis
acids screened, Sc(OTf);, TiF,, and (‘PrO),TiCl, also
promoted the formation of aldol adducts (entries 2-4).
Although the diastereoselectivity could be improved by
employing (‘PrO),TiCl, as a promoter, a much reduced
yield (55%) was obtained, even when 5 equiv of 20 were
used (entry 5). Kobayashi and co-workers demonstrated that
the syn:anti stereoselectivity is controlled by the geometry
of silyl ketene thioacetals in Sn(OTf),-promoted aldol
additions to pyruvate esters.”>“&?’ After considerable
experimentation, it was found that the dropwise addition
of KHMDS to the thioester 14 over a period of 2h at
—78 °C (inverse addition) followed by treatment with
TMSCI furnished silyl ketene thioacetal 25 in 87% yield
with virtually complete E-selectivity (Z/E=1:99,
Scheme 5). Since the preferential formation of (Z)-silyl
ketene thioacetal (Z/E=72:28) was observed with KHMDS
at —78 °C by the internal quench method,” this outcome
would be a consequence of thermodynamic control.
Disappointingly, however, (E)-silyl ketene thioacetal 25
was found to be a less reactive nucleophile compared to the
corresponding (Z)-isomer 20, and the Sn(OTf),-promoted
aldol reaction of 25 (Z/E=1:99) with a-keto ester 17
proceeded slowly at —55 °C to afford adducts in 36% yield
with 1:10 stereoselectivity favoring the undesired dia-
stereomer 24b. These results definitely revealed the
advantages of the (Z)-silyl ketene thioacetal over its (E)
counterpart in terms of both yield and ratio of the desired
product.

Scheme 5. Reagents and conditions: (a) KHMDS (inverse addition), THF,
—78 °C, 2.5 h, then TMSCI, —78 °C, 30 min, and rt, 15 min; (b) a-keto
ester 17, Sn(OTf),, EtCN, —55°C, 1 h.

These results suggest that Sn(OTf), was the optimal Lewis
acid and (Z)-silyl ketene thioacetal 20 was identified as a
suitable coupling partner for this reaction. During the course
of these studies, we found that when Sn(OTf), was used as a
promoter, the product ratio (24a:24b) changed as the
reaction proceeded (Table 2). Although undesired isomer
24b was exclusively formed during the initial 5-min period
of the reaction (entry 1), a 1:2.2 mixture of adducts was
obtained on completion of the reaction. Since the
isomerization of 24b to 24a did not occur under these
conditions, these observations suggest that multiple reaction
pathways are involved in this coupling.
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Table 2. Sn(OTf),-promoted aldol coupling between a-keto ester 17 and
silyl ketene thioacetal 20

y OTMS

Q9 43 Sn(OTH), (2 equiv)
EtOZCWOBn + MeS OBn
o. O EtCN, -70 °C
0
17
20

(ZE=99:1, 2 equiv)

Entry Time (min) Yield (%) 24a:24b*
1 5 28 0:1

2 15 75 1:3.2

3 90 90 1:2.2

* The ratio was determined by 270 MHz '"H NMR analysis of the crude
mixture.

We next anticipated that the carbonyl 7t-facial selectivity
might be reversed by the judicious choice of protecting
groups imparted to each reaction partner. A number of
thioesters and o-keto esters were prepared by routes
analogous to that illustrated for 14 (Scheme 2) and 17
(Scheme 3), and evaluated as substrates for the Sn(OTf),-
promoted aldol reaction. The results of the aldol reactions

desired product to the undesired C5 epimer increased
slightly when the pentylidene acetal 27 was used (entries 3
vs 1, 2, and 4). With regard to acetal protection in silyl
ketene thioacetals, an exceptionally high order of selectivity
for the undesired C5 epimer was obtained in the case of
methylene acetal 33, with little variation being observed
between isopropylidene and pentylidene acetals 20 and 34
(entries 5 vs 3 and 6). Switching protection of the primary
alcohol in 20 or 27 from a benzyl ether to a tert-
butyldiphenylsilyl ether led to the predominant formation
of the undesired isomers 41b and 42b (entries 3 vs 7 and 8),
suggesting that the chelating ability of the oxygen atoms
might be responsible for the desired m-facial selectivity. Of
the substituted methyl ethers surveyed for R* (entries 9-11),
MEM ether proved to be the protecting group of choice for
the primary alcohol at Cl1, providing a mixture of aldol
adducts 45a and 45b in a ratio of 1.6:1 (entry 11).

The stereochemical outcome of each reaction was inferred
on the basis of the chemical transformations and NOE data
analogous to that illustrated in Scheme 4. For example,
isomers 37a and 37b were converted to B-lactones 46a and
46b, respectively, and the NOE experiments indicated
unequivocally relative stereochemical relationships
between the quaternary stereocenters for both isomers
(Scheme 6). The fact that the methanolysis of B-lactones
46a and 46b followed by debenzylation and treatment with
DMAP gave vy-lactones 47a and 47b, respectively,
confirmed a 4§ configuration. As the work progressed and
we acquired a library of spectral data, we also noticed that
these isomers were readily distinguishable by the "H NMR
signals for the S-methyl protons, which were always 0.04—

are shown in Table 3. 0.1 ppm downfield in the desired product relative to its C5
epimer. It is also noteworthy that the cyclization of
undesired isomer 37b proceeded to completion within

10 h, while extended reaction times (200 h) were required

While the acetal moiety in the o-keto esters had a little
influence on the carbonyl facial selectivity, the ratio of the

Table 3. Sn(OTf),-promoted aldol coupling between an a-keto ester and a silyl ketene thioacetal

R1><R1
OTMS
o 0 Sn(OTf) -
E 43 2
EtOzCWORZ + MeSMOR“ EtO,C +
o><o EtCN, -70 °C MeSOC™=
(0]
17,26-32 R R RS%O
s 20, 33-35 R3
24a, 36a—45a 24b, 36b—45b
Entry a-Keto ester Silyl ketene thioacetal Aldol adducts
R R® R’ R’ Yield (%) Desired:
undesired”
1 17 Me Bn 20 Me Bn 24 90 1:2.2
2 26 H Bn 20 Me Bn 36 49 1:2.6
3 27 Et Bn 20 Me Bn 37 79 1:1.1
4 28 "Pr Bn 20 Me Bn 38 82 1:1.6
5 27 Et Bn 33 H Bn 39 67 1:>20
6 27 Et Bn 34 Et Bn 40 67 1:1.9
7 27 Et Bn 35 Me TBDPS 41 65 1:>20
8 29 Et TBDPS 20 Me Bn 42 45 1:5
9 30 Et MOM 20 Me Bn 43 79 1.1:1
10 31 Et BOM 20 Me Bn 44 90 1:1.6
11 32 Et MEM 20 Me Bn 45 83 1.6:1

* The ratio was determined by 270 MHz "H NMR analysis of the crude mixture.
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Scheme 6. Reagents and conditions: (a) HZ(OCOCF3),, MeCN, 200 h (for
37a) or 10 h (for 37b); (b) K,CO;, MeOH, 1.5 h; (c) H, 10% Pd/C, MeOH,
1 h; (d) DMAP, MeCN, 1.5 h.

for the complete conversion of 37a to 46a under the same
reaction conditions.

Ironically, the undesired diastereomers 39b and 41b were
exclusively formed by the proper choice of the protecting
groups for each reaction partner; however, it was quite
difficult to obtain the desired isomer predominantly by this
aldol coupling.®® Our attention was then directed to
recycling the undesired isomer back to the starting o-keto
ester and thioester. After considerable experimentation, we
found that the treatment of 45b with KHMDS in THF at
temperatures above —23 °C effected a retro-aldol reaction.
Surprisingly, when the reaction was performed at substrate
concentrations of more than 0.08 M, the undesired isomer
45b was completely consumed within 2 h and the desired
isomer 45a was formed in 23% yield, along with 20% of
thioester 14 (Eq. 3). It is clear that the observed
isomerization of 45b to 45a is the result of an aldol reaction
between a-keto ester 32 and potassium enolate 48, produced

by the retro-aldol reaction of 45b, and that the desired
isomer 45a is thermodynamically more stable than 45b.>
The low yield can be attributed to the lability of 32 to base.
Despite the low yields of the products, this equilibration/
recycling process permitted the undesired isomer 45b to be
productively utilized and therefore enhanced the overall
synthetic efficiency.

S

Q"o
Etozc%Q/OMEM
KHMDS 0
(1.5 equiv) 32

+
THF (0.08 M) OK
-23°C 43
MeS OBn
>
(0]
MeS f 2 OBn
14
20%

3)

2.4. Synthesis of internal ketalization precursor

Having accomplished the simultaneous creation of the
consecutive quaternary stereogenic centers by a Sn(OTf),-
promoted aldol coupling between an o-keto ester and a silyl
ketene thioacetal, we then proceeded to the elaboration of
the internal ketalization precursor. The aldol coupling of
a-keto ester 32* with 1.7 equiv of silyl ketene thioacetal 20
on a multigram scale proceeded in 81% yield, albeit with a
slightly diminished selectivity (45a:45b=1.3:1, Scheme 7).
After separation of the C5 epimer 45b, thioester 45a was
converted to methyl ester 49 in 87% 2yield by treatment with
Hg(OCOCFs), in refluxing MeOH.” Although the hydro-
genolysis of 49 over 10% Pd/C in MeOH gave the
corresponding alcohol 50, we found these conditions to be
capricious due to the formation of y-lactone 51 as a
byproduct. This side reaction could be minimized by the use
of 20% Pd(OH),/C in AcOEt. The lactonization-prone
alcohol 50 was then converted into a carboxylic acid by two
successive oxidations (Dess-Martin periodinane;35
NaClO,), which was subjected to CH,N, to provide triester
52 in 84% overall yield without intervening purification. It
should be noted that the application of the standard Swern
protocol® in place of the Dess-Martin procedure resulted in
the significant epimerization at C3. The selective removal of
the MEM ether was effected with TMSCI/Nal in MeCN at
—23°C,* affording diol 53 in 94% yield. At this juncture,
the C5 tertiary alcohol was protected as its TMS ether via a
two-step bissilylation—monodesilylation sequence’? to
give alcohol 54 in 87% yield, which, upon treatment with
Dess-Martin periodinane, furnished aldehyde 55 in 91%
yield.
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Q

% Mes” Y- oBn @
EtO,C. s 57~ OMEM + o. 0O I
o oS
32 20

(Z:E=99:1, 1.7 equiv)

45a 46%
+45b 35%

84%
(4 steps)

9 52: R = MEM
94% 53:R=H

91%

Scheme 7. Reagents and conditions: (a) Sn(OTf),, EtCN, —70 °C, 1.5 h;
(b) Hg(OCOCF;),, MeOH, reflux, 10 h; (c) Hp, 20% Pd(OH),/C, AcOEt,
10 h; (d) Dess—Martin periodinane, CH,Cl,, 8 h; (e) NaClO,, NaH,POy,,
2-methyl-2-butene, ‘BuOH-H,O (10/3), 2.5h; (f) CH,N,, Et,0, 0°C,
10 min; (g) TMSCI, Nal, MeCN, —23°C, 2 h; (h) MeN(TMS)COCFs;,
90 °C, 3 h; (i) 10% aqueous HCI, Et,0, 1.5 h; (j) Dess—Martin periodinane,
CH,Cl,, 3.5h.

To install the C1 alkyl side chain, initial attempts to employ
Grignard reagent 7 (M =MgBr) resulted in a low yield. We
then elected to use alkyne 56 as a C1 alkyl side chain
equivalent (Scheme 8). As anticipated, the installation of the
C1 alkyl side chain was uneventfully achieved by the
addition of the lithium acetylide, generated from alkyne 56,
to aldehyde S5, providing a diastereomeric mixture of
coupling products, which, upon treatment with Dess-Martin
periodinane, furnished ynone 57 in 79% yield in two steps.
Finally, catalytic hydrogenation of the triple bond gave the
internal ketalization precursor 58 in 93% yield.

2.5. Internal ketalization

With a viable route to ketone 58 secured, the stage was now
set for the crucial internal ketalization. Exposure of 58 to
90% aqueous TFA resulted in the removal of protecting

93%

Scheme 8. Reagents and conditions: (a) alkyne 56, BuLi, THF, —78 °C,
45 min, then aldehyde 55, 30 min; (b) Dess—Martin periodinane, CH,Cl,,
11 h; (c) H,, 10% Pd/C, AcOEt, 10 min.

groups and concomitant ketalization, affording bicycloketal
59 in 68% yield (Scheme 9). While the formation of the 6,8-
dioxabicyclo[3.2.1]octane isomer 61 was not observed, a
minor byproduct 60 arising from dehydration of the C6
hydroxyl group was isolated.”® When the reaction was
quenched after a 10-min period, alcohol 62 and hemiketal
63 were obtained as intermediates in 53 and 29% yields,
respectively. Monitoring the internal ketalization by TLC
analysis showed that desilylation occurred immediately,
forming hydroxyketone 62, from which the pentylidene
ketal was subsequently removed to give the five-membered
hemiketal 63 through closure of the C5 hydroxyl group onto
the C1 carbonyl. The steric congestion around the acetonide
required 15 h for its hydrolytic removal to reach completion,
and then the desired bicycloketal 59 was formed as a single
stereoisomer. These observations suggest that the selectivity
in the internal ketalization process is mainly due to the
differential rates of hydrolysis of the protecting groups.
Independent of our study, a similar conclusion was reached
by Armstrong and co-workers in their total synthesis of
zaragozic acid C."" The ratio of TFA/H,O in this reaction is
not arbitrary: extended reaction times (48 h) were required
for complete conversion with 80% aqueous TFA, lowering
the product yield due to the formation of a debenzylated
byproduct.

2.6. Completion of the total synthesis

To avoid concomitant hydrolytic cleavage of the C6 acyl
side chain at the end of the synthesis, the triesters present in
59 should be hydrolyzed and converted to the corresponding
tri(tert-butyl) ester at this stage. Although the C4 methyl
ester proved to be extremely resistant to hydrolysis, the
reaction of 59 with 1 N aqueous KOH in dioxane at 100 °C
furnished the triacid which, upon treatment with N,N'-
diisopropyl-O-tert-butylisourea, gave tri(fert-butyl ester)
64 in 40% yield in two steps (Scheme 10). Hydrogenolysis
of the C4’ benzyl ether provided tetraol 65 in 90% yield,
which was acetylated to give triacetate 66 in quantitative
yield. The route to 66 constitutes a formal synthesis of
zaragozic acid C (1) since it intersects the same intermediate
employed by Carreira and Du Bois.® However, the specific
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h 90% aqueous TFA
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quant.

Zaragozic Acid C (1)
quant.

Scheme 10. Reagents and conditions: (a) 1 N aqueous KOH, dioxane, 100 °C, 24 h; (b) iPrN:C(O'Bu)NHiPr, CH,Cl,, 24 h; (¢) Hy, 10% Pd/C, MeOH, 17 h;
(d) Ac,0, DMAP, CH,Cl,, 0 °C, 30 min; (e) 0.2% K,CO; in MeOH, 1 h; (f) (Boc),0, 4-pyrrolidinopyridine, EtzN, CH,Cl,, 0 °C, 12 h; (g) carboxylic acid 2,

DCC, DMAP, CH,Cl,, 48 h; (h) TFA, CH,CL,, 16 h.

rotation of compound 66 [[a]d +17.6 (c 0.91, CH,Cl,)]
was not in agreement with the reported value [[a]p +69.9
(¢ 0.29, CH,Cl,)].*® Following the procedure developed by
Carreira,® selective removal of the C6 and C7 acetyl groups
by treatment with 0.2% K,CO; in MeOH, selective
protection of the C7 hydroxyl group by (Boc),0,
esterification with acid 2,1 and global deprotection with
TFA gave zaragozic acid C (1) in 60% overall yield. The
synthetic material 1, [a]5 +9.4 (c 0.30, EtOH) [lit.,"® [a]®
+9.6 (¢ 0.29, EtOH)], was obtained as a white film and
relevant spectroscopic data were identical with those
reported for natural zaragozic acid C (IR, 'H NMR, B¢
NMR, HRMS).

3. Conclusion

The total synthesis of zaragozic acid C was completed in 30
steps for the longest linear sequence from diethyl L-tartrate
and 1.4% overall yield. Although our synthesis incurs a
stereochemical problem at CS5 in the key fragment assembly
aldol process, we found that the contiguous quaternary

stereocenters at C4 and CS5 could be formed simultaneously
in a single operation by a Sn(OTf),-promoted aldol reaction
between an a-keto ester and a silyl ketene thioacetal. We
also demonstrate that the selectivity in the internal
ketalization process was mainly due to the differential
rates of hydrolysis of the protecting groups.

4. Experimental

4.1. General

Melting points were determined on a Biichi 535 digital
melting point apparatus and were uncorrected. Optical
rotations were recorded on JASCO DIP-370 or P-1030
digital polarimeters. Infrared (IR) spectra were recorded on
a JASCO FT/IR-5300 spectrophotometer and absorbance
bands are reported in wavenumber (cm ™~ l). Proton nuclear
magnetic resonance (‘H NMR) spectra were recorded on
JEOL EX-270 (270 MHz), JEOL EX-400 (400 MHz) or
Bruker ARXS500 (500 MHz) spectrometers with tetra-
methylsilane (éy 0.00) as an internal standard. Coupling
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constants (J) are reported in hertz (Hz). Abbreviations of
multiplicity are as follows: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet; br, broad. Data are presented as
follows: chemical shift, multiplicity, coupling constants,
integration, and assignment. Zaragozic acid numbering is
used for proton assignments of all intermediates. Carbon
nuclear magnetic resonance ('’C NMR) spectra were
recorded on JEOL EX-270 (67.8 MHz), JEOL EX-400
(100.6 MHz) or Bruker ARX500 (125.8 MHz) spec-
trometers with CDCl; (6c 77.0) as an internal standard.
Fast atom bombardment (FAB) mass spectra were recorded
on a JEOL JMS-HX110 spectrometer.

Column chromatography was carried out on Merck
Kieselgel 60 (63-200 pm or 40-63 pm), Fuji Davison silica
gel BW-200 (40-50 um) or Wakogel C-200 (75-150 pum).
Analytical thin-layer chromatography (TLC) was carried
out on Merck Kieselgel 60 F,s4 plates. Visualization was
accomplished with ultraviolet light and anisaldehyde or
phosphomolybdic acid stain, followed by heating.

Reagents and solvents were purified by standard means or
used as received unless otherwise noted. Tetrahydrofuran
(THF) and diethyl ether (Et,O) were distilled from sodium
metal/benzophenone ketyl prior to use. Dichloromethane
(CH,Cl,), propionitrile (EtCN), acetonitrile (MeCN), and
diisopropylamine (‘Pro,NH) were distilled from calcium
hydride prior to use. Dimethyl sulfoxide (DMSO) was
distilled under reduced pressure from calcium hydride.

All reactions were conducted under an argon atmosphere.
Ethyl 2-oxo-5-phenylpentanoate,” diisopropoxytitanium(IV)
dichloride [("PrO)zTiClz],41 Dess-Martin periodinane42
(4R,5R)-4-benzyloxy-5-methyl-6—phen4yl-l-hexyne (56),*
N,N'-diisopropyl-O-tert-butylisourea®® and (4E,6R)-6-
methyl-9-phenyl-4-nonenoic acid (2)'" were prepared accord-
ing to literature procedures.

4.2. Preparation of substrates for the aldol coupling

4.2.1. (25,3R)-4-benzyloxy-2,3-(dimethylmethylene-
dioxy)butyric acid [(+)-12]. A solution of NaH,PO4
(5.8 g,48.0 mmol) in water (80 mL) was added to a solution
of (2S,3R)-4-benzyloxy-2,3-(dimethylmethylenedioxy)-
butanal (11)*° (12.0 g, 48.0 mmol) and 2-methyl-2-butene
(21 mL, 199 mmol) in fert-butyl alcohol (250 mL). NaClO,
(14.8 g, 164 mmol) was added portionwise to the mixture.
After stirring at room temperature for 18 h, the mixture was
evaporated in vacuo. The residue was dissolved in saturated
aqueous NaHCO; (50 mL) and water (100 mL) and the
whole was washed with n-hexane (3 X 30 mL). The aqueous
layer was acidified with 10% aqueous HCI (40 mL),
saturated with NaCl, and then extracted with AcOEt (3 X
100 mL). The combined organic extracts were washed with
brine (50 mL) and dried over anhydrous Na,SO,. Filtration
and evaporation in vacuo followed by column chromato-
graphy (silica gel 100 g, AcOEt) afforded carboxylic acid
(+)-12 (12.1 g, 95%) as a pale yellow oil: [ac]zD4 +13.7 (¢
1.19, CHCl,); IR (film) 3700-2300, 2990, 1734, 1454, 1383,
1215, 1101, 852, 752, 698 cm™'; '"H NMR (500 MHz,
CDCls) 6 1.38 (s, 3H, acetonide CH3), 1.42 (s, 3H, acetonide
CHs3),3.63 (dd,J=5.2,10.7 Hz, 1H, CHOBn), 3.71 (dd, J=
3.2, 10.7 Hz, 1H, CHOBn), 4.29 (ddd, J=3.2, 5.2, 7.7 Hz,

1H, C3-H), 4.36 (d, J=7.7 Hz, 1H, C4-H), 4.54 (d, J=
12.0 Hz, 1H, OCHPh), 4.57 (d, J=12.0 Hz, 1H, OCHPh),
7.17-7.30 (m, 5H, ArH), 9.51 (br s, 1H, CO,H); '3C NMR
(125.8 MHz, CDCl;) 6 25.6 (CH3), 26.8 (CH3), 69.6 (CH,),
73.7 (CH,), 75.3 (CH), 78.2 (CH), 111.9 (C), 127.7 (CH),
127.8 (CH), 128.4 (CH), 137.6 (C), 174.9 (C=0); FAB-
HRMS m/z caled for C14H;90s (M+H) T 267.1233, found
267.1240.

4.2.2. Methyl (2S5,3R)-4-benzyloxy-2,3-(dimethylmethyl-
enedioxy)butyrate (13). A solution of diazomethane in
Et,O was added to a solution of carboxylic acid (+)-12
(4.32 g, 16.2 mmol) in Et,O (30 mL) at 0 °C until a yellow
color persisted. After stirring at 0 °C for 30 min and then
room temperature for 30 min, the reaction was quenched
with AcOH. The resulting mixture was washed successively
with water (10 mL), saturated aqueous NaHCO; (10 mL)
and brine (10 mL), and dried over anhydrous Na,SO,.
Filtration and evaporation in vacuo followed by column
chromatography (silica gel 100 g, 6:1 n-hexane/AcOEt)
afforded methyl ester 13 (3.55 g, 78%) as a pale yellow oil:
[a]d +19.0 (¢ 1.30, CHCly); IR (film) 2992, 2938, 1761,
1454, 1381, 1208, 1107, 1024, 853, 740, 700 cm™'; 'H
NMR (500 MHz, CDCl3) 6 1.46 (s, 3H, acetonide CH3),
1.49 (s, 3H, acetonide CHs3), 3.68 (dd, J=5.3, 10.7 Hz, 1H,
CHOBn), 3.75 (dd, J=3.2, 10.7 Hz, 1H, CHOBn), 3.76 (s,
3H, CO,CHs), 4.35 (ddd, /=3.2, 5.3, 7.6 Hz, 1H, C3-H),
4.40 (d, J=7.6 Hz, 1H, C4-H), 4.61 (d, J=12.0 Hz, 1H,
OCHPh), 4.63 (d, J=12.0 Hz, 1H, OCHPh), 7.25-7.37 (m,
5H, ArH); >C NMR (125.8 MHz, CDCl;) 6 25.7 (CHs),
26.9 (CH3), 52.3 (CH3), 69.8 (CH,), 73.6 (CH»), 75.7 (CH),
78.4 (CH), 111.6 (C), 127.6 (CH), 127.7 (CH), 128.4 (CH),
1379 (C), 171.0 (C=0); FAB-HRMS m/z calcd for
C,sH,;05 M+H) ™ 281.1389, found 281.1411.

4.2.3. S-methyl (2S,3R)-4-benzyloxy-2,3-(dimethyl-
methylenedioxy)butanethioate (14). Oxalyl chloride
(1.8 mL, 20.6 mmol) and DMF (0.1 mL, 1.3 mmol) were
added to a solution of carboxylic acid (+)-12 (4.75 g,
17.8 mmol) in CH,Cl, (50 mL). The mixture was stirred at
room temperature for 1.5 h and evaporated in vacuo. The
residual oil was dissolved in CH,Cl, (50 mL), and n-Bu,NI
(76 mg, 0.2 mmol) and a 20% aqueous solution of MeSNa
(7.5 mL, 21.4 mmol) were added at 0°C. After stirring
vigorously at 0 °C for 10 min, the mixture was partitioned
between CH,Cl, (50 mL) and water (50 mL). The organic
extract was washed successively with water (30 mL) and
brine (30 mL), and dried over anhydrous Na,SO,. Filtration
and evaporation in vacuo followed by column chromato-
graphy (silica gel 100 g, 20:1 n-hexane/AcOEt) afforded
thioester 14 (4.04 g, 77%) as a pale yellow oil: [a]5 —8.95
(c 1.2, CHCI5); IR (film) 2990, 2930, 1676 (C=0), 1454,
1381, 1215, 1090, 852, 739, 698cm™'; 'H NMR
(500 MHz, CDCl3) 6 1.51 (s, 6H, 2 X acetonide CH3), 2.28
(s, 3H, SCH3), 3.66 (dd, J=5.7, 10.8 Hz, 1H, CHOBn), 3.81
(dd, J=2.5, 10.8 Hz, 1H, CHOBn), 4.24 (ddd, J=2.5, 5.7,
8.0 Hz, 1H, C3-H), 4.35 (d, J=8.0 Hz, 1H, C4-H), 4.62 (s,
2H, OCH,Ph), 7.25-7.38 (m, 5H, ArH); '*C NMR
(125.8 MHz, CDCl3) ¢ 10.8 (CHj3), 26.0 (CHj3), 27.1
(CH3), 69.7 (CH,), 73.6 (CH,), 78.8 (CH), 81.6 (CH),
112.1 (C), 127.7 (CH), 128.4 (CH), 137.8 (CH), 201.4
(C=0); FAB-HRMS m/z caled for C;sH,;0,S M+H)"
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297.1161, found 297.1152. Anal. Calcd for C5H,;04S: C,
60.79; H, 6.80; S, 10.82. Found: C, 60.63; H, 6.78; S, 11.07.

4.2.4. (2R,35)-4-benzyloxy-2,3-(dimethylmethylene-
dioxy)-N-methoxy-~N-methylbutanamide (15). Oxalyl
chloride (6 mL, 69 mmol) and DMF (0.3 mL, 3.9 mmol)
were added to a solution of carboxylic acid (—)-12 (15.20 g,
57.1 mmol) in CH,Cl, (170 mL). The mixture was stirred at
room temperature for 30 min and evaporated in vacuo. The
residual oil was dissolved in CH,Cl, (170 mL), and N,O-
dimethylhydroxylamine hydrochloride (6.1 g, 62.5 mmol)
and pyridine (12 mL, 148 mmol) were added at 0 °C. After
stirring at 0 °C for 1 h, the reaction was quenched with 1 N
aqueous HCI (100 mL), and the layers were separated. The
organic layer was washed successively with 1 N aqueous
HCI (2 X100 mL), saturated aqueous NaHCOj3 (80 mL) and
brine (80 mL), and dried over anhydrous Na,SO,. Filtration
and evaporation in vacuo followed by column chromato-
graphy (silica gel 150 g, 3:1—2:1 n-hexane/AcOEt)
afforded amide 15 (16.28 g, 92%) as a colorless oil: [oz]zD5
+3.97 (c 2.03, CHCly); IR (film) 2988, 2938, 1780, 1669,
1454, 1381, 1256, 1165, 1092, 997, 910, 855cm™'; 'H
NMR (500 MHz, CDCls) 6 1.48 (s, 3H, acetonide CH;),
1.49 (s, 3H, acetonide CH3), 3.20 (s, 3H, NCH3), 3.63-3.71
(m, 2H, C1-H,), 3.76 (s, 3H, OCH3), 4.59 (m, 1H, C7-H),
4.60 (d, J=12.0 Hz, 1H, OCHPh), 4.61 (d, /=12.0 Hz, 1H,
OCHPh), 4.71 (br s, 1H, C6-H), 7.25-7.33 (m, 5H, ArH);
3C NMR (67.8 MHz, CDCl3) 6 26.1 (CHs), 26.7 (CH3),
32.3 (CHs;), 61.5 (CH3), 69.8 (CH,), 73.4 (CH,), 74.1 (CH),
77.7 (CH), 111.2 (C), 127.6 (CH), 127.8 (CH), 138.0 (CH),
170.3 (C=0); FAB-HRMS m/z calcd for C;gH,3NOs (M) ™"
309.1576, found 309.1575.

4.2.5. (4R,55)-6-benzyloxy-4,5-(dimethylmethylene-
dioxy)-2-ethoxy-1-hexen-3-one (16). tert-Butyllithium in
pentane (2.13 M, 1.95mL, 4.15 mmol) was added to a
stirred solution of ethyl vinyl ether (0.4 mL, 4.18 mmol) in
THF (4 mL) at —78 °C. After stirring at 0 °C for 30 min, the
mixture was cooled to —78 °C and a solution of amide 15
(437 mg, 1.41 mmol) in THF (1 mL) was added. After
stirring at —78 °C for 3 h, the reaction mixture was poured
into a well-stirred mixture of saturated aqueous NH,Cl
(20 mL) and Et,O (10 mL) at 0°C. The layers were
separated, and the organic layer was washed with brine
(8 mL) and dried over anhydrous Na,SO,. Filtration and
evaporation in vacuo followed by column chromatography
(silica gel 10g, 10:1—7:1 n-hexane/AcOEt) afforded
enone 16 (386 mg, 85%) as a colorless oil: [a]B —49.9 (¢
2.03, CHCl,); IR (film) 2986, 2936, 1723, 1610, 1454, 1379,
1285, 1215, 1117, 1092, 976, 853 cm '; 'H NMR
(500 MHz, CDCl3) 6 1.18 (t, J=7.0 Hz, 3H, OCH,CH;),
1.43 (s, 3H, acetonide CH3), 1.51 (s, 3H, acetonide CH3),
3.66 (dd, J=6.0, 10.5 Hz, 1H, C1-H), 3.75 (dd, J=3.1,
10.5 Hz, 1H, C1-H), 3.76 (q, /J=7.0 Hz, 2H, OCH,CHj;),
4.40 (ddd, J=3.1, 6.0, 6.5 Hz, 1H, C7-H), 4.53 (d, J=
2.7Hz, 1H, CH=C), 4.60 (d, J=12.3 Hz, 1H, OCHPh),
4.64 (d, J=12.3 Hz, 1H, OCHPh), 4.92 (d, J=6.5 Hz, 1H,
C6-H), 5.31 (d, J=2.7 Hz, 1H, CH=C), 7.26-7.34 (m, 5H,
ArH); '*C NMR (125.8 MHz, CDCls) 6 14.3 (CH3), 26.7
(CH;), 27.7 (CH3y), 64.1 (CH3), 70.8 (CH,), 73.8 (CHy), 78.2
(CH), 79.1 (CH), 93.7 (CH), 112.1 (C), 127.9 (CH), 128.6
(CH), 138.2 (CH), 156.6 (CH,), 194.2 (C=0); FAB-LRMS
mlz 309 M—CH,+H)", 277 M—OEt+H)™".

4.2.6. Ethyl (3R,45)-5-benzyloxy-3,4-(dimethyl-
methylenedioxy)-2-oxopentanoate (17). A stream of
ozone in oxygen was bubbled through a stirred solution of
enone 16 (386 mg, 1.21 mmol) in CH,Cl, (7 mL) at —78 °C
until the solution turned pale blue. After stirring at —78 °C
for 10 min, excess ozone was removed by bubbling a stream
of nitrogen, and Me,S (1 mL) was added. After stirring at
room temperature for 1h, the volatile elements were
removed in vacuo. The residue (548 mg) was purified by
column chromatography (silica gel 10g, 4:1—5:2
n-hexane/AcOEt) to give a-keto ester 17 (371 mg, 96%)
as a colorless oil: [a]F —5.39 (¢ 1.6, CHCly); IR (film)
3449,2990, 1730, 1454, 1373, 1254, 1217, 1094, 1042, 853,
741,700 cm ™~ '; "TH NMR (500 MHz, CDCl5) 6 1.34 (t, J=
7.2 Hz, 3H, CO,CH,CH;), 1.40 (s, 3H, acetonide CHj3),
1.50 (s, 3H, acetonide CH3), 3.71 (dd, J=5.3, 10.5 Hz, 1H,
CHOBn), 3.75 (dd, J=4.2, 10.5 Hz, 1H, CHOBn), 4.23—
4.36 (m, 2H, CO,CH,CH3), 4.43 (ddd, /J=4.2, 5.3, 7.0 Hz,
1H, C7-H), 4.61 (s, 2H, OCH,Ph), 4.85 (d, /=7.0 Hz, 1H,
C6-H), 7.25-7.38 (m, 5H, ArH); FAB-HRMS m/z calcd for
C17H»306 M+H) ™t 323.1495, found 323.1508.

Since the tartrate-derived a-keto esters were prone to
hydration, they were azeotropically dried with benzene prior
to use.

4.3. Aldol reaction

4.3.1. Reaction of a-keto ester 18 with lithium enolate
generated from ester 13. Butyllithium in n-hexane
(1.60 M, 0.35 mL, 0.56 mmol) was added to a solution of
"Pr,NH (0.08 mL, 0.61 mmol) in THF (1.5 mL) at —5 °C.
After stirring at —5 °C for 20 min, the solution was cooled
to —78 °C, and a solution of ester 13 (129 mg, 0.46 mmol)
in THF (0.6 mL) was added dropwise over 10 min. After
stirring at —78 °C for 1 h, a solution of a-keto ester 18
(51 mg, 0.23 mmol) in THF (0.3 mL) was added to the
mixture at —78 °C. After stirring at —78 °C for 10 min, the
mixture was quenched with saturated aqueous NH,Cl
(3 mL), and the whole was extracted with AcOEt (15 mL).
The organic extract was washed with brine (2 X5 mL) and
dried over anhydrous Na,SO,. Filtration and evaporation in
vacuo furnished the crude product (168 mg), which was
purified by flash column chromatography (silica gel 5 g,
10:1 — 3:1 n-hexane/AcOEt) to give an inseparable mixture
of aldol adducts 19 (96 mg, 84%) as a colorless oil. The ratio
of the adducts was determined to be 61:15:15:9 by 270 MHz
'"H NMR: 'H NMR (270 MHz, CDCl;) 6 1.10-1.60 (m,
10H, CO,CH,CHj3, 2 X acetonide CH;, one of CH,), 1.70—
1.95 (m, 2H, CH,), 1.95-2.15 (m, 1H, one of CH,), 2.46—
2.71 (m, 2H, PhCH,), 3.35-3.53 (m, 1H, BnOCH), 3.65 (s,
1.83H, OCH;), 3.67 (s, 0.45H, OCH>), 3.74 (s, 0.27H,
OCH3), 3.75 (s, 0.45H, OCHs), 3.82-4.32 (m, 4H, BnOCH,
CO,CH,CH3;, OH), 4.40-4.75 (m, 3H, C3-H, PhCH,0),
7.25-7.38 (m, 10H, ArH).

4.3.2. (R,Z)-4-(benzyloxy)methyl-5-[methylthio(tri-
methylsilyloxy)methylene]-2,2-dimethyl-1,3-dioxolane
(20). Butyllithium in n-hexane (1.61 M, 12.7 mL,
20.4 mmol) was added to a stirred solution of 1,1,1,3,3,3-
hexamethyldisilazane (4.5 mL, 21.3 mmol) in THF (80 mL)
at —5 °C. After stirring at —5 °C for 30 min, the solution
was cooled to —78 °C, and a solution of thioester 14
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(5.51 g, 18.6 mmol) in THF (15 mL) was added. After
stirring at —78 °C for 30 min, TMSCI (2.7 mL, 21.3 mmol)
was added, and the resulting mixture was stirred at —78 °C
for 1 h. The mixture was allowed to warm to room
temperature. After stirring at room temperature for
15 min, the volatile elements were removed in vacuo. The
residue was suspended in n-hexane and passed through a
short plug of Florisil (eluting with AcOEt) to give silyl
ketene thioacetal 20 (6.71 g, 95%, ZIE=99:1) as a yellow
oil: [a]2D6 +148.7 (¢ 1.16, benzene); IR (film) 2990, 2957,
2865, 1740, 1680, 1454, 1373, 1254, 1213, 1138, 1028, 883,
849, 737 cm ™ '; 'H NMR (500 MHz, C¢Dg) 6 0.23 (s, 9H,
Si(CH3)3), 1.33 (s, 3H, acetonide CH;), 1.53 (s, 3H,
acetonide CH3), 2.12 (s, 3H, SCH3), 3.74 (dd, J=6.2,
10.6 Hz, 1H, CHOBn), 4.04 (dd, J=1.9, 10.6 Hz, 1H,
CHOBn), 4.52 (d, J=12.2 Hz, 1H, OCHPh), 4.58 (d, J=
12.2 Hz, 1H, OCHPh), 5.11 (dd, J=1.9, 6.2 Hz, 1H, C3-H),
7.08-7.24 (m, 3H, ArH), 7.36 (m, 2H, ArH); '*C NMR
(67.8 MHz, CgDg) 6 1.0 (CH3), 16.6 (CH3), 26.2 (CH3), 27.1
(CHs), 71.3 (CH,), 73.9 (CH,), 79.0 (CH), 112.1 (C), 123.9
(©), 128.2 (CH), 129.0 (CH), 139.6 (C), 144.7 (C); FAB-
LRMS m/z 369 M+H)*, 277 M—Bn+H) ™.

4.3.3. Ethyl (3S,4R)-5-benzyloxy-3,4-(dimethylmethyl-
enedioxy)-2-hydroxy-3-(methylthio)carbonyl-2-(3-
phenylpropyl)pentanoate (21). Sn(OTf), (566 mg,
1.36 mmol) was added to a stirred solution of a-keto ester
18 (149 mg, 0.68 mmol) and silyl ketene thioacetal 20
(500 mg, 1.36 mmol) in EtCN (14 mL) at —78 °C. After
stirring at —78 °C for 30 min, the reaction was quenched
with saturated aqueous NaHCO; (10 mL). The mixture was
diluted with AcOEt (10 mL) and n-hexane (1 mL), and
filtered through a Celite pad. The filtrate was extracted with
AcOEt (10 mL), and the organic extract was washed with
brine (10 mL) and dried over anhydrous Na,SQO,. Filtration
and evaporation in vacuo furnished the crude product
(850 mg), which was purified by flash column chromato-
graphy (silica gel 20 g, 20:1 —15:1 n-hexane/AcOEt) to
give aldol adducts 21a (98 mg, 28%) and 21b (252 mg,
72%) as pale yellow oils. Data for (2R,3S,4R)-isomer (21a).
[a]d' —33.5 (¢ 1.81, CHCI3); IR (film) 3499, 2980, 2930,
2866, 1734, 1682, 1454, 1381, 1256, 1113, 1022, 750,
700 cm™'; '"H NMR (500 MHz, CDCls) 6 1.18 (t, J=
7.2 Hz, 3H, CO,CH,CH;), 1.25 (m, 1H, one of (CH,),),
1.50 (s, 3H, acetonide CH3), 1.68 (m, 1H, one of (CH),),
1.73 (s, 3H, acetonide CH3), 1.81 (m, 1H, one of (CH,),),
2.12 (m, 1H, one of (CH;),), 2.15 (s, 3H, COSCH3), 2.56
(dt,/=10.3,3.2 Hz, 2H, CH,Ph), 3.33 (dd, /=38.0, 10.9 Hz,
1H, CHOBn), 3.67 (s, 1H, OH), 3.86 (dd, J=1.7, 10.9 Hz,
1H, CHOBn), 4.00 (dq, /=10.8, 7.2 Hz, 1H, CO,CHCH3;),
4.22 (dq, /=10.8, 7.2 Hz, 1H, CO,CHCHy), 4.46 (d, J=
12.2 Hz, 1H, OCHPh), 4.65 (d, J=12.2 Hz, 1H, OCHPh),
4.66 (dd, J=1.7, 8.0 Hz, 1H, C3-H), 7.11 (m, 2H, ArH),
7.16 (m, 1H, ArH), 7.22-7.31 (m, 3H, ArH), 7.31-7.38 (m,
4H, ArH); *C NMR (125.8 MHz, CDCls) 6 11.9 (CH;),
13.9 (CH3), 25.2 (CH»), 26.4 (CH3), 27.0 (CH3y), 32.5 (CH,),
35.8 (CH,), 62.4 (CH,), 70.2 (CH,), 73.4 (CH,), 79.0 (CH),
79.2(C),92.4(C), 111.9(C), 125.8 (CH), 127.6 (CH), 127.8
(CH), 138.0 (C), 141.8 (C), 172.4 (C=0), 203.0 (C=0);
FAB-HRMS caled for C,gH3;0,S (M+H)" 517.2260,
found 517.2252. Data for (2S,3S,4R)-isomer (21b). [a]5
—23.2 (c 1.63, CHCly); IR (film) 3518, 2980, 2932, 2866,
1738, 1678, 1454, 1381, 1254, 1219, 1182, 1089, 1022, 853,

739, 700 cm~'; "H NMR (500 MHz, CDCl3) 6 1.24 (t, J=
7.1 Hz, 3H, CO,CH,CH5), 1.25 (m, 1H, one of (CH,),),
1.40 (s, 3H, acetonide CH3), 1.74 (s, 3H, acetonide CH5),
1.78-1.95 (m, 3H, three of (CH,),), 2.14 (s, 3H, COSCHj),
2.54 (ddd, J=2.1, 6.7, 13.7 Hz, 1H, CHPh), 2.63 (ddd, J=
3.0,5.9, 13.7 Hz, 1H, CHPh), 3.39 (dd, J=8.0, 11.1 Hz, 1H,
CHOBn), 3.54 (s, 1H, OH), 3.94 (dd, J=1.8, 11.1 Hz, 1H,
CHOB), 4.14 (dq, J=10.9, 7.1 Hz, 1H, CO,CHCH3), 4.21
(dq, J=10.9, 7.1 Hz, 1H, CO,CHCHj), 4.50 (d, J=
12.1 Hz, 1H, OCHPh), 4.61 (d, J=12.1 Hz, 1H, OCHPh),
4.67 (dd, J=1.8, 8.0 Hz, 1H, C3-H), 7.12 (m, 2H, ArH),
7.16 (m, 1H, ArH), 7.22-7.30 (m, 3H, ArH), 7.30-7.37 (m,
4H, ArH); *C NMR (125.8 MHz, CDCls) 6 11.8 (CH3),
14.0 (CHz), 25.2 (CH,), 26.4 (CHs), 27.3 (CH3), 32.7 (CH,),
35.8 (CH,), 62.3 (CH,), 70.2 (CH,), 73.4 (CH,), 79.4 (CH),
80.9 (C),91.3 (C), 112.1 (C), 125.8 (CH), 127.6 (CH), 127.7
(CH), 128.3 (CH), 138.0 (C), 141.8 (C), 172.4 (C=0),
203.8 (C=0); FAB-HRMS calcd for C,3H3,0,S (M+H) ™"
517.2260, found 517.2267.

4.3.4. Ethyl (3R,4S,8R)-8-(benzyloxymethyl)-6,6-di-
methyl-1-o0xo0-3-(3-phenylpropyl)-2,5,7-trioxaspiro[3.4]
octane-3-carboxylate (22a). Hg(OCOCF3), (139 mg,
0.325 mmol) was added to a stirred solution of thioester
21a (80 mg, 0.155 mmol) in MeCN (16 mL). After stirring
for 48 h, the reaction mixture was evaporated in vacuo. The
residue was suspended in Et,O (5 mL) and passed through a
short plug of silica gel (eluting with Et;O) to remove
insoluble Hg salt. Purification of the crude product (87 mg)
by column chromatography (silica gel 10 g, 8:1 n-hexane/
AcOEY) afforded B-lactone 22a (63 mg, 87%) as a colorless
oil: [a]® +50.3 (¢ 2.01, CHCl5); IR (film) 2931, 1844,
1734, 1509, 1456, 1375, 1094 cm ™~ '; 'H NMR (500 MHz,
CDCl3) 6 1.14 (t, J=7.3 Hz, 3H, CO,CH,CH3), 1.39 (s, 3H,
acetonide CH3), 1.54 (s, 3H, acetonide CH3), 1.56 (m, 1H,
C7-H), 1.87 (m, 1H, C7-H), 2.05 (ddd, /=4.8, 11.5,
14.7 Hz, 1H, C6-H), 2.14 (ddd, J=5.0, 11.5, 14.7 Hz, 1H,
C6-H), 2.65 (ddd, J=6.6, 8.8, 13.6 Hz, 1H, CHPh), 2.67
(ddd, J=6.6, 8.8, 13.6 Hz, 1H, CHPh), 3.56 (dd, J=7.3,
9.1 Hz, 1H, CHOBn), 3.75 (dd, J=6.3, 9.1 Hz, 1H,
CHOBn), 3.97 (dq, /=109, 7.3 Hz, 1H, CO,CHCHs;),
4.21 (dq, /=109, 7.3 Hz, 1H, CO,CHCHy), 4.44 (d, J=
11.8 Hz, 1H, OCHPh), 4.50 (d, J=11.8 Hz, 1H, OCHPh),
4.60 (dd, J=6.3, 7.3 Hz, 1H, C3-H), 7.13-7.23 (m, 3H,
ArH), 7.23—7.40 (m, 7H, ArH); 3C NMR (125.8 MHz,
CDCl3) 6 14.0 (CH3), 24.9 (CH,), 25.2 (CH3), 26.5 (CH3),
32.9 (CH,), 35.5 (CH,), 61.2 (CH,), 68.7 (CH,), 73.8 (CH,),
76.7 (CH), 86.6 (C), 94.6 (C), 112.9 (C), 126.0 (CH), 127.8
(CH), 128.1 (CH), 128.31 (CH), 128.34 (CH), 128.4 (CH),
137.1 (C), 141.3 (C), 168.16 (C=0), 168.23 (C=0); FAB-
HRMS m/z caled for Cp;H330, (M+H) ™" 469.2226, found
469.2243.

4.3.5. Ethyl (2R,3S,4R)-5-benzyloxy-3,4-(dimethyl-
methylenedioxy)-2-hydroxy-3-methoxycarbonyl-2-(3-
phenylpropyl)pentanoate (19a). Potassium carbonate
(20 mg, 0.145 mmol) was added to a solution of B-lactone
22a (52 mg, 0.111 mmol) in MeOH (1 mL). After stirring
for 30 min, the mixture was evaporated in vacuo. The
residue (75 mg) was purified by column chromatography
(silica gel 10 g, 4:1 n-hexane/AcOEt) to give methyl ester
19a (46 mg, 83%) as a colorless oil: [a]f —14.8 (¢ 1.07,
CHCl); IR (film) 3501, 3027, 2988, 1732, 1497, 1454,
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1373, 1250, 1181, 1105 cm ™~ '; "H NMR (500 MHz, CDCl5)
6 1.19 (t, J=7.1 Hz, 3H, CO,CH,CH3), 1.25 (m, 1H, C7-
H), 1.44 (s, 3H, acetonide CH3), 1.56 (s, 3H, acetonide
CHs>), 1.80 (ddd, J=4.2,12.1, 13.9 Hz, 1H, C6-H), 1.82 (m,
1H, C7-H), 2.06 (ddd, J=4.2, 12.1, 13.9 Hz, 1H, C6-H),
2.58 (ddd, J=6.5, 8.4, 14.3 Hz, 1H, CHPh), 2.59 (ddd, J=
6.5,8.4,14.3 Hz, 1H, CHPh), 3.39 (dd, J=7.2, 11.0 Hz, 1H,
CHOBn), 3.61 (s, 1H, OH), 3.64 (s, 3H, CO,CHs;), 3.85 (dd,
J=1.8, 11.0 Hz, 1H, CHOBn), 4.06 (dq, J=10.8, 7.1 Hz,
1H, CO,CHCHjs), 420 (dq, /=10.8, 7.1 Hz, 1H, CO,-
CHCHs;), 4.48 (d, J=12.1 Hz, 1H, OCHPh), 4.62 (dd, J=
1.8, 7.2 Hz, 1H, C3-H), 4.63 (d, J=12.1 Hz, 1H, OCHPh),
7.11 (d, J=7.3 Hz, 2H, ArH), 7.15 (t, J=17.3 Hz, 1H, ArH),
7.23-7.32 (m, 3H, ArH), 7.34 (m, 4H, ArH); 3C NMR
(125.8 MHz, CDCls) 6 14.2 (CHjy), 25.4 (CH3), 26.8 (CH5),
27.3 (CHj3), 33.1 (CH,), 36.0 (CH,), 52.3 (CH,), 62.7 (CH,),
70.4 (CH,), 73.7 (CH,), 79.2 (C), 79.6 (C), 89.2 (C), 111.3
(C), 126.1 (CH), 127.9 (CH), 128.1 (CH), 128.56 (CH),
128.59 (CH), 138.2 (CH), 142.0 (C), 171.1 (C=0), 172.8
(C=0); FAB-HRMS m/z calcd for C,sH3,05 (M+H)™"
501.2488, found 501.2497.

4.3.6. Ethyl [2R,2(3a$,6aR)]-2-hydroxy-5-phenyl-2-
(tetrahydro-2,2-dimethyl-4-oxofuro|[3,4-d][1,3]dioxol-
3a-yl)pentanoate (23a). Palladium on carbon (10%, 7 mg)
was added to a solution of benzyl ether 19a (44 mg,
0.088 mmol) in EtOH (1 mL), and the mixture was
vigorously stirred under 1 atm of hydrogen for 2 h. The
catalyst was filtered through a Celite pad, and the filtrate
was evaporated in vacuo. The crude product (33 mg) thus
obtained was used without further purification.

DMAP (43 mg, 0.352 mmol) was added to a solution of the
crude vy-hydroxyester (33 mg) in CH,Cl, (1 mL). After
stirring for 1 h, the reaction was quenched with saturated
aqueous NH4C1 (6 mL), and the whole was extracted with
AcOEt (10 mL). The organic extract was washed with brine
(6 mL), and dried over anhydrous Na,SQO,. Filtration and
evaporation in vacuo furnished the crude product (33 mg),
which was purified by column chromatography (silica gel
10 g, 5:1 n-hexane/AcOEt) to give y-lactone 23a (33 mg,
98%) as a colorless oil: [a]3 —55.9 (¢ 1.02, CHCl3); IR
(film) 3486, 2990, 2940, 2866, 1790, 1728, 1456, 1377,
1263, 1117, 1019, 972, 914 cm™'; 'H NMR (500 MHz,
CDCls) 6 1.29 (m, 1H, C7-H), 1.32 (t, J=7.1 Hz, 3H,
CO,CH,CH3), 1.38 (s, 3H, acetonide CH3), 1.44 (s, 3H,
acetonide CH3), 1.82 (m, 1H, C7-H), 2.12 (ddd, J=4.6,
12.3, 13.8 Hz, 1H, C6-H), 2.20 (ddd, /J=4.6, 12.3, 13.8 Hz,
1H, C6-H), 2.60 (ddd, J=6.0, 9.5, 14.0 Hz, 1H, CHPh),
2.66 (ddd, J=6.0, 9.5, 14.0 Hz, 1H, CHPh), 3.76 (s, 1H,
OH), 4.23 (dq, /=10.8, 7.1 Hz, 1H, CO,CHCH3y), 4.32 (d,
J=1.7 Hz, 2H, lactone CH,), 4.36 (dq, /=10.8, 7.1 Hz, 1H,
CO,CHCH3;), 4.56 (t, J=1.7 Hz, 1H, C3-H), 7.13-7.19 (m,
3H, ArH), 7.26-7.28 (m, 2H, ArH); '>*C NMR (125.8 MHz,
CDCl3) 6 14.3 (CH3), 25.3 (CH3), 26.9 (CH3), 27.4 (CH,),
32.1 (CH,), 36.0 (CH,), 63.3 (CH,), 71.0 (CH,), 78.0 (CH),
79.1 (C), 86.4 (C), 114.3 (C), 126.1 (CH), 128.5 (CH), 128.6
(CH), 142.1 (C), 173.3 (C=0), 174.2 (C=0); FAB-HRMS
caled for CogHy;0; M+H) T 379.1757, found 379.1753.

4.3.7. Ethyl (35,45,8R)-8-(benzyloxymethyl)-6,6-di-
methyl-1-0x0-3-(3-phenylpropyl)-2,5,7-trioxaspiro[3.4]
octane-3-carboxylate (22b). Hg(OCOCF;), (209 mg,

0.489 mmol) was added to a stirred solution of thioester
21b (120 mg, 0.233 mmol) in MeCN (23 mL). After stirring
for 4 h, the reaction mixture was evaporated in vacuo. The
residue was suspended in Et,O (5 mL) and passed through a
short plug of silica gel (eluting with Et;O) to remove
insoluble Hg salt. Purification of the crude product (130 mg)
by column chromatography (silica gel 10 g, 8:1 n-hexane/
AcOEt) afforded B-lactone 22b (92 mg, 84%) as a colorless
oil: [a]¥® —18.1 (¢ 2.06, benzene); IR (film) 2935, 1842,
1757, 1454, 1381, 1271, 1094 cm~'; 'H NMR (500 MHz,
CDCl3) 6 1.29 (t, J="7.2 Hz, 3H, CO,CH,CH3), 1.31 (s, 3H,
acetonide CH3), 1.49 (s, 3H, acetonide CH3), 1.53 (m, 1H,
C7-H), 1.74 (m, 1H, C7-H), 2.04 (ddd, J=6.8, 8.7,
13.9 Hz, 1H, C6-H), 2.15 (ddd, J=6.4, 8.9, 13.9 Hz, 1H,
C6-H), 2.46 (ddd, J=4.9, 11.3, 13.7 Hz, 1H, CHPh), 2.47
(ddd, J=4.9, 11.3, 13.7 Hz, 1H, CHPh), 3.66 (dd, J=28.7,
9.1 Hz, 1H, CHOBn), 3.85 (dd, J=5.1, 8.7Hz, 1H,
CHOBn), 4.24 (dq, J=10.9, 7.2 Hz, 1H, CO,CHCHj;),
4.32 (dq, /=109, 7.2 Hz, 1H, CO,CHCH3;), 4.40 (d, J=
11.1 Hz, 1H, OCHPh), 4.50 (d, J=11.1 Hz, 1H, OCHPh),
4.62 (dd, J=5.1, 9.1 Hz, 1H, C3-H), 7.07 (d, J=7.2 Hz,
2H, ArH), 7.16 (t, J=17.3 Hz, 1H, ArH), 7.20-7.38 (m, 7H,
ArH); 3C NMR (125.8 MHz, CDCl;) 6 14.1 (CHj),
25.2 (CH,), 25.4 (CHj), 26.8 (CHj3), 31.1 (CH,), 35.3
(CH,), 62.1 (CH,), 68.6 (CH,), 73.8 (CH,), 75.7 (CH),
87.7 (C), 95.5 (C), 113.1 (C), 1259 (CH), 128.0 (CH),
128.1 (CH), 128.2 (CH), 128.3 (CH), 128.4 (CH), 137.1
(©), 141.3 (C), 167.9 (C=0), 168.1 (C=0); FAB-HRMS
mlz caled for Cy7H330;, (M+H)™ 469.2226, found
469.2257.

4.3.8. Ethyl (25,35,4R)-5-benzyloxy-3,4-(dimethyl-
methylenedioxy)-2-hydroxy-3-methoxycarbonyl-2-(3-
phenylpropyl)pentanoate (19b). Potassium carbonate
(24 mg, 0.175 mmol) was added to a solution of B-lactone
22b (63 mg, 0.134 mmol) in MeOH (1.3 mL). After stirring
for 1 h, the mixture was evaporated in vacuo. The residue
(68 mg) was purified by column chromatography (silica gel
10 g, 4:1 n-hexane/AcOEt) to 6give methyl ester 19b (60 mg,
89%) as a colorless oil: [a]% +13.5 (¢ 2.03, CHCl3); IR
(film) 3513, 3029, 2986, 1732, 1497, 1454, 1373, 1240,
1101, 1024 cm™'; "H NMR (500 MHz, CDCl;) 6 1.22 (m,
1H, C7-H), 1.29 (t, J=7.2 Hz, 3H, CO,CH,CHs;), 1.35 (s,
3H, acetonide CH3), 1.57 (s, 3H, acetonide CH3), 1.82 (m,
1H, C7-H), 1.86 (ddd, /=2.8, 8.2, 12.0 Hz, 1H, C6-H),
2.02 (ddd, J=3.4, 8.9, 12.0 Hz, 1H, C6-H), 2.53 (ddd, /=
6.3, 8.4, 13.6 Hz, 1H, CHPh), 2.61 (ddd, J=4.9, 8.7,
13.6 Hz, 1H, CHPh), 3.47 (dd, J=7.2, 11.1 Hz, 1H,
CHOBn), 3.66 (s, 3H, CO,CH;), 3.68 (s, 1H, OH), 3.93
(dd, J=1.8, 11.1 Hz, 1H, CHOBn), 4.17 (dq, J=10.8,
7.2 Hz, 1H, CO,CHCH3), 4.28 (dq, J=10.8, 7.2 Hz, 1H,
CO,CHCHy;), 4.52 (d, J=12.2 Hz, 1H, OCHPh), 4.63 (d,
J=12.2 Hz, 1H, OCHPh), 4.66 (dd, J=1.8, 7.2 Hz, 1H,
C3-H), 7.07 (d, J=7.2 Hz, 2H, ArH), 7.16 (t, J=7.4 Hz,
1H, ArH), 7.23-7.35 (m, 7H, ArH); '*C NMR (125.8 MHz,
CDCl3) 6 14.3 (CH3), 25.4 (CH3), 26.7 (CH3), 27.2 (CHj3),
33.3 (CH,), 36.0 (CH»), 52.4 (CH,), 62.7 (CH,), 70.3 (CH,),
73.8 (CH,), 79.3 (C), 81.2 (C), 88.3 (C), 111.6 (C), 126.1
(CH), 127.9 (CH), 128.0 (CH), 128.57 (CH), 128.60 (CH),
138.2 (CH), 142.1 (C), 171.1 (C=0), 172.9 (C=0); FAB-
HRMS m/z caled for CogHy,05 (M+H) ™" 501.2488, found
501.2501.
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4.3.9. Ethyl [2S,2(3aS,6aR)]-2-hydroxy-5-phenyl-2-
(tetrahydro-2,2-dimethyl-4-oxofuro[3,4-d][1,3]dioxol-
3a-yl)pentanoate (23b). Palladium on carbon (10%, 7 mg)
was added to a solution of benzyl ether 19b (41 mg,
0.082 mmol) in EtOH (1 mL), and the mixture was
vigorously stirred under 1 atm of hydrogen for 2 h. The
catalyst was filtered through a Celite pad, and the filtrate
was evaporated in vacuo. The crude product (32 mg) thus
obtained was used without further purification.

DMAP (40 mg, 0.328 mmol) was added to a solution of the
crude y-hydroxyester (32 mg) in CH,Cl, (1 mL). After
stirring for 1 h, the reaction was quenched with saturated
aqueous NH4Cl (6 mL), and the whole was extracted with
AcOEt (10 mL). The organic extract was washed with brine
(6 mL), and dried over anhydrous Na,SO,. Filtration and
evaporation in vacuo furnished the crude product (30 mg),
which was purified by column chromatography (silica gel
5 g, 5:1 n-hexane/AcOEt) to give y-lactone 23b (29 mg,
94%) as a colorless oil: [oz]zD6 —24.0 (¢ 1.46, CHCl3); IR
(film) 3472, 2990, 2938, 1786, 1726, 1497, 1456, 1377,
1256, 1218, 1179, 1101, 1074 cm~'; "H NMR (500 MHz,
CDCl3) 6 1.28 (m, 1H, C7-H), 1.32 (t, J=7.2 Hz, 3H,
CO,CH,CHs;), 1.44 (s, 6H, 2 X acetonide CH3), 1.74 (ddd,
J=4.4,12.3,16.0 Hz, 1H, C6-H), 1.82 (m, 1H, C7-H), 2.24
(ddd, J=4.4, 12.3, 16.0 Hz, 1H, C6-H), 2.63 (ddd, J=6.1,
8.6, 13.7 Hz, 1H, CHPh), 2.65 (ddd, J=6.1, 8.6, 13.7 Hz,
1H, CHPh), 3.72 (s, 1H, OH), 4.26 (dd, J=3.8, 10.5 Hz, 1H,
one of lactone CH,), 4.31 (dd, J=3.8, 10.5 Hz, 1H, one of
lactone CH,), 4.34 (dq, J=10.9, 7.2 Hz, 1H, CO,CHCH3;),
4.35 (dq, J=10.9, 7.2 Hz, 1H, CO,CHCHj;), 4.82 (t, J=
3.8 Hz, 1H, C3-H), 7.14-7.19 (m, 3H, ArH), 7.27 (m, 2H,
ArH); °C NMR (125.8 MHz, CDCl5) 6 15.1 (CH3), 25.6
(CHy), 27.8 (CH3), 28.3 (CH»), 33.9 (CH,), 36.8 (CH,), 64.4
(CH,), 72.2 (CH,), 78.4 (CH), 79.5 (C), 88.2 (C), 115.5 (O),
127.1 (CH), 129.4 (CH), 129.5 (CH), 142.7 (C), 174.1
(C=0), 175.8 (C=0); FAB-HRMS m/z calcd for
CaoH»7,07 M+H) ™t 379.1757, found 379.1763.

4.3.10. Typical procedure for the aldol reaction of o.-keto
esters with silyl ketene thioacetals: ethyl [2(1R,25),3S,
4R]-5-benzyloxy-2-[3-benzyloxy-1,2-(dimethylmethyl-
enedioxy)propyl]-3,4-(dimethylmethylenedioxy)-2-
hydroxy-3-(methylthio)carbonylpentanoate (24).
Sn(OTf), (42 mg, 0.10 mmol) was added to a stirred
solution of a-keto ester 17 (16.5 mg, 0.051 mmol) and
silyl ketene thioacetal 20 (37 mg, 0.10 mmol) in EtCN
(1 mL) at —70 °C. After stirring at —70 °C for 1.5 h, the
reaction was quenched with saturated aqueous NaHCO;
(1 mL). The mixture was diluted with 1:1 AcOEt/n-hexane
(10 mL) and filtered through a Celite pad. The layers were
separated, and the organic layer was washed successively
with saturated aqueous NaHCO; (3 mL) and brine (3 mL),
and dried over anhydrous Na,SO,. Filtration and evapor-
ation in vacuo furnished the crude product (45 mg), whose
'H NMR revealed a 24a/24b ratio of 1:2.2. Purification by
column chromatography (silica gel 5 g, 7:1 —4:1 n-hexane/
AcOE) afforded aldol adducts 24b (19.5 mg, 62%) and 24a
(8.9 mg, 28%) as colorless oils. Data for
[2R,2(IR,2S),3S,4R]-isomer (24a). [a)3 —12.1 (¢ 0.36,
CHCl;); IR (film) 3468, 2928, 1734, 1671, 1456, 1373,
1259, 1219, 1086, 866, 737, 698 cm™'; 'H NMR
(270 MHz, CDCl;) 6 1.23 (t, J=7.2 Hz, 3H, CO,CH,CHj;),

1.36 (s, 6H, 2Xacetonide CH3), 1.62 (s, 3H, acetonide
CHs), 1.82 (s, 3H, acetonide CH3), 2.17 (s, 3H, COSCHj),
3.25 (dd, J=7.8, 10.4 Hz, 1H, CHOBn), 3.56 (dd, J=6.4,
10.4 Hz, 1H, C1-H), 3.72 (dd, J=3.4, 10.4 Hz, 1H, C1-H),
3.83 (dd, J=1.7, 10.4 Hz, 1H, CHOBn), 3.98 (s, 1H, OH),
3.99 (ddd, J=3.4, 6.4, 8.0 Hz, 1H, C7-H), 4.12 (dq, J=
10.7, 7.2 Hz, 1H, CO,CHCHj), 4.23 (dq, J=10.7, 7.2 Hz,
1H, CO,CHCHjy), 4.41 (d, J=8.0 Hz, 1H, C6-H), 4.48 (d,
J=12.4 Hz, 1H, OCHPh), 4.57 (s, 2H, OCH,Ph), 4.65 (d,
J=12.4Hz, 1H, OCHPh), 5.32 (dd, J=1.7, 7.8 Hz, 1H,
C3-H), 7.21-7.39 (m, 10H, ArH); *C NMR (125.8 MHz,
CDCl5) 6 12.1 (CH3), 14.1 (CH3), 26.2 (CHs3), 27.1 (CHy),
27.3 (CHs), 27.5 (CHs), 63.3 (CH,), 70.7 (CH,), 72.1 (CH,),
73.5 (CH,), 73.6 (CH,), 76.7 (CH), 77.5 (CH), 78.1 (CH),
79.1 (C), 93.9 (C), 110.9 (C), 112.2 (C), 127.8 (CH), 127.85
(CH), 127.91 (CH), 127.93 (CH), 128.5 (CH), 128.6 (CH),
138.1 (C), 138.5 (C), 170.2 (C=0), 204.3 (C=0); FAB-
HRMS m/z caled for CsHa3010S (M+H)™ 619.2577,
found 619.2588. Data for [2S,2(IR,2S),3S,4R]-isomer
(24b). [a]5 —30.9 (c 0.74, CHCl); IR (film) 3510, 2930,
1736, 1670, 1381, 1260, 1219, 1148, 1088, 860, 737,
698 cm™'; '"H NMR (270 MHz, CDCl3) 6 1.09 (t, J=
7.1 Hz, 3H, CO,CH,CH;), 1.42 (s, 3H, acetonide CH3),
1.49 (s, 3H, acetonide CH3), 1.68 (s, 3H, acetonide CH5),
1.82 (s, 3H, acetonide CHs), 2.08 (s, 3H, COSCHs), 3.34 (d,
J=4.5Hz, 2H, Cl-H,), 3.35 (dd, J=7.7, 10.8 Hz, 1H,
CHOBn), 3.69 (d, J=0.8 Hz, 1H, OH), 3.75 (dq, J=10.7,
7.1 Hz, 1H, CO,CHCH3), 3.86 (dd, J=2.2, 10.8 Hz, 1H,
CHOBn), 3.90 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCHj), 4.23
(dt, J=17.5, 45 Hz, 1H, C7-H), 449 (d, J=12.5Hz, 1H,
OCHPh), 4.51 (dd, J=0.8, 7.5 Hz, 1H, C6-H), 4.52 (d, J=
12.5Hz, 1H, OCHPh), 4.61 (d, J=12.5Hz, 2H, 2X
OCHPh), 5.37 (dd, J=2.2, 7.7 Hz, 1H, C3-H), 7.20-7.38
(m, 10H, ArH); *C NMR (125.8 MHz, CDCl;) ¢ 12.0
(CH3), 13.9 (CH3), 26.2 (CH3), 26.7 (CH;), 27.79 (CHs),
27.83 (CH;), 62.5 (CH,), 70.4 (CH,), 71.0 (CH,), 73.3
(CH,), 73.6 (CH,), 76.7 (CH), 77.5 (CH), 79.2 (CH), 80.1
(C),91.0(C), 111.2(C), 113.6 (C), 127.7 (CH), 127.8 (CH),
127.9 (CH), 128.0 (CH), 128.5 (CH), 128.6 (CH), 138.2 (C),
138.4 (C), 171.2 (C=0), 205.6 (C=0); FAB-HRMS m/z
caled for C3,Hy3010S (M +H) ™ 619.2577, found 619.2571.

4.3.11. (R,E)-4-(benzyloxy)methyl-5-[methylthio(tri-
methylsilyloxy)methylene]-2,2-dimethyl-1,3-dioxolane
(25). KHMDS in toluene (0.5 M, 5.0 mL, 2.5 mmol) was
added to a stirred solution of thioester 14 (697 mg,
2.35 mmol) in THF (10 mL) at —78 °C over a 2-h period.
After stirring at —78 °C for 30 min, TMSCI (0.33 mL,
21.3 mmol) was added, and the resulting mixture was stirred
at —78 °C for 30 min. The mixture was allowed to warm to
room temperature. After stirring at room temperature for
15 min, the mixture was evaporated in vacuo. The residue
was suspended in n-hexane and passed through a short plug
of Florisil (eluting with AcOEt) to give silyl ketene
thioacetal 25 (751 mg, 87%, ZIE=1:99) as a yellow oil:
"H NMR (500 MHz, C¢Ds) 6 0.36 (s, 9H, Si(CHs)5), 1.33 (s,
3H, acetonide CH3), 1.51 (s, 3H, acetonide CH3), 1.98 (s,
3H, SCH3), 3.84 (dd, J=5.6, 10.6 Hz, 1H, CHOBn), 3.94
(dd, J=2.0, 10.6 Hz, 1H, CHOBn), 4.51 (s, 2H, OCH,Ph),
5.13 (dd, /=2.0, 5.6 Hz, 1H, C3-H), 7.07-7.37 (m, 5H,
ArH); >*C NMR (67.8 MHz, C¢Dg) 6 1.1 (CH3), 16.3 (CH3),
27.2 (CH3), 27.5 (CH3), 72.8 (CH,), 73.9 (CH,), 78.8 (CH),
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112.8 (C), 121.8 (C), 128.2 (CH), 128.9 (CH), 139.5 (C),
141.5 (C).

4.3.12. Sn(OTf),-promoted aldol reaction between
o-keto ester 17 and (E)-silyl ketene thioacetal 25. The
aldol reaction was performed according to the typical
procedure (2 mL EtCN, —55°C, 1h) employing o-keto
ester 17 (30 mg, 0.093 mmol), (E)-silyl ketene thioacetal 25
(69 mg, 0.187 mmol), and Sn(OTf), (78 mg, 0.187 mmol).
A diastereomeric mixture of aldol adducts 24 (21 mg, 36%,
24a:24b=1:10) was obtained as a colorless oil after flash
column chromatography (silica gel 5 g, 8:1 n-hexane/
AcOEt).

4.3.13. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[3-benzyl-
oxy-1,2-(methylenedioxy)propyl]-3,4-(dimethylmethyl-
enedioxy)-2-hydroxy-3-(methylthio)carbonylpentanoate
(36). The aldol reaction was performed according to the
typical procedure (1.2 mL EtCN, —70 °C, 1.5 h) employing
a-keto ester 26 (19 mg, 0.063 mmol), silyl ketene thioacetal
20 (50mg, 0.136 mmol), and Sn(OTf), (53 mg,
0.127 mmol). The diastereomeric ratio of the products was
determined to be 1:2.6 by '"H NMR of the crude product
(43 mg), from which an inseparable mixture of aldol
adducts 36 (18 mg, 49%, 36a:36b=1:2.6) was obtained as
a colorless oil after flash column chromatography (silica gel
8g, 5:1—3:1 n-hexane/AcOEt): [a]y —40.0 (¢ 0.8I,
CHCl3); IR (film) 3504, 2869, 1734, 1671, 1456, 1383,
1261, 1221, 1094, 737, 698 cm™'; '"H NMR (270 MHz,
CDCl3) for 36b 6 1.12 (t, J=7.1 Hz, 3H, CO,CH,CH5),
1.66 (s, 3H, acetonide CH3), 1.81 (s, 3H, acetonide CH>),
2.09 (s, 3H, COSCH3), 3.38 (dd, J=7.6, 10.8 Hz, 1H,
CHOBn), 3.41 (dd, J=6.0, 10.6 Hz, 1H, C1-H), 3.49 (dd,
J=3.1, 10.6 Hz, 1H, C1-H), 3.72 (d, J=0.8 Hz, 1H, OH),
3.85 (dq, /=10.8, 7.1 Hz, 1H, CO,CHCH3;), 3.89 (dd, /=
2.2, 10.8 Hz, 1H, CHOBn), 4.03 (dq, /=10.8, 7.1 Hz, 1H,
CO,CHCHy), 4.15 (dt, J=3.1, 6.0 Hz, 1H, C7-H), 4.52 (d,
J=12.3Hz, 1H, OCHPh), 4.53 (d, J=12.3 Hz, 1H,
OCHPh), 4.55 (m, 1H, C6-H), 4.59 (d, J=12.3 Hz, 2H,
2XOCHPh), 5.10 (s, 2H, OCH,0), 540 (dd, J=2.2,
7.6 Hz, 1H, C3-H), 7.22-7.38 (m, 10H, ArH). The minor
isomer (36a) had additional signals at 1.22 (t, J=7.1 Hz,
3H, CO,CH,CH3), 2.17 (s, 3H, COSCH3), and 5.40 (dd, J=
1.6, 7.7 Hz, 1H, C3-H); FAB-LRMS m/z 591 M+H) ™.

4.3.14. Ethyl [2(1R,2S),3S5,4R]-5-benzyloxy-2-[3-benzyl-
oxy-1,2-(diethylmethylenedioxy)propyl]-3,4-(dimethyl-
methylenedioxy)-2-hydroxy-3-(methylthio)carbonyl-
pentanoate (37). The aldol reaction was performed
according to the typical procedure (4 mL EtCN, —70 °C,
1.5 h) employing a-keto ester 27 (111 mg, 0.32 mmol), silyl
ketene thioacetal 20 (204 mg, 0.055 mmol), and Sn(OTf),
(269 mg, 0.65 mmol). The diastereomeric ratio of the
products was determined to be 1:1.1 by 'H NMR of the
crude product (263 mg), from which aldol adducts 37a
(79 mg, 39%) and 37b (82 mg, 40%) were obtained as
colorless oils after flash column chromatography (silica gel
13 g, 8:1—6:1 n-hexane/AcOEt). Data for
[2R,2(IR,2S),3S,4R]-isomer (37a). [a]F —13.3 (¢ 0.45,
CHCl;); IR (film) 3461, 2930, 1725, 1673, 1455, 1377,
1257, 1221, 1174, 1097, 736, 698 cm™'; 'H NMR
(270 MHz, CDCl3) 6 0.86 (t, J=7.6 Hz, 3H, pentylidene
CHs;), 0.91 (t, J=7.6 Hz, 3H, pentylidene CH3), 1.22 (t, J=

7.2 Hz, 3H, CO,CH,CH3), 1.39-1.74 (m, 4H, 2 X pentyl-
idene CH,), 1.63 (s, 3H, acetonide CH;), 1.82 (s, 3H,
acetonide CH3), 2.17 (s, 3H, COSCHs), 3.28 (dd, J="7.8,
10.5 Hz, 1H, CHOBn), 3.57 (dd, J=6.1, 10.4 Hz, 1H, C1-
H), 3.73 (dd, J=3.5, 10.4 Hz, 1H, C1-H), 3.86 (dd, J=1.8,
10.5 Hz, 1H, CHOBn), 4.00 (ddd, J=3.5, 6.1, 8.5 Hz, 1H,
C7-H), 4.03 (s, 1H, OH), 4.13 (dq, J=10.7, 7.2 Hz, 1H,
CO,CHCHy), 4.19 (dq, J=10.7, 7.2 Hz, 1H, CO,CHCHj;),
4.37 (d, J=8.5 Hz, 1H, C6-H), 4.48 (d, J=12.5 Hz, 1H,
OCHPh), 4.57 (s, 2H, OCH,Ph), 4.66 (d, J=12.5 Hz, 1H,
OCHPh), 5.35 (dd, /J=1.8, 7.8 Hz, 1H, C3-H), 7.22-7.38
(m, 10H, ArH); FAB-HRMS m/z calcd for C34H47010S
(M+H)" 647.2890, found 647.2911. Data for
[28,2(1R,2S),3S,4R]-isomer (37b). [a]3 —27.7 (¢ 0.51,
CHCls); IR (film) 3515, 2928, 1736, 1671, 1456, 1383,
1261, 1147, 1090, 737, 698 cm™'; '"H NMR (270 MHz,
CDCly) 0 0.87 (t, J="7.3 Hz, 3H, pentylidene CH3), 0.94 (t,
J=7.5 Hz, 3H, pentylidene CH3), 1.09 (t, J=7.1 Hz, 3H,
CO,CH,CH;), 1.47-1.85 (m, 4H, 2Xpentylidene CH,),
1.69 (s, 3H, acetonide CH3), 1.82 (s, 3H, acetonide CH3),
2.09 (s, 3H, COSCH3), 3.337 (d, J=4.2 Hz, 2H, C1-H,),
3.340 (dd, J=7.9, 10.6 Hz, 1H, CHOBn), 3.66 (s, 1H, OH),
3.73 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCHs), 3.87 (dd, J=
2.0, 10.6 Hz, 1H, CHOBn), 3.88 (dq, /J=10.7, 7.1 Hz, 1H,
CO,CHCHs;), 4.24 (dt, J=8.2, 4.2 Hz, 1H, C7-H), 4.44 (d,
J=8.2 Hz, 1H, C6-H), 4.48 (d, J=12.4 Hz, 1H, OCHPh),
4.50 (d, J=12.4 Hz, 1H, OCHPh), 4.61 (d, J=12.4 Hz, 1H,
OCHPh), 4.62 (d, J=12.4 Hz, 1H, OCHPh), 5.39 (dd, J=
2.0, 79 Hz, 1H, C3-H), 7.21-7.37 (m, 10H, ArH); FAB-
HRMS m/z caled for Ci,Ha7010S (M+H)' 647.2890,
found 647.2881.

4.3.15. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[3-benzyl-
oxy-1,2-(dipropylmethylenedioxy)propyl]-3,4-(dimethyl-
methylenedioxy)-2-hydroxy-3-(methylthio)carbonyl-
pentanoate (38). The aldol reaction was performed
according to the typical procedure (1.2 mL EtCN,
—70°C, 1.5h) employing a-keto ester 28 (21.0 mg,
0.055 mmol), silyl ketene thioacetal 20 (52.1 mg,
0.14 mmol), and Sn(OTf), (39.0 mg, 0.094 mmol). The
diastereomeric ratio of the products was determined to be
1:1.6 by "H NMR of the crude product (62 mg), from which
aldol adducts 38a (12.8 mg, 34%) and 38b (17.8 mg, 48%)
were obtained as colorless oils after flash column
chromatography (silica gel 8 g, 10:1 —8:1—5:1 n-hexane/
AcOEY). Data for [2R,2(1R,2S),3S,4R]-isomer (38a). [o]5
—13.6 (¢ 0.52, CHCly); IR (film) 3464, 2961, 1734, 1676,
1456, 1375, 1260, 1219, 1103, 735, 698 cm™'; '"H NMR
(270 MHz, CDCl3) 6 0.82 (t, J=7.3 Hz, 3H, heptylidene
CHs), 0.92 (t, J="7.3 Hz, 3H, heptylidene CH3), 1.22 (t, J=
7.1 Hz, 3H, CO,CH,CH3), 1.20-1.72 (m, 8H, 4 Xheptyl-
idene CH,), 1.62 (s, 3H, acetonide CH;), 1.82 (s, 3H,
acetonide CH3), 2.17 (s, 3H, COSCHs;), 3.27 (dd, J=17.8,
10.4 Hz, 1H, CHOBn), 3.55 (dd, /=6.0, 10.3 Hz, 1H, C1-
H),3.72 (dd, J=3.7, 10.3 Hz, 1H, C1-H), 3.85 (dd, J=1.5,
10.4 Hz, 1H, CHOBn), 3.97 (m, 1H, C7-H), 4.03 (s, 1H,
OH), 4.14 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3), 4.19 (dq,
J=10.7, 7.1 Hz, 1H, CO,CHCH3), 4.38 (d, /=8.3 Hz, 1H,
C6-H), 4.48 (d, J=12.5Hz, 1H, OCHPh), 4.56 (s, 2H,
OCH,Ph), 4.66 (d, J=12.5 Hz, 1H, OCHPh), 5.33 (dd, /=
1.5, 7.8 Hz, 1H, C3-H), 7.20-7.40 (m, 10H, ArH); FAB-
LRMS m/z 675 (M+H)", 631 M—C3H,)*. Data for
[28,2(1R,2S),3S,4R]-isomer (38b). [a]®¥ —25.3 (¢ 0.76,
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CHCl,); IR (film) 3510, 2961, 1736, 1669, 1456, 1383,
1261, 1148, 1090, 736, 698 cm ™~ '; '"H NMR (270 MHz,
CDCl5) 6 0.85 (t, J="7.3 Hz, 3H, heptylidene CH3), 0.92 (t,
J=17.3 Hz, 3H, heptylidene CH3), 1.09 (t, J=7.1 Hz, 3H,
CO,CH,CH3), 1.18-1.80 (m, 8H, 4 Xheptylidene CH,),
1.68 (s, 3H, acetonide CHs), 1.82 (s, 3H, acetonide CH5),
2.09 (s, 3H, COSCHs), 3.33 (d, J=4.5 Hz, 2H, Cl1-H,),
3.34 (dd, J=7.9, 10.7 Hz, 1H, CHOBn), 3.67 (d, J=0.8 Hz,
1H, OH), 3.74 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3), 3.86
(dd, J=2.1, 10.7 Hz, 1H, CHOBn), 3.88 (dq, J=10.7,
7.1 Hz, 1H, CO,CHCHs;), 4.23 (dt, J=7.9, 4.5 Hz, 1H, C7-
H), 443 (dd, J=0.8, 79 Hz, 1H, C6-H), 4.48 (d, J=
12.5 Hz, 1H, OCHPh), 4.53 (d, /J=12.5 Hz, 1H, OCHPh),
4.59 (d, J=12.5 Hz, 1H, OCHPh), 4.61 (d, J=12.5 Hz, 1H,
OCHPh), 5.37 (dd, J=2.1, 7.9 Hz, 1H, C3-H), 7.20-7.40
(m, IOJEL ArH); FAB-LRMS m/z 675 M+H)", 631 (M—
Cs;Hy) ™.

4.3.16. Ethyl [2S5,2(1R,2S5),35,4R]-5-benzyloxy-2-[3-
benzyloxy-1,2-(diethylmethylenedioxy)propyl]-2-
hydroxy-3,4-(methylenedioxy)-3-(methylthio)carbonyl-
pentanoate (39b). The aldol reaction was performed
according to the typical procedure (1.5 mL EtCN,
—70°C, 1.5h) employing a-keto ester 27 (27.3 mg,
0.078 mmol), silyl ketene thioacetal 33 (53.2 mg,
0.156 mmol), and Sn(OTf), (65.0 mg, 0.156 mmol). The
diastereomeric ratio of the products was determined to be
1:>20 by 'H NMR of the crude product (83.2 mg), from
which aldol adduct 39b (32.3 mg, 67%) was obtained as a
colorless oil after flash column chromatography (silica gel
5g, 8:1—>5:1 n-hexane/AcOEt): [a]d —3.0 (¢ 0.92,
CHCl3); IR (film) 3493, 2975, 1738, 1672, 1454, 1368,
1260, 1150, 1094, 980, 752, 698 cm '; 'H NMR
(270 MHz, CDCl3) 6 0.87 (t, J=17.5 Hz, 3H, pentylidene
CH;), 0.94 (t, J="7.5 Hz, 3H, pentylidene CH3), 1.09 (t, J=
7.2 Hz, 3H, CO,CH,CH3), 1.60-1.83 (m, 4H, 2 X pentyli-
dene CH,), 2.11 (s, 3H, COSCH3), 3.31 (d, /=4.2 Hz, 2H,
Cl1-H,), 3.36 (dd, J=7.8, 10.7 Hz, 1H, CHOBn), 3.62 (s,
1H, OH), 3.74 (dq, J=10.6, 7.2 Hz, 1H, CO,CHCH3), 3.78
(dd, J=2.2, 10.7Hz, 1H, CHOBn), 4.01 (dq, J=10.6,
7.2 Hz, 1H, CO,CHCHs), 4.21 (dt, J=8.0, 4.2 Hz, 1H, C7-
H),4.44 (d,J=8.0 Hz, 1H, C6-H), 4.47 (d,J=12.3 Hz, 1H,
OCHPh), 4.52 (d, J=12.3 Hz, 1H, OCHPh), 4.57 (d, J=
12.3 Hz, 2H, 2XOCHPh), 5.16 (dd, J=2.2, 7.8 Hz, 1H,
C3-H),5.36 (s, 1H, OCHO), 5.50 (s, 1H, OCHO), 7.22-7.37
(m,+10H, ArH); FAB-LRMS m/z 619 M+H)™, 589 (M—
Et)™".

4.3.17. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[3-benzyl-
oxy-1,2-(diethylmethylenedioxy)propyl]-3,4-(diethyl-
methylenedioxy)-2-hydroxy-3-(methylthio)carbonyl-
pentanoate (40). The aldol reaction was performed
according to the typical procedure (3 mL EtCN, —70 °C,
1.5 h) employing a-keto ester 27 (62.2 mg, 0.178 mmol),
silyl ketene thioacetal 34 (137.3 mg, 0.346 mmol), and
Sn(OTf), (151.6 mg, 0.364 mmol). The diastereomeric ratio
of the products was determined to be 1:1.9 by 'H NMR of
the crude product (161.6 mg), from which aldol adducts 40a
(31.3 mg, 26%) and 40b (49.2 mg, 41%) were obtained as
colorless oils after flash column chromatography (silica gel
10g, 15:1—10:1—8:1 n-hexane/AcOEt). Data for
[2R,2(IR,25),3S,4R]-isomer (40a). [a]y —5.4 (¢ 1.0,
CHCl); IR (film) 3464, 2975, 1723, 1672, 1456, 1366,

1256, 936, 737, 698 cm ™~ '; 'H NMR (270 MHz, CDCl5) 6
0.88 (t, J=7.5Hz, 3H, pentylidene CH3), 0.90 (t, J=
7.4 Hz, 3H, pentylidene CH3), 0.94 (t, J=7.5Hz, 3H,
pentylidene CH3), 1.05 (t, J="7.5 Hz, 3H, pentylidene CH3),
1.25 (t, J=7.2 Hz, 3H, CO,CH,CH53), 1.47-1.75 (m, 4H,
2 X pentylidene CH,), 1.86—1.98 (m, 2H, pentylidene CH,),
2.05-2.20 (m, 2H, pentylidene CH,), 2.14 (s, 3H, COSCH5),
3.29 (dd, J=7.2, 10.6 Hz, 1H, CHOBn), 3.57 (dd, J=6.0,
10.4 Hz, 1H, C1-H), 3.76 (dd, J=3.1, 10.4 Hz, 1H, C1-H),
3.86 (dd, J=1.7, 10.6 Hz, 1H, CHOBn), 3.93 (s, 1H, OH),
4.01 (ddd, J=3.1, 6.0, 8.2 Hz, 1H, C7-H), 4.17 (dq, J=
10.7, 7.2 Hz, 1H, CO,CHCHj;), 4.23 (dq, J=10.7, 7.2 Hz,
1H, CO,CHCH;), 4.39 (d, J=8.2 Hz, 1H, C6-H), 4.49 (d,
J=12.5Hz, 1H, OCHPh), 4.57 (s, 2H, OCH,Ph), 4.61 (d,
J=12.5Hz, 1H, OCHPh), 5.30 (dd, J=1.7, 7.2 Hz, 1H,
C3-H), 7.22-7.37 (m, 10H, ArH); FAB-HRMS m/z calcd
for C36H5,0,0S M+H) " 675.3203, found 675.3234. Data
for [25,2(1R,25),3S,4R ]-isomer (40b). [ —27.0 (¢ 0.68,
CHCl5); IR (film) 3512, 2940, 1738, 1667, 1368, 1090, 930,
737, 698 cm~'; '"H NMR (270 MHz, CDCl3) 6 0.88 (t, J=
7.4 Hz, 3H, pentylidene CH3), 0.925 (t, J=7.5 Hz, 3H,
pentylidene CHj), 0.928 (t, J=7.5 Hz, 3H, pentylidene
CH;), 1.04 (t, J="17.5 Hz, 3H, pentylidene CH3), 1.10 (t, J=
7.1 Hz, 3H, CO,CH,CH3), 1.55-1.82 (m, 4H, 2 X pentyl-
idene CH,), 1.92-2.18 (m, 4H, 2 X pentylidene CH,), 2.07
(s, 3H, COSCHs), 3.33 (dd, J=6.0, 11.2 Hz, 1H, C1-H),
3.37 (dd, J=7.2, 11.2 Hz, 1H, CHOBn), 3.40 (dd, J=2.4,
11.2Hz, 1H, Cl-H), 3.69 (dq, J=10.7, 7.1 Hz, 1H,
CO,CHCHy), 3.74 (s, 1H, OH), 3.88 (dq, J=10.7, 7.1 Hz,
1H, CO,CHCHs;), 3.89 (dd, /J=2.3, 11.2 Hz, 1H, CHOBn),
4.22 (ddd, J=24, 6.0, 7.8 Hz, 1H, C7-H), 449 (d, J=
7.8 Hz, 1H, C6-H), 4.51 (d, J=12.5 Hz, 1H, OCHPh), 4.59
(d, J=12.5Hz, 1H, OCHPh), 4.60 (d, J=12.5Hz, 1H,
OCHPh), 4.60 (d, J=12.5 Hz, 1H, OCHPh), 5.39 (dd, J=
2.3, 7.2 Hz, 1H, C3-H), 7.20-7.40 (m, 10H, ArH); FAB-
HRMS m/z caled for CigHs 0108 (M+H)" 675.3203,
found 675.3214.

4.3.18. Ethyl [2S,2(1R,25),3S,4R]-2-[3-benzyloxy-1,2-
(diethylmethylenedioxy)propyl]-5-(tert-butyldiphenyl-
silyl)oxy-3,4-(dimethylmethylenedioxy)-2-hydroxy-3-
(methylthio)carbonylpentanoate (41b). The aldol reaction
was performed according to the typical procedure (5 mL
EtCN, —70 °C, 1.5 h) employing a-keto ester 27 (69.6 mg,
0.199 mmol), silyl ketene thioacetal 35 (209.1 mg,
0.405 mmol), and Sn(OTf), (170.6 mg, 0.409 mmol). The
diastereomeric ratio of the products was determined to be
1:>20 by 'H NMR of the crude product (284.2 mg), from
which aldol adduct 41b (102.0 mg, 65%) was obtained as a
colorless oil after flash column chromatography (silica gel
15 g, 15:1 n-hexane/AcOEt): [a]5 —10.6 (¢ 0.39, CHCls);
IR (film) 3515, 2932, 2884, 2859, 1738, 1667, 1462, 1427,
1375, 1262, 1221, 1111, 1026, 912, 887 cm™'; 'H NMR
(270 MHz, CDCl3) 6 0.88 (t, J=7.4 Hz, 3H, pentylidene
CH;), 0.92 (t, J=7.4 Hz, 3H, pentylidene CH3), 1.03 (s, 9H,
SiC(CHs3)3), 1.07 (t, J=17.1 Hz, 3H, CO,CH,CHj3), 1.50-
1.79 (m, 4H, 2 X pentylidene CH,), 1.69 (s, 3H, acetonide
CHs), 1.79 (s, 3H, acetonide CH3), 2.01 (s, 3H, COSCH3),
3.33 (d, J=4.1 Hz, 2H, C1-H,), 3.54 (dd, J=7.2, 11.2 Hz,
1H, CHOTBDPS), 3.69 (s, 1H, OH), 3.71 (dq, J=10.7,
7.1 Hz, 1H, CO,CHCH3;), 3.85 (dq, /=10.7, 7.1 Hz, 1H,
CO,CHCHy;), 4.01 (dd, J=2.7, 11.2 Hz, 1H, CHOTBDPS),
4.26 (dt,/=8.0,4.1 Hz, 1H, C7-H), 4.41 (d, /J=8.0 Hz, 1H,
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C6-H), 447 (d, J=12.5Hz, 1H, OCHPh), 4.62 (d, J=
12.5 Hz, 1H, OCHPh), 5.31 (dd, J=2.7, 7.2 Hz, 1H, C3-H),
7.23-7.45 (m, 9H, ArH), 7.66-7.73 (m, 6H, ArH); '*C NMR
(125.8 MHz, CDCl;) 6 5.4 (CH3), 6.5 (CH3), 9.5 (CH3),
11.4 (CH3), 17.0 (CH3), 23.8 (CH;), 24.5 (CH3), 25.3 (CH;),
26.9 (CH3), 27.9 (CH»), 59.9 (CH,), 62.1 (CH,), 68.5 (CH.),
71.0 (CH,), 73.9 (CH,), 76.9 (CH), 79.5 (C), 88.5 (C), 110.8
(C), 112.7 (C), 125.2 (CH), 125.3 (CH), 125.4 (CH), 125.6
(CH), 126.1 (CH), 127.2 (CH), 128.5 (CH), 133.5 (C), 133.6
(0), 168.9 (C=0), 203.5 (C=0); FAB-HRMS m/z calcd
for C43Hs00,0SSi (M+H) ™ 795.3598, found 795.3590.

4.3.19. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[3-(tert-
butyldiphenylsilyl)oxy-1,2-(diethylmethylenedioxy)pro-
pyll-3,4-(dimethylmethylenedioxy)-2-hydroxy-3-
(methylthio)carbonylpentanoate (42). The aldol reaction
was performed according to the typical procedure (1.2 mL
EtCN, —70 °C, 1.5 h) employing a-keto ester 29 (28 mg,
0.056 mmol), silyl ketene thioacetal 20 (43 mg,
0.117 mmol), and Sn(OTf), (47 mg, 0.113 mmol). The
diastereomeric ratio of the products was determined to be
1:5 by "H NMR of the crude product (57 mg), from which
an inseparable mixture of aldol adducts 42 (20 mg, 45%,
42a:42b=1:5) was obtained as a colorless oil after flash
column chromatography (silica gel 8 g, 7:1 n-hexane/
AcOEt): [a]f —25.8 (¢ 0.97, CHCly); IR (film) 3511,
2934, 1736, 1667, 1462, 1429, 1381, 1262, 1219, 1088, 741,
702 cm ™ '; "H NMR (270 MHz, CDCl5) for 42b 6 0.91 (t,
J=7.5 Hz, 3H, pentylidene CH3), 0.95 (t, J=7.5 Hz, 3H,
pentylidene CH3), 1.01 (t, J=7.1 Hz, 3H, CO,CH,CH3),
1.07 (s, 9H, SiC(CH3)3), 1.60-1.86 (m, 4H, 2 X pentylidene
CH,), 1.72 (s, 3H, acetonide CH3), 1.83 (s, 3H, acetonide
CHs3), 2.09 (s, 3H, COSCH;), 3.32 (dd, J=4.3, 11.7 Hz, 1H,
Cl1-H), 3.36 (dd, /=7.9, 10.6 Hz, 1H, CHOBn), 3.56 (dq,
J=10.7, 7.1 Hz, 1H, CO,CHCHjy), 3.66 (d, J=0.8 Hz, 1H,
OH), 3.76 (dd, J=1.6, 11.7 Hz, 1H, C1-H), 3.87 (dd, J=
2.1, 10.6 Hz, 1H, CHOBn), 3.92 (dq, /=10.7, 7.1 Hz, 1H,
CO,CHCHy;), 4.14 (ddd, J=1.6, 4.3, 7.8 Hz, 1H, C7-H),
4.51 (d,J=12.4 Hz, 1H, OCHPh), 4.62 (d, J=12.4 Hz, 1H,
OCHPh), 4.75 (dd, J=0.8, 7.8 Hz, 1H, C6-H), 5.47 (dd, J=
2.1, 79 Hz, 1H, C3-H), 7.21-7.46 (m, 11H, ArH), 7.64—
7.75 (m, 4H, ArH). The minor isomer (42a) had additional
signals at 1.05 (s, 9H, SiC(CHs3)3), 2.16 (s, 3H, COSCH;),
and 5.34 (dd, J=1.6, 7.7 Hz, 1H, C3-H); FAB-LRMS m/z
795 M+H)", 765 M—Et)".

4.3.20. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[1,2-
(diethylmethylenedioxy)-3-(methoxymethoxy)]propyl-3,
4-(dimethylmethylenedioxy)-2-hydroxy-3-(methylthio)
carbonylpentanoate (43). The aldol reaction was per-
formed according to the typical procedure (1.2 mL EtCN,
—70°C, 1.5h) employing a-keto ester 30 (18 mg,
0.059 mmol), silyl ketene thioacetal 20 (52 mg,
0.141 mmol), and Sn(OTf), (54 mg, 0.13 mmol). The
diastereomeric ratio of the products was determined to be
1.1:1 by "H NMR of the crude product (55 mg), from which
aldol adducts 43a (14.7 mg, 41%) and 43b (13.5 mg, 38%)
were obtained as colorless oils after flash column
chromatography (silica gel 8 g, 10:1 —6:1—4:1 n-hexane/
AcOEt). Data for [2R,2(1R,2S),3S,4R]-isomer (43a). [oz]zD7
—12.3 (¢ 0.66, CHCly); IR (film) 3462, 2930, 1732, 1672,
1458, 1383, 1256, 1219, 1098, 1042, 735, 698 cm™'; 'H
NMR (270 MHz, CDCl;) 6 0.89 (t, J=7.5Hz, 3H,

pentylidene CHj), 0.92 (t, J=7.5Hz, 3H, pentylidene
CH>), 1.22 (t, J=17.1 Hz, 3H, CO,CH,CH3), 1.43-1.70 (m,
4H, 2 X pentylidene CH,), 1.65 (s, 3H, acetonide CH3), 1.83
(s, 3H, acetonide CH3), 2.17 (s, 3H, COSCH3), 3.29 (dd, J=
7.8, 10.4 Hz, 1H, CHOBn), 3.35 (s, 3H, OCH>), 3.65 (dd,
J=6.6, 10.8 Hz, 1H, C1-H), 3.83 (dd, /=3.0, 10.8 Hz, 1H,
Cl-H), 3.83 (dd, J=1.7, 10.4 Hz, 1H, CHOBn), 3.95 (s,
1H, OH), 3.99 (ddd, J=3.0, 6.6, 8.3 Hz, 1H, C7-H), 4.13
(dq, /=10.8, 7.1 Hz, 1H, CO,CHCHs), 4.19 (dq, J=10.8,
7.1 Hz, 1H, CO,CHCHs), 4.39 (d, J=28.3 Hz, 1H, C6-H),
4.48 (d, J=12.5 Hz, 1H, OCHPh), 4.64 (s, 2H, OCH,0),
4.67 (d, J=12.5 Hz, 1H, OCHPh), 5.33 (dd, /=1.7, 7.8 Hz,
1H, C3-H), 7.20-7.45 (m, 5H, ArH); FAB-LRMS m/z
601 (M+H)", 543 (M-—C4Hy)*. Data for
[28,2(1R,2S),3S,4R]-isomer (43b). [a]d —33.3 (¢ 0.67,
CHCIl,); IR (film) 3525, 2932, 1736, 1671, 1458, 1383,
1261, 1149, 1096, 1043 cm ™~ '; 'TH NMR (270 MHz, CDCl5)
o0 0.88 (t, J=7.4Hz, 3H, pentylidene CHj3), 0.94 (t,
J=7.4 Hz, 3H, pentylidene CH3), 1.24 (t, J=7.1 Hz, 3H,
CO,CH,CH;), 1.55-1.86 (m, 4H, 2 Xpentylidene CH,),
1.71 (s, 3H, acetonide CH3), 1.83 (s, 3H, acetonide CH3),
2.11 (s, 3H, COSCH3), 3.34 (s, 3H, OCH;), 3.35 (dd, J=
7.8, 10.8 Hz, 1H, CHOBn), 3.40 (dd, J=6.4, 11.2 Hz, 1H,
Cl1-H), 3.50 (dd, /=2.2, 11.2 Hz, 1H, C1-H), 3.69 (d, J=
0.7 Hz, 1H, OH), 3.88 (dd, /=2.2, 10.8 Hz, 1H, CHOBn),
4.10 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3), 4.19 (dq, J=
10.7, 7.1 Hz, 1H, CO,CHCH;), 4.22 (ddd, J=2.2, 6.4,
7.7 Hz, 1H, C7-H), 4.46 (dd, J=0.7, 7.7 Hz, 1H, C6-H),
4.51 (d, J=12.5Hz, 1H, OCHPh), 4.61 (s, 2H, OCH,0),
4.62 (d, J=12.5 Hz, 1H, OCHPh), 5.41 (dd, J=2.2,7.8 Hz,
1H, C3-H), 7.20-7.40 (m, 5H, ArH); FAB-LRMS m/z 601
M+H)™".

4.3.21. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[3-benzyl-
oxymethoxy-1,2-(diethylmethylenedioxy)propyl]-3,4-
(dimethylmethylenedioxy)-2-hydroxy-3-(methylthio)
carbonylpentanoate (44). The aldol reaction was per-
formed according to the typical procedure (1.2 mL EtCN,
—70°C, 1.5h) employing a-keto ester 31 (19.6 mg,
0.052 mmol), silyl ketene thioacetal 20 (51.0 mg,
0.138 mmol), and Sn(OTf), (60 mg, 0.144 mmol). The
diastereomeric ratio of the products was determined to be
1:1.6 by 'H NMR of the crude product, from which aldol
adducts 44a (12.4 mg, 36%) and 44b (18.9 mg, 54%) were
obtained as colorless oils after flash column chromato-
graphy (silica gel 8 g, 6:1 n-hexane/AcOEt). Data for
[2R,2(1R,2S),3S,4R]-isomer (44a). [a] —11.6 (¢ 0.55,
CHCl;); IR (film) 3462, 2936, 1734, 1671, 1456, 1380,
1256, 1171, 1096, 1042, 737, 698 cm™'; 'H NMR
(270 MHz, CDCl3) 6 0.89 (t, J=7.5 Hz, 3H, pentylidene
CHs;), 0.92 (t, J=1.5 Hz, 3H, pentylidene CH3), 1.21 (t, J=
7.1 Hz, 3H, CO,CH,CH3), 1.45-1.73 (m, 4H, 2 Xpentyl-
idene CH,), 1.65 (s, 3H, acetonide CH;), 1.82 (s, 3H,
acetonide CH3), 2.17 (s, 3H, COSCH>), 3.28 (dd, J=7.,
10.4 Hz, 1H, CHOBn), 3.72 (dd, J=6.5, 10.8 Hz, 1H, C1-
H), 3.86 (dd, J=1.7, 10.4 Hz, 1H, CHOBn), 3.90 (dd, J=
3.0, 10.8 Hz, 1H, C1-H), 3.92 (s, 1H, OH), 4.01 (ddd, J=
3.0, 6.5, 8.3 Hz, 1H, C7-H), 4.13 (dq, J=10.8, 7.1 Hz, 1H,
CO,CHCHy), 4.16 (dq, J=10.8, 7.1 Hz, 1H, CO,CHCH3;),
4.43 (d, J=8.3 Hz, 1H, C6-H), 4.48 (d, J=12.6 Hz, 1H,
OCHPh), 4.61 (s, 2H, OCH,0), 4.68 (d, J=12.6 Hz, 1H,
OCHPh), 4.78 (s, 2H, OCH,Ph), 5.34 (dd, J=1.7, 7.8 Hz,
1H, C3-H), 7.22-7.39 (m, 10H, ArH); FAB-LRMS m/z 677



11094 S. Nakamura et al. / Tetrahedron 61 (2005) 11078-11106

M+H)", 647 M—Et)". Data for [2S,2(IR,2S),3S,4R]-
isomer (44b). [a)3 —27.2 (¢ 0.86, CHCls); IR (film) 3506,
2937, 1736, 1671, 1456, 1383, 1261, 1148, 1090, 1044, 735,
698 cm™'; '"H NMR (270 MHz, CDCls) 6 0.89 (t, J=
7.3 Hz, 3H, pentylidene CH3), 0.95 (t, /J=7.3 Hz, 3H,
pentylidene CH3), 1.14 (t, J=7.2 Hz, 3H, CO,CH,CH;),
1.55-1.87 (m, 4H, 2 X pentylidene CH,), 1.72 (s, 3H, aceto-
nide CH3), 1.84 (s, 3H, acetonide CH3),2.11 (s, 3H, COSCH5),
3.35 (dd, J=8.1, 10.6 Hz, 1H, CHOBn), 3.44 (dd, J=6.6,
11.2 Hz, 1H, C1-H), 3.58 (dd, J=2.2, 11.2 Hz, 1H, C1-H),
3.68 (s, 1H, OH), 3.88 (dd, J=2.2, 10.6 Hz, 1H, CHOBn),
3.97 (dq, J=10.6, 7.2 Hz, 1H, CO,CHCH,), 4.11 (dq, J=
10.6, 7.2 Hz, 1H, CO,CHCHj), 4.26 (m, 1H, C7-H), 4.48 (d,
J=8.1 Hz, 1H, C6-H), 4.51 (d, J=12.5Hz, 1H, OCHPh),
4.59 (s, 2H, OCH,Ph), 4.63 (d,J=12.5 Hz, IH, OCHPh), 4.74
(d, J=6.8 Hz, 1H, OCHO), 4.77 (d, J=6.8 Hz, 1H, OCHO),
5.41 (dd, J=2.2, 8.1 Hz, 1H, C3-H), 7.20-7.40 (m, 10H,
ArH); FAB-LRMS m/z 677 M+H) ™", 647 M—Et) ™.

4.3.22. Ethyl [2(1R,2S5),3S,4R]-5-benzyloxy-2-[1,2-
(diethylmethylenedioxy)-3-[(2-methoxyethoxy)methoxy]
propyl]-3,4-(dimethylmethylenedioxy)-2-hydroxy-3-
(methylthio)carbonylpentanoate (45). The aldol reaction
was performed according to the typical procedure (1.2 mL
EtCN, —70 °C, 1.5 h) employing a-keto ester 32 (24 mg,
0.069 mmol), silyl ketene thioacetal 20 (52 mg,
0.141 mmol), and Sn(OTf), (49 mg, 0.118 mmol). The
diastereomeric ratio of the products was determined to be
1.6:1 by "H NMR of the crude product (58 mg), from which
aldol adducts 45a (22.6 mg, 51%) and 45b (14.2 mg, 32%)
were obtained as colorless oils after flash column
chromatography (silica gel 8 g, 4:1—7:2 n-hexane/
AcOEY). Data for [2R,2(1R,2S),3S,4R]-isomer (45a). [a]E
—13.1 (¢ 1.0, CHCl3); IR (film) 3459, 2938, 1732, 1672,
1462, 1377, 1254, 1175, 1046, 858, 793, 698 cm™'; 'H
NMR (500 MHz, CDCl;) 6 0.88 (t, J=7.5Hz, 3H,
pentylidene CH3), 091 (t, J=7.5Hz, 3H, pentylidene
CH»), 1.22 (t, J=7.2 Hz, 3H, CO,CH,CH5), 1.55-1.70 (m,
4H, 2 X pentylidene CH,), 1.65 (s, 3H, acetonide CH3), 1.83
(s, 3H, acetonide CH3), 2.17 (s, 3H, COSCH;), 3.29 (dd, J=
7.8, 10.4 Hz, 1H, CHOBn), 3.37 (s, 3H, OCH3), 3.52-3.57
(m, 2H, OCH,), 3.67 (dd, J=6.4, 10.7 Hz, 1H, Cl1-H),
3.67-3.72 (m, 2H, OCH,), 3.87 (dd, J=1.4, 10.4 Hz, 1H,
CHOBn), 3.88 (dd, /=2.8, 10.7 Hz, 1H, C1-H), 3.98 (ddd,
J=2238, 64,84 Hz, 1H, C7-H), 3.99 (s, IH, OH), 4.13 (dq,
J=10.7, 7.2 Hz, 1H, CO,CHCH;), 4.19 (dq, J=10.7,
7.2 Hz, 1H, CO,CHCH3;), 4.39 (d, /=8.4 Hz, 1H, C6-H),
4.48 (d, J=12.5 Hz, 1H, OCHPh), 4.67 (d, J=12.5 Hz, 1H,
OCHPh), 4.72 (s, 2H, OCH,0), 5.33 (dd, /=14, 7.8 Hz,
1H, C3-H), 7.27 (m, 1H, ArH), 7.29-7.37 (m, 4H, ArH);
13C NMR (125.8 MHz, CDCl5) 6 8.1 (CH3), 8.3 (CH3), 11.8
(CH3), 13.7 (CH3), 26.2 (CH3), 27.2 (CH3), 29.1 (CH>»), 29.8
(CH,), 58.9 (CH3), 63.1 (CH,), 66.7 (CH,), 69.3 (CH,), 70.3
(CH,), 71.2 (CH,), 73.1 (CH,), 76.4 (CH), 77.9 (CH), 78.9
(CH), 79.1 (C), 93.6 (C), 95.4 (CH,), 111.8 (C), 114.8 (C),
127.5 (CH), 127.6 (CH), 128.2 (CH), 138.3 (C), 170.6
(C=0), 193.7 (C=0); FAB-HRMS m/z calcd for
C31Ho012S (M+H)" 6452945, found 645.2916. Anal.
Calcd for C31H4501,S: C, 57.75; H, 7.50; S, 4.97. Found: C,
5747, H, 7.43; S, 4.84. Data for [2S,2(IR,2S),3S,4R]-
isomer (45b). [oz]zD5 —33.5 (¢ 1.5, CHCly); IR (film) 3459,
2938, 1732, 1672, 1462, 1377, 1254, 1175, 1046, 858, 793,
698 cm ™ '; '"H NMR (500 MHz, CDCls) 6 0.87 (t, J=

7.4 Hz, 3H, pentylidene CH3), 0.94 (t, J=7.5Hz, 3H,
pentylidene CH3), 1.24 (t, J=7.1 Hz, 3H, CO,CH,CH3),
1.58-1.87 (m, 4H, 2Xpentylidene CH,), 1.71 (s, 3H,
acetonide CH3), 1.83 (s, 3H, acetonide CH3), 2.11 (s, 3H,
COSCH3), 3.35 (dd, J=7.8, 10.5 Hz, 1H, CHOBn), 3.42
(dd, J=6.6, 11.2 Hz, 1H, C1-H), 3.38 (s, 3H, OCH>), 3.52
(dd, J=2.0,11.2 Hz, 1H, C1-H), 3.52-3.57 (m, 2H, OCH,),
3.63-3.72 (m, 2H, OCH,), 3.69 (s, 1H, OH), 3.88 (dd, J=
2.0, 10.5 Hz, 1H, CHOBn), 4.09 (dq, J=10.7, 7.1 Hz, 1H,
CO,CHCHjy), 4.19 (dq, /=10.7, 7.1 Hz, 1H, CO,CHCH3;),
4.22 (m, 1H, C7-H), 4.45 (d, J=7.9 Hz, 1H, C6-H), 4.51
(d, J=12.4 Hz, 1H, OCHPh), 4.61 (d, J=12.4 Hz, 1H,
OCHPh), 4.69 (d, J=6.8 Hz, 1H, OCHO), 4.71 (d, J=
6.8 Hz, 1H, OCHO), 5.40 (dd, J=2.0, 7.8 Hz, 1H, C3-H),
7.25 (m, 1H, ArH), 7.29-7.38 (m, 4H, ArH); '*C NMR
(125.8 MHz, CDCls) 6 7.5 (CH3), 8.5 (CH3), 11.8 (CHj),
13.7 (CH3), 26.0 (CH3), 27.4 (CH3), 29.3 (CH,), 30.0 (CH,),
58.9 (CH3), 62.5 (CH,), 66.8 (CH,), 68.1 (CH,), 70.2 (CH,),
71.6 (CH,), 73.1 (CH,), 76.0 (CH), 76.8 (CH), 79.0 (C),
79.9 (CH), 90.7 (C), 95.5 (CH,), 113.2 (C), 114.9 (C), 127.4
(CH), 127.5 (CH), 128.2 (CH), 138.1 (C), 170.9 (C=0),
205.5 (C=0); FAB-HRMS m/z calcd for C5;H400;,S M +
H)" 645.2945, found 645.2950.

4.3.23. Ethyl [3R,3(1R,25),45,8R]-3-[3-benzyloxy-1,2-
(diethylmethylenedioxy)propyl]-8-(benzyloxymethyl)-6,
6-dimethyl-1-0x0-2,5,7-trioxaspiro[3.4]octane-3-car-
boxylate (46a). Hg(OCOCF;), (133 mg, 0.31 mmol) was
added to a stirred solution of thioester 37a (98 mg,
0.15 mmol) in MeCN (16 mL). After stirring for 200 h,
the reaction mixture was evaporated in vacuo. The residue
was suspended in Et,O and passed through a short plug of
silica gel (eluting with Et,O) to remove insoluble Hg salt.
Purification of the residue (97 mg) by column chromato-
graphy (silica gel 5g, 11:1 n-hexane/AcOEt) afforded
B-lactone 46a (52 mg, 58%) as a colorless oil: [a]ly +18.6
(c 1.15, CHCly); IR (film) 2978, 1848, 1730, 1456, 1379,
1219, 1103, 1094 cm™'; '"H NMR (270 MHz, CDCl3) 6
0.85 (t, J=7.5Hz, 3H, pentylidene CH3), 0.89 (t, J=
7.5 Hz, 3H, pentylidene CH3), 1.17 (t, J=7.0 Hz, 3H,
CO,CH,CHs), 1.35 (s, 3H, acetonide CH3), 1.41 (s, 3H,
acetonide CH3), 1.59-1.72 (m, 4H, 2 X pentylidene CH,),
3.50 (dd, /=17.9, 8.2 Hz, 1H, CHOBn), 3.64 (dd, J=5.5,
10.6 Hz, 1H, Cl1-H), 3.76 (dd, J=6.0, 8.2 Hz, 1H,
CHOBn), 3.78 (dd, J=5.5, 10.6 Hz, 1H, C1-H), 3.96 (dq,
J=10.6, 7.0Hz, 1H, CO,CHCHj;), 4.27 (dq, J=10.6,
7.0 Hz, 1H, CO,CHCHj;), 4.37 (m, 1H, C7-H), 4.39 (d,
J=11.9Hz, 1H, OCHPh), 4.51 (d, J=11.9 Hz, 1H,
OCHPh), 4.60 (s, 2H, OCH,Ph), 4.63 (d, J=6.5 Hz, 1H,
C6-H), 4.81 (dd, /=6.0, 7.9 Hz, 1H, C3-H), 7.25-7.37 (m,
10H, ArH); '*C NMR (67.8 MHz, CDCl3) 6 8.0 (CH3), 8.1
(CHj3), 8.2 (CH3), 13.9 (CH3), 24.9 (CH3), 26.4 (CH,), 26.5
(CH,), 29.7 (CH,), 29.8 (CH,), 62.1 (CH,), 68.1 (CH,), 70.1
(CH,), 73.4 (CH), 73.8 (CH), 76.4 (CH), 85.6 (C), 94.2 (C),
113.3 (C), 114.6 (C), 127.6 (CH), 127.7 (CH), 127.9 (CH),
128.2 (CH), 128.3 (CH), 128.9 (CH), 136.9 (C), 138.1 (CO),
166.1 (C=0), 167.5 (C=0); FAB-HRMS m/z calcd for
Ca3H43010 M+H) " 599.2856, found 599.2826.

4.3.24. Ethyl [2R,2(1R,2S),3S,4R]-5-benzyloxy-2-[3-ben-
zyloxy-1,2-(diethylmethylenedioxy)propyl]-3,4-(dimethyl-
methylenedioxy)-2-hydroxy-3-(methoxycarbonyl)pen-
tanoate. Potassium carbonate (15.6 mg, 0.113 mmol) was
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added to a solution of B-lactone 46a (51.6 mg, 0.086 mmol)
in MeOH (1.5 mL). After stirring for 1.5 h, the mixture was
partitioned between AcOEt (10 mL) and brine (7 mL). The
organic extract was washed successively with saturated
aqueous NH4CI (7 mL) and brine (7 mL), and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
furnished the crude product (57.3 mg), which was purified
by column chromatography (silica gel 8 g, 7:2 n-hexane/
AcOEt) to give methyl ester (46.5 mg, 86%) as a colorless
oil: [a]f —5.20 (¢ 1.0, CHCl5); IR (film) 3464, 2976, 2940,
1732, 1497, 1454, 1372, 1258, 1090, 936 cm ™ '; '"H NMR
(500 MHz, CDCl) 6 0.87 (t, J=17.4 Hz, 3H, pentylidene
CHs;), 0.90 (t, J=17.5 Hz, 3H, pentylidene CH3), 1.24 (t, J=
7.2 Hz, 3H, CO,CH,CH;3), 1.53 (q, J=7.4Hz, 2H,
pentylidene CH,), 1.55 (s, 3H, acetonide CH3), 1.62 (q,
J=1.5 Hz, 2H, pentylidene CH,), 1.64 (s, 3H, acetonide
CHs;), 3.40 (dd, J=6.3,10.6 Hz, 1H, CHOBn), 3.60 (dd, J=
5.8, 10.3 Hz, 1H, Cl1-H), 3.61 (s, 3H, CO,CHs;), 3.70 (dd,
J=3.9,10.3 Hz, 1H, C1-H), 3.90 (dd, /=1.3, 10.6 Hz, 1H,
CHOBn), 4.00 (ddd, /=3.9, 5.8, 8.6 Hz, 1H, C7-H), 4.14
(dq, J=10.8, 7.2 Hz, 1H, CO,CHCH3), 4.20 (s, 1H, OH),
4.24 (dq, J=10.8, 7.2 Hz, 1H, CO,CHCH,), 4.41 (d, J=
8.6 Hz, 1H, C6-H), 4.51 (d, J=12.4 Hz, 1H, OCHPh), 4.57
(s, 2H, OCH,Ph), 4.62 (d, J=12.4 Hz, 1H, OCHPh), 5.34
(dd, J=1.3, 6.3 Hz, 1H, C3-H), 7.26-7.33 (m, 10H, ArH);
3C NMR (125.8 MHz, CDCl5) 6 8.1 (CH3), 8.2 (CH3), 13.8
(CH3), 26.7 (CH3), 27.2 (CH3), 29.3 (CH,), 29.9 (CH,), 52.2
(CH3), 62.8 (CH,), 70.1 (CH»), 71.5 (CH,), 73.3 (CH,), 73.4
(CH,), 77.6 (CH), 78.8 (CH), 79.2 (C), 89.6 (C), 111.2 (C),
114.4 (C), 127.5 (CH), 127.6 (CH), 127.7 (CH), 128.2 (CH),
128.3 (CH), 137.7 (C), 138.3 (C), 170.5 (C=0), 171.3
(C=0); FAB-HRMS m/z calcd for C34H470; (M—l—H)Jr
631.3118, found 631.3139.

4.3.25. Ethyl [2R,2(3aS,6aR),3R4S5]-3,4-(diethylmethyl-
enedioxy)-2,5-dihydroxy-2-(tetrahydro-2,2-dimethyl-4-
oxofuro[3,4-d][1,3]dioxol-3a-yl)pentanoate (47a).
Palladium on carbon (10%, 10.8 mg) was added to a
solution of benzyl ether (46.2 mg, 0.073 mmol) in MeOH
(2 mL), and the mixture was vigorously stirred under 1 atm
of hydrogen for 1h. The catalyst was filtered through a
Celite pad, and the filtrate was evaporated in vacuo. The
crude product (32.9 mg) thus obtained was used without
further purification.

DMAP (38.6 mg, 0.316 mmol) was added to a solution of
the crude y-hydroxyester (32.9 mg) in MeCN (1.5 mL).
After stirring for 1.5 h, the reaction was quenched with
saturated aqueous NH4Cl (6 mL), and the whole was
extracted with AcOEt (15 mL). The organic extract was
washed with brine (6 mL), and dried over anhydrous
Na,SO,. Filtration and evaporation in vacuo furnished the
crude product (36.5 mg), which was purified by column
chromatography (silica gel 5 g, 2:1 n-hexane/AcOEt) to
give y-lactone 47a (30.0 mg, 98%) as a colorless oil: [az]2D8
—77.5 (c 1.01, CHCls); IR (film) 3480, 2978, 2942, 1790,
1730, 1464, 1377, 1256, 1171, 1090, 976 cm™'; 'H NMR
(500 MHz, CDCl3) 6 0.84 (t, J=7.5 Hz, 3H, pentylidene
CH3), 0.89 (t, J=7.4 Hz, 3H, pentylidene CH3), 1.35 (t, J=
7.1 Hz, 3H, CO,CH,CH;), 1.46 (s, 3H, acetonide CHj3),
1.50 (s, 3H, acetonide CH3), 1.58 (q, J=7.4 Hz, 2H,
pentylidene CH,), 1.64 (q, J=7.5Hz, 2H, pentylidene
CH,), 2.23 (br s, 1H, OH), 3.92 (dd, J=4.7, 9.5 Hz, 1H, one

of lactone CH,), 4.00 (dd, J=9.5, 10.4 Hz, 1H, one of
lactone CH,), 4.23 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3),
4.35 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3), 4.36 (dd, J=
3.7, 11.2 Hz, 1H, C1-H), 4.38 (dd, J=7.9, 11.2 Hz, 1H,
Cl1-H),4.39 (s, 1H, OH), 4.48 (ddd, J=3.7,4.4,7.9 Hz, 1H,
C7-H), 4.61 (dd, J=4.7, 10.4 Hz, 1H, C3-H), 5.05 (d, J=
4.4 Hz, 1H, C6-H); '>*C NMR (125.8 MHz, CDCl5) 6 8.1
(CHy), 8.2 (CH3), 14.2 (CH3), 27.1 (CHj), 27.2 (CH3), 30.0
(CH,), 30.2 (CH,), 63.15 (CH,), 63.21 (CH,), 73.1 (CH,),
76.8 (CH), 77.8 (CH), 79.0 (CH), 79.1 (C), 85.1 (C), 1134
(©),114.2(0), 171.5 (C=0), 176.1 (C=0); FAB-HRMS m/z
caled for CyoH3,010 M+H) ™' 419.1917, found 419.1890.

4.3.26. Ethyl [3S,3(1R,25),4S,8R]-3-[3-benzyloxy-1,2-
(diethylmethylenedioxy)propyl]-8-(benzyloxymethyl)-6,
6-dimethyl-1-0x0-2,5,7-trioxaspiro[3.4]octane-3-car-
boxylate (46b). Hg(OCOCF3), (155 mg, 0.36 mmol) was
added to a stirred solution of thioester 37b (112 mg,
0.17 mmol) in MeCN (18 mL). After stirring for 10 h, the
reaction mixture was evaporated in vacuo. The residue was
suspended in Et,O and passed through a short plug of silica
gel (eluting with Et,O) to remove insoluble Hg salt.
Purification of the residue by column chromatography
(silica gel 5 g, 8:1 n-hexane/AcOEt) afforded B-lactone 46b
(74.5 mg, 72%) as a colorless oil: [oz]zD9 +6.52 (¢ 1.09,
CHCl5); IR (film) 2980, 2939, 2882, 1852, 1762, 1738,
1497, 1454, 1375, 1273, 1204, 1171, 1098, 1026,
937cm™'; 'H NMR (270 MHz, CDCl;) 6 0.76 (t, J=
7.5 Hz, 3H, pentylidene CH3), 0.86 (t, J=7.4 Hz, 3H,
pentylidene CHs), 1.21 (t, J=7.2 Hz, 3H, CO,CH,CH3),
1.38 (s, 3H, acetonide CH3), 1.42-1.67 (m, 4H, 2X
pentylidene CH,), 1.53 (s, 3H, acetonide CH3), 3.46 (dd,
J=6.6,11.0 Hz, 1H, C1-H), 3.58 (dd, /=3.2, 11.0 Hz, 1H,
Cl1-H), 3.72 (dd, J=8.7, 9.7 Hz, 1H, CHOBn), 3.87 (dd,
J=2.0, 9.7Hz, 1H, CHOBn), 4.09 (ddd, J=3.2, 6.6,
8.1 Hz, 1H, C7-H), 4.10 (q, J=7.2 Hz, 2H, CO,CH,CH3;),
4.49 (d, J=12.0 Hz, 1H, OCHPh), 4.52 (d, J=12.5 Hz, 1H,
OCHPh), 4.56 (d, J=12.5 Hz, 1H, OCHPh), 4.61 (d, J=
8.1 Hz, 1H, C6-H), 4.68 (d, J=12.0 Hz, 1H, OCHPh), 4.94
(dd, J=2.0, 8.7 Hz, 1H, C3-H), 7.26-7.38 (m, 10H, ArH);
3C NMR (125.8 MHz, CDCl5) 6 7.8 (CH3), 7.9 (CH3), 13.9
(CH3), 25.8 (CH3y), 27.2 (CH3), 29.6 (CH,), 29.9 (CH,), 62.5
(CH,), 69.2 (CH,), 70.6 (CH,), 73.6 (CH,), 73.7 (CH), 75.2
(CH), 76.2 (CH), 79.0 (CH), 85.7 (CH), 96.4 (C), 113.7 (C),
114.5 (C), 127.65 (C), 127.70 (CH), 127.74 (CH), 128.0
(CH), 128.35 (CH), 128.37 (CH), 137.70 (C), 137.73 (C),
165.3 (C=0), 166.6 (C=0); FAB-HRMS m/z calcd for
C33H430,0 M+H)™ 599.2856, found 599.2830.

4.3.27. Ethyl [2S5,2(1R,2S5),3S5,4R]-5-benzyloxy-2-[3-
benzyloxy-1,2-[1,2-(diethylmethylenedioxy)propyl]-3,4-
(dimethylmethylenedioxy)-2-hydroxy-3-(methoxycar-
bonyl)pentanoate. Potassium carbonate (22.0 mg,
0.159 mmol) was added to a solution of B-lactone 46b
(74.5 mg, 0.124 mmol) in MeOH (1.5 mL). After stirring
for 1.5h, the mixture was partitioned between AcOEt
(10 mL) and brine (7 mL). The organic extract was washed
successively with saturated aqueous NH4Cl (7 mL) and
brine (7 mL), and dried over anhydrous Na,SO,. Filtration
and evaporation in vacuo furnished the crude product
(85.3 mg), which was purified by column chromatography
(silica gel 8 g, 5:1 n-hexane/AcOEt) to %ive methyl ester
(78.3 mg, quant.) as a colorless oil: [aly +6.76 (¢ 1.0,
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CHCls); IR (film) 3513, 2978, 2942, 1738, 1496, 1454,
1372, 1262, 1221, 1093, 932 cm™'; '"H NMR (270 MHz,
CDCl5) 6 0.88 (t, J="7.4 Hz, 3H, pentylidene CH3), 0.94 (t,
J=17.5 Hz, 3H, pentylidene CH3), 1.09 (t, J=7.1 Hz, 3H,
CO,CH,CH3), 1.61 (s, 3H, acetonide CH3), 1.66 (s, 3H,
acetonide CH3), 1.73 (m, 2H, pentylidene CH,), 1.77 (m,
2H, pentylidene CH,), 3.26 (dd, J=2.5, 10.7 Hz, 1H, C1-
H),3.35(dd, J=6.4, 10.7 Hz, 1H, C1-H), 3.42 (dd, J=6.8,
11.0 Hz, 1H, CHOBn), 3.56 (s, 3H, CO,CH3), 3.63 (s, 1H,
OH), 3.74 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3), 3.84 (dd,
J=2.3, 11.0 Hz, 1H, CHOBn), 3.93 (dq, J=10.7, 7.1 Hz,
1H, CO,CHCHs), 4.29 (ddd, J=2.5, 6.4, 8.1 Hz, 1H, C7-
H),4.40 (d, J=8.1 Hz, 1H, C6-H), 4.47 (d,J=12.6 Hz, 1H,
OCHPh), 4.55 (d, J=12.2 Hz, 1H, OCHPh), 4.59 (d, J=
12.2 Hz, 1H, OCHPh), 4.62 (d, J=12.6 Hz, 1H, OCHPh),
5.30 (dd, J=2.3, 6.8 Hz, 1H, C3-H), 7.22-7.36 (m, 10H,
ArH); *C NMR (125.8 MHz, CDCl;) 6 8.7 (CH3), 9.7
(CHy), 14.9 (CH3), 27.6 (CH3), 28.4 (CH3), 30.5 (CH,), 31.4
(CH,), 53.1 (CH3), 63.3 (CH,), 71.0 (CH,), 71.9 (CH,), 74.4
(CH,), 74.5 (CH,), 77.0 (CH), 78.4 (CH), 78.7 (CH), 79.8
(CH), 80.8 (C), 87.7 (C), 113.9 (C), 115.8 (C), 128.6 (CH),
128.75 (CH), 128.79 (CH), 129.0 (CH), 129.1 (CH), 129.2
(CH), 129.4 (CH), 129.5 (CH), 139.1 (C), 139.2 (C), 173.1
(C=0), 173.8 (C=0); FAB-HRMS m/z calcd for
C34H470,; M+H) " 631.3118, found 631.3152.

4.3.28. Ethyl [2S,2(3aS,6aR),3R,4S]-3,4-(diethylmethyl-
enedioxy)-2,5-dihydroxy-2-(tetrahydro-2,2-dimethyl-4-
oxofuro[3,4-d][1,3]dioxol-3a-yl)pentanoate (47b).
Palladium on carbon (10%, 11.7 mg) was added to a
solution of benzyl ether (78.3 mg, 0.124 mmol) in MeOH
(2 mL), and the mixture was vigorously stirred under 1 atm
of hydrogen for 1 h. The catalyst was filtered through a
Celite pad, and the filtrate was evaporated in vacuo. The
crude product (64.3 mg) thus obtained was used without
further purification.

DMAP (76.4 mg, 0.625 mmol) was added to a solution of
the crude y-hydroxyester (64.3 mg) in MeCN (1 mL). After
stirring for 1.5 h, the reaction was quenched with saturated
aqueous NH4Cl (6 mL), and the whole was extracted with
AcOEt (10 mL). The organic extract was washed with brine
(6 mL), and dried over anhydrous Na,SQO,. Filtration and
evaporation in vacuo furnished the crude product (68 mg),
which was purified by column chromatography (silica gel
5 g, 2:1 n-hexane/AcOEt) to %ive y-lactone 47b (46.2 mg,
89%) as a colorless oil: [oz]zD —49.9 (c 1.5, CHCl3); IR
(film) 3459, 2978, 2942, 2883, 1782, 1730, 1462, 1377,
1206, 1022, 928, 907 cm ~'; "H NMR (500 MHz, CDCl3) 6
0.89 (t, J=7.5Hz, 3H, pentylidene CH3), 091 (t, J=
7.5 Hz, 3H, pentylidene CH3), 1.40 (t, J=7.1 Hz, 3H,
CO,CH,CH3), 1.43 (s, 3H, acetonide CH3), 1.48 (s, 3H,
acetonide CH3), 1.67 (q, J=7.5 Hz, 2H, pentylidene CH,),
1.71 (q, J=7.5 Hz, 2H, pentylidene CH,), 1.97 (br s, 1H,
OH), 3.38 (dd, /J=3.3, 12.2 Hz, 1H, one of lactone CH,),
3.72(dd, J=1.6, 12.2 Hz, 1H, one of lactone CH,), 4.11 (mm,
2H, Cl1-H,), 4.32 (dq, /J=10.7, 7.1 Hz, 1H, CO,CHCH3;),
4.35 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCHy), 4.37 (s, 1H,
OH), 4.40 (ddd, J=3.6,3.9,8.1 Hz, 1H, C7-H),4.49 (d, J=
8.1 Hz, 1H, C6-H), 5.51 (dd, J=1.6, 3.3 Hz, 1H, C3-H);
13C NMR (125.8 MHz, CDCl5) 6 7.8 (CH3), 8.2 (CH3), 13.9
(CH;), 26.5 (CH3), 27.4 (CH3), 29.6 (CH,), 29.9 (CH,), 61.9
(CH,), 63.6 (CH,), 71.5 (CH,), 76.1 (CH), 76.5 (CH), 77.1

(CH), 78.5 (C), 85.9 (C), 114.0 (C), 114.3 (C), 170.8
(C=0), 175.5 (C=0); FAB-HRMS m/z calcd for
C1oH3,0,0 M+H)" 419.1917, found 419.1925.

4.3.29. Isomerization of 45b to 45a. KHMDS in toluene
(0.5M, 1.54 mL, 0.77 mmol) was added to a solution of
undesired isomer 45b (332 mg, 0.51 mmol) in THF (5 mL)
at —78 °C under an argon atmosphere, and the resulting
mixture was stirred at —23 °C for 2 h. The reaction was
quenched with saturated aqueous NH4CI (5 mL), and the
whole was extracted with AcOEt (20 mL). The organic
extract was washed with brine (2X5 mL) and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
furnished the crude product (308 mg), which was purified
by flash column chromatography (silica gel 10 g, 15:1 —3:1
n-hexane/AcOEt) to give desired isomer 45a (77 mg, 23%)
as a colorless oil, along with thioester 14 (30 mg, 20%) as a
pale yellow oil.

4.3.30. Aldol reaction of a-keto ester 32 with potassium
enolate 48 generated from thioester 14. A solution of
thioester 14 (34 mg, 0.115 mmol) in THF (0.2 mL) was
added to a 0.6 M solution of KHMDS in toluene (0.23 mL,
0.137 mmol) at —78 °C. After stirring at —78 °C for
30 min, a solution of a-keto ester 32 (20 mg, 0.057 mmol)
in THF (0.2 mL) was added. After stirring at —23 °C for
1 h, the reaction was quenched with saturated aqueous
NH,4CI1 (5 mL), and the whole was extracted with AcOEt
(15 mL). The organic extract was washed with brine (8 mL)
and dried over anhydrous Na,SO,. Filtration and evapor-
ation in vacuo furnished the crude product (62 mg), whose
"H NMR revealed a 45a/45b ratio of 2:1. Purification by
column chromatography (silica gel 8 g, 4:1 —7:2 n-hexane/
AcOE}Y) afforded aldol adducts 45a (8.9 mg, 23%) and 45b
(4.4 mg, 12%) as colorless oils.

4.4. Synthesis of internal ketalization precursor

4.4.1. Diethyl (4R,5R)-2,2-diethyl-1,3-dioxolane-4,5-di-
carboxylate. p-Toluenesulfonic acid (202 mg, 1.6 mmol)
was added to a stirred solution of diethyl L-(+ )-tartrate
(26.2 g, 0.127 mol) and 3,3-dimethoxypentane (25.1 g,
0.190 mol) in benzene (200 mL). The flask was fitted with
a Soxhlet extractor and reflux ocondenser, and a thimble
containing freshly activated 4 A molecular sieves (11 g)
was placed in the Soxhlet extractor. The whole was refluxed
for 3 h, during which time the thimble was recharged with
fresh sieves every 1 h. The reaction mixture was cooled to
room temperature, and anhydrous K,CO; (400 mg) was
added. After stirring at room temperature for 10 min, the
mixture was filtered, and the filtrate was evaporated in
vacuo. The residue was partitioned between AcOEt
(150 mL) and water (50 mL). The organic extract was
washed successively with water (50 mL), saturated aqueous
NaHCO; (50 mL) and brine (50 mL), and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
followed by distillation under reduced pressure afforded the
title compound (19.59 g, 96%) as a pale yellow oil: bp 124—
125 °C (0.1 mmHg); [a]F —20.2 (¢ 1.3, CHCly); IR (film)
2980, 2943, 1757, 1466, 1200, 1113cm™'; 'H NMR
(270 MHz, CDCl3) 6 0.95 (t, J="7.5 Hz, 6H, 2 X pentylidene
CH3), 1.32 (t, J=7.1 Hz, 6H, 2XCO,CH,CH3), 1.74 (q,
J=17.5 Hz, 4H, 2 X pentylidene CH,), 4.28 (q, /J=7.1 Hz,
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4H, 2XCO,CH,CH3), 4.71 (s, 2H, 2XCHCO,Et); "*C
NMR (100.6 MHz, CDCl;) ¢ 7.8 (CH3), 14.1 (CH,), 29.6
(CH,), 61.8 (CH,), 77.4 (CH), 117.8 (C), 169.5 (C=0);
FAB-HRMS m/z caled for Ci3H,30 (M+H) ™ 275.1495,
found 275.1506. Anal. Calcd for C;3H,,04: C, 56.92; H,
8.08. Found: C, 56.72; H, 8.01.

4.4.2. (25,35)-2,3-(diethylmethylenedioxy)butane-1,4-
diol. A solution of the diester (30.2 g, 0.11 mol) in THF
(50 mL) was added dropwise over a 50-min period to a
stirred suspension of LiAlH; (8.3 g, 0.22 mol) in THF
(200 mL) at 0°C. After stirring at 0 °C for 40 min, the
reaction was quenched by dropwise addition of water
(8 mL) followed by 15% aqueous NaOH (8 mL) and water
(24 mL). The mixture was stirred vigorously for 10 min, and
then anhydrous MgSO, was added. After stirring at room
temperature for additional 1 h, the suspension was filtered
through a Celite pad, and the filtrate was evaporated in
vacuo. Purification of the residue by column chromato-
graphy (silica gel 60 g, 2:1 — 1:2 n-hexane/AcOEt) afforded
the title c0m2p0und (19.0 g, 91%) as a white solid: mp 39.5—
41.5°C; [a]5 +5.05 (¢ 5.00, CHCI,); IR (film) 3410 (br),
2934, 1464, 1201, 1172, 1053 cm ™~ '; 'H NMR (270 MHz,
CDCl3) 6 0.92 (t, J="17.5 Hz, 6H, 2 X pentylidene CH3), 1.67
(q, J=17.5 Hz, 4H, 2 Xpentylidene CH,), 2.44 (br s, 2H,
OH), 3.67-3.85 (m, 4H, 2XCH,0H), 3.97 (m, 2H, 2X
OCH); '>C NMR (100.6 MHz, CDCl5) 6 8.0 (CH3), 30.4
(CH,), 61.2 (CH,), 78.4 (CH), 113.0 (C); FAB-HRMS m/z
caled for CoH,904 (M+H) ™ 191.1285, found 191.1290.

4.4.3. (25,35)-2,3-Diethylmethylenedioxy-4-[(2-methoxy-
ethoxy)methoxy]-1-butanol. A solution of the diol (2.00 g,
10.5 mmol) in THF (6 mL) was added dropwise to a
suspension of NaH (60% in oil, 430 mg, 10.8 mmol) in THF
(40 mL). After stirring at room temperature for 1 h, the
mixture was cooled to 0°C, and MEMCI (1.82 mL,
10.5 mmol) was added. After stirring at 0 °C for 1.5 h, the
mixture was poured into brine (100 mL), and the whole was
extracted with AcOEt (2X50 mL). The combined organic
extracts were washed with brine (30 mL) and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
followed by column chromatography (silica gel 50 g, 1:1
n-hexane/AcOEt) afforded the title compound (2.72 g, 93%)
as a colorless oil: [a]%)5 —7.16 (¢ 1.0, EtOH); IR (film) 3472
(br), 2973, 2938, 2882, 1464, 1202, 1175, 1092, 1046, 982,
934, 849 cm™'; "H NMR (500 MHz, CDCl3) 6 0.91 (t, J=
7.5 Hz, 3H, pentylidene CHs3), 0.92 (t, J=7.5 Hz, 3H,
pentylidene CH3), 1.60—1.73 (m, 4H, 2 X pentylidene CH,),
2.25 (br s, 1H, OH), 3.39 (s, 3H, OCH3), 3.53-3.60 (m, 2H,
OCH,), 3.65-3.83 (m, 6H, 3XOCH,), 3.91 (dt, J=8.5,
4.2 Hz, 1H, OCH), 4.03 (dt, J=28.5,5.2 Hz, 1H, OCH), 4.75
(s, 2H, OCH,0); '>C NMR (125.8 MHz, CDCl;) ¢ 8.0
(CH3), 30.36 (CH,), 30.41 (CH,), 59.0 (CH3), 62.6 (CH,),
67.0 (CH,), 68.1 (CH,), 71.7 (CH,), 76.8 (CH), 79.6 (CH),
97.5 (CHz), 113.2 (C), FAB-HRMS m/z calcd for C|3H27O6
(M+H)™" 279.1808, found 279.1795.

4.4.4. (2R,3S)-2,3-(diethylmethylenedioxy)-4-[(2-meth-
oxyethoxy)methoxy]butyric acid. A solution of DMSO
(1.1 mL, 15.5 mmol) in CH,Cl, (3 mL) was added to a
stirred solution of oxalyl chloride (1.1 mL, 12.6 mmol) in
CH,Cl, (40 mL) at —78 °C. After 15 min, a solution of the
alcohol (2.00 g, 10.5 mmol) in CH,Cl, (7 mL) was added,

and the mixture was stirred for 15 min. Et;N (15 mL,
110 mmol) was added, and the resulting mixture was stirred
at —40 °C for 15 min. The reaction mixture was poured into
pH 7 phosphate buffer (100 mL), and the whole was
extracted with Et,O (50 mL). The aqueous layer was
saturated with NaCl and extracted with Et,O (3 X30 mL).
The combined organic extracts were washed with brine
(30 mL) and dried over anhydrous Na,SQO,. Filtration and
evaporation in vacuo furnished the crude product (2.77 g),
which was used without further purification for the next
reaction.

A solution of NaH,PO, (1.30g, 10.8 mmol) in water
(12mL) was added to a solution of the crude aldehyde
(2.77 g) and 2-methyl-2-butene (7 mL, 66 mmol) in
tert-butyl alcohol (50 mL). NaClO, (4.70 g, 40.5 mmol)
was added portionwise to the mixture. After stirring at room
temperature for 8 h, the mixture was evaporated in vacuo.
The residue was dissolved in 10% aqueous NaOH (5 mL)
and water (30 mL), and the whole was washed with 1:1
n-hexane/Et,0O (3X20 mL). The aqueous layer was
acidified with 10% aqueous HCIl (8 mL), saturated with
NaCl, and extracted with AcOEt (3X50mL). The
combined organic extracts were washed with brine (3X
50 mL) and dried over anhydrous Na,SO,. Filtration and
evaporation in vacuo followed by column chromatography
(silica gel 25¢g, 10:1 CHCI3/MeOH) afforded the title
compound (2.26 g, 79%) as a colorless oil: [a]E —8.26 (¢
2.0, CHCl3); IR (film) 3700-3300 (br), 2940, 1736, 1462,
1175, 1107, 1044, 982, 928, 849cm™'; 'H NMR
(500 MHz, CDCl3) 6 0.92 (t, J=7.4 Hz, 3H, pentylidene
CH;), 0.95 (t, J=7.4 Hz, 3H, pentylidene CH3), 1.71 (q, J=
7.4 Hz, 4H, 2 Xpentylidene CH;), 3.40 (s, 3H, OCHs;),
3.56-3.61 (m, 2H, OCH,), 3.70-3.75 (m, 2H, OCH,), 3.77
(dd, J=5.3, 11.1 Hz, 1H, C1-H), 3.93 (dd, /=2.9, 11.1 Hz,
1H, C1-H), 4.31 (ddd, J=2.9, 5.3, 8.4 Hz, 1H, C7-H), 4.40
(d, J=8.4 Hz, 1H, C6-H), 4.78 (d, J=6.8 Hz, 1H, OCHO),
4.80 (d, J=6.8 Hz, 1H, OCHO), 8.5 (br s, 1H, COOH); '°C
NMR (125.8 MHz, CDCl3) 6 7.5 (CHj3), 8.2 (CHjy), 29.7
(CH,), 29.8 (CH,), 58.9 (CH3), 66.9 (CH,), 67.1 (CH,), 71.7
(CH,), 75.5 (CH), 78.4 (CH), 95.8 (CH,), 115.9 (C), 173.7
(C=0); FAB-HRMS m/z calcd for C;3H,s0; (M+H)"
293.1600, found 293.1619.

4.4.5. (2R,35)-2,3-(diethylmethylenedioxy)-N-methoxy-
4-[(2-methoxyethoxy)methoxy]-N-methylbutanamide.
To a solution of the carboxylic acid (199 mg, 0.682 mmol)
in DMF (5 mL) at 0 °C was added N,O-dimethylhydroxyl-
amine hydrochloride (110 mg, 1.13 mmol), followed by
addition of diethyl cyanophosphonate (DEPC, 0.12 mL,
0.791 mmol) and Et3N (0.26 mL, 1.87 mmol). After stirring
at room temperature for 1.5 h, the reaction was quenched
with 1 N aqueous HCI (5 mL), and the whole was extracted
with AcOEt (2X 15 mL). The combined organic extracts
were washed successively with brine (8 mL), saturated
aqueous NaHCOj; (10 mL) and brine (8 mL), and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
furnished the crude product (267 mg), which was purified
by column chromatography (silica gel 10 g, 3:2 n-hexane/
AcOEt) to give the title compound (203 mg, 89%) as a
colorless oil: [a]3! —17.1 (c 2.0, benzene); IR (film) 2940,
1672, 1464, 1175, 1098, 1046, 993, 932, 846cm™'; 'H
NMR (270 MHz, CDCl3) ¢ 0.926 (t, J=7.5Hz, 3H,
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pentylidene CHj), 0.931 (t, J=7.5 Hz, 3H, pentylidene
CH;), 1.65-1.79 (m, 4H, 2 X pentylidene CH,), 3.24 (s, 3H,
NCHs;), 3.39 (s, 3H, OCH3), 3.53-3.59 (m, 2H, OCH,),
3.65-3.74 (m, 3H, OCH,, C1-H), 3.75 (s, 3H, NOCHs),
3.82 (dd, J=3.2, 10.8 Hz, 1H, C1-H), 4.48-4.68 (m, 2H,
C6-H, C7-H), 4.76 (d, J=6.8 Hz, 1H, OCHO), 4.78 (d, J=
6.8 Hz, 1H, OCHO); '*C NMR (125.8 MHz, CDCl5) 6 7.6
(CHj), 8.2 (CH3), 29.5 (CH,), 29.9 (CH,), 32.2 (CH3), 58.8
(CHj), 61.6 (CH;), 66.8 (CH,), 67.2 (CH,), 71.6 (CH,), 74.1
(CH), 77.5 (CH), 95.7 (CH,), 114.9 (C), 169.9 (C=0);
FAB-HRMS m/z caled for C;sH30NO; (M+H)t 336.2022,
found 336.2016.

4.4.6. (4R,55)-4,5-(diethylmethylenedioxy)-2-ethoxy-6-
[(2-methoxyethoxy)methoxy]-1-hexen-3-one. fert-Butyl-
lithium in pentane (2.13 M, 6.0 mL, 12.8 mmol) was
added to a stirred solution of ethyl vinyl ether (1.4 mL,
14.7 mmol) in THF (18 mL) at —78 °C. After stirring at
0 °C for 30 min, the mixture was added to a stirred solution
of the amide (1.38 g, 4.12mmol) in THF (30 mL) at
—78 °C via cannula over a 20-min period. After stirring at
—78 °C for 30 min, the reaction was quenched with
saturated aqueous NH4Cl (50 mL), and the whole was
partitioned between AcOEt (100 mL) and water (30 mL).
The organic extract was washed with brine (30 mL) and
dried over anhydrous Na,SO,. Filtration and evaporation in
vacuo followed by column chromatography (silica gel 15 g,
4:1 n-hexane/AcOEt) afforded the title compound (1.29 g,
90%) as a colorless oil: [a]2D3 —35.1 (¢ 1.0, CHCl3); IR
(film) 2976, 2940, 1732, 1611, 1462, 1366, 1287, 1175,
1098, 1046, 978, 851 cm™'; "H NMR (270 MHz, CDCl5) ¢
0.93 (t, J=7.4 Hz, 6H, 2 Xpentylidene CH3), 1.40 (t, J=
7.0 Hz, 3H, OCH,CH;), 1.66 (q, J=7.4 Hz, 2H, pentyl-
idene CH,), 1.73 (q, J=7.4 Hz, 2H, pentylidene CH,), 3.39
(s, 3H, OCHs), 3.52-3.60 (m, 2H, OCH,), 3.68-3.77 (m,
3H, OCH,, C1-H), 3.85 (q, J=7.0 Hz, 2H, OCH,CHj;),
3.92 (dd, J=3.0, 10.9 Hz, 1H, C1-H), 4.35 (ddd, J=3.0,
6.4, 7.3 Hz, 1H, C7-H), 4.60 (d, J=2.8 Hz, 1H, C=CH),
4.77 (d, J=6.8 Hz, 1H, OCHO), 4.79 (d, J=6.8 Hz, 1H,
OCHO), 4.84 (d,J=7.3 Hz, 1H, C6-H), 5.35 (d, J=2.8 Hz,
1H, C=CH); *C NMR (100.6 MHz, CDCl;) 6 7.7 (CHs),
8.3 (CH;), 14.2 (CH3), 29.6 (CH,), 30.1 (CH,), 59.0 (CH,),
63.9 (CH,), 66.9 (CH,), 68.1 (CH,), 71.7 (CH,), 77.7 (CH),
78.7 (CH), 93.8 (CH»), 95.8 (CH,), 115.5 (C), 156.5 (CH,),
193.7 (C=0); FAB-HRMS m/z calcd for C{;H3;0; M+
H)" 347.2070, found 347.2044.

4.4.7. Ethyl (3R,4S5)-3,4-(diethylmethylenedioxy)-5-[(2-
methoxyethoxy)methoxy]-2-oxopentanoate (32). A
stream of ozone in oxygen was bubbled through a stirred
solution of the enone (1.27 g, 3.67 mmol) in CH,Cl,
(15mL) at —78 °C until the solution turned pale blue.
After stirring at —78 °C for 10 min, excess ozone was
removed by bubbling a stream of nitrogen, and Me,S (3 mL)
was added. After stirring at room temperature for 1 h, the
volatile elements were removed in vacuo. The residue was
purified by column chromatography (silica gel 20 g, 4:1
n-hexane/AcOEt) to give a-keto ester 32 (1.10 g, 86%) as a
colorless oil: [oz]zD4 +7.71 (c 2.0, CHCly); IR (film) 2976,
2940, 1732, 1611, 1462, 1366, 1287, 1175, 1098, 1046, 978,
851 cm™!; '"H NMR (500 MHz, CDCl3) 6 0.91 (t, J=
7.5 Hz, 3H, pentylidene CHs3), 0.92 (t, J=7.5Hz, 3H,
pentylidene CH3), 1.38 (t, J=7.2 Hz, 3H, CO,CH,CH;),

1.57-1.76 (m, 4H, 2Xpentylidene CH,), 3.40 (s, 3H,
OCH;), 3.52-3.60 (m, 2H, OCH,), 3.67-3.76 (m, 2H,
OCH,), 3.78 (dd, J=5.4, 10.8 Hz, 1H, C1-H), 3.88 (dd, J=
5.4,10.8 Hz, 1H, C1-H), 4.36 (q, J=7.2 Hz, 2H, CO,CH,-
CHs), 4.42 (m, 1H, C7-H), 4.73-4.81 (m, 3H, C6-H,
OCH,0); 'C NMR (125.8 MHz, CDCls) 6 7.5 (CHs), 8.2
(CH3), 13.9 (CH3), 29.3 (CH,), 29.8 (CH,), 58.9 (CH3), 62.5
(CH,), 66.9 (CH,), 67.2 (CH,), 71.6 (CH,), 77.3 (CH), 80.0
(CH), 95.7 (CH,), 116.0 (C), 162.0 (C), 193.0 (C=0);
FAB-HRMS m/z calcd for C¢HypOg (M+H) ™ 349.1863,
found 349.1850.

4.4.8. Ethyl [2R,2(1R,2S5),3S,4R]-5-benzyloxy-2-{1,2-
(diethylmethylenedioxy)-3-[(2-methoxyethoxy)methoxy]
propyl}-3,4-(dimethylmethylenedioxy)-2-hydroxy-3-
(methylthio)carbonylpentanoate (45a). A solution of
a-keto ester 32 (3.62 g, 10.4 mmol) and silyl ketene
thioacetal 20 (6.71 g, 17.7 mmol) in EtCN (15 mL) was
added to a solution of Sn(OTf), (7.08 g, 17.0 mmol) in
EtCN (60 mL) at —70°C. After stirring at —70°C for
1.5 h, the reaction was quenched with saturated aqueous
NaHCO; (50 mL). The mixture was diluted with AcOEt
(300 mL) and n-hexane (30 mL), and filtered through a
Celite pad. The layers were separated and the organic layer
was washed successively with saturated aqueous NaHCO;3
(100 mL) and brine (2 X 100 mL), and dried over anhydrous
Na,SO,. Filtration and evaporation in vacuo furnished the
crude product (9.98 g), which was purified by flash column
chromatography (silica gel 360 g, 4:1—7:2 n-hexane/
AcOEt) to give aldol adducts 45a (3.09 g, 46%) and 45b
(2.37 g, 35%) as colorless oils.

4.4.9. Ethyl [2R,2(1R,2S5),3S5,4R]-5-benzyloxy-2-[1,2-
(diethylmethylenedioxy)-3-[(2-methoxyethoxy)methoxy]
propyl]-3,4-(dimethylmethylenedioxy)-2-hydroxy-3-
(methoxycarbonyl)pentanoate (49). Hg(OCOCF;),
(4.06 g, 9.52 mmol) was added to a stirred solution of
thioester 45a (3.06 g, 4.75 mmol) in MeOH (120 mL). The
mixture was refluxed for 10 h and evaporated in vacuo. The
residue was suspended in Et,O (30 mL) and passed through
a short plug of silica gel (eluting with Et,O) to remove
insoluble Hg salt. Purification by column chromatography
(silica gel 150 g, 2:1—3:2 n-hexane/AcOEt) afforded
methyl ester 49 (2.59 g, 87%) as a colorless oil: [a]E
+5.58 (¢ 3.4, benzene); IR (film) 3461 (br), 2942, 1730,
1456, 1372, 1252, 1175, 1096, 935, 864, 739, 698 cm ™ '; 'H
NMR (500 MHz, CDCl;3) 6 0.89 (t, J=7.5Hz, 3H,
pentylidene CH3), 0.90 (t, J=7.5Hz, 3H, pentylidene
CH3), 1.24 (t, J=1.3 Hz, 3H, CO,CH,CH>), 1.57 (s, 3H,
acetonide CH3), 1.65 (s, 3H, acetonide CH3), 1.48—1.65 (m,
4H, 2 X pentylidene CH,), 3.37 (s, 3H, OCH3), 3.40 (dd, J=
6.3, 10.6 Hz, 1H, CHOBn), 3.54 (m, 2H, OCH,), 3.62 (s,
3H, CO,CH3), 3.68 (m, 2H, OCH,), 3.69 (dd, J=6.2,
10.6 Hz, 1H, C1-H), 3.86 (dd, /=3.1, 10.6 Hz, 1H, C1-H),
3.89 (dd, /=1.9, 10.6 Hz, 1H, CHOBn), 3.99 (ddd, J=3.1,
6.2, 8.4 Hz, 1H, C7-H), 4.12 (br s, 1H, OH), 4.15 (dq, J=
10.9, 7.3 Hz, 1H, CO,CHCH;), 4.23 (dq, /J=10.9, 7.3 Hz,
1H, CO,CHCH;), 4.42 (d, J=8.4 Hz, 1H, C6-H), 4.51 (d,
J=12.3 Hz, 1H, OCHPh), 4.63 (d, J=12.3 Hz, 1H,
OCHPh), 4.73 (s, 2H, OCH,0), 5.32 (dd, /J=1.9, 6.3 Hz,
1H, C3-H), 7.25-7.35 (m, 5H, ArH); '>C NMR (67.8 MHz,
CDCl;) 6 8.1 (CH3), 8.2 (CH3), 13.8 (CHj3), 26.7 (CHj3),
27.2 (CH3), 29.3 (CH,), 29.9 (CH,), 52.2 (CH3), 58.9 (CH3),
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63.0 (CH3), 66.8 (CH,), 69.2 (CH,), 70.0 (CH,), 71.7 (CH,),
73.3 (CH,), 77.0 (CH), 77.7 (CH), 78.8 (CH), 79.2 (C), 89.7
(©), 95.5 (CHy), 111.3 (C), 114.5 (C), 127.5 (CH), 127.6
(CH), 128.2 (CH), 138.3 (C), 170.6 (C=0), 171.3 (C=0);
FAB-HRMS m/z caled for C3Hs90,3 M+H) " 629.3173,
found 629.3203. Anal. Calcd for C3;Hy50;5: C, 59.22; H,
7.70. Found: C, 59.04; H, 7.65.

4.4.10. 3-Ethyl 1,2-dimethyl (1S,25,3R,4R,55)-4,5-
(diethylmethylenedioxy)-1,2-(dimethylmethylenedioxy)-
3-hydroxy-6-[(2-methoxyethoxy)methoxy]hexane-1,2,3-
tricarboxylate (52). Palladium hydroxide on carbon (20%,
240 mg) was added to a solution of benzyl ether 49 (2.39 g,
3.81 mmol) in AcOEt (20 mL), and the mixture was
vigorously stirred under 1 atm of hydrogen for 10 h. The
catalyst was filtered through a Celite pad, and the filtrate
was evaporated in vacuo to furnish the crude product
(2.47 g) as a colorless oil.

Dess-Martin periodinane (4.36 g, 10.3 mmol) was added to
a solution of the crude alcohol 50 (2.47 g) in CH,Cl,
(30 mL). After stirring at room temperature for 8 h, the
mixture was diluted with Et;O (40 mL) and poured into an
ice-cooled saturated aqueous NaHCO; (100 mL) containing
Na,S,05-5H,0 (15 g). The layers were separated, and the
organic layer was washed successively with saturated
aqueous NaHCO; (2X50 mL), water (40 mL) and brine
(50 mL), and dried over anhydrous Na,SO,. Filtration and
evaporation in vacuo gave the crude product (2.14 g), which
was used without further purification.

A solution of NaH,PO, (915 mg, 7.62 mmol) in water
(10 mL) was added to a solution of the crude aldehyde
(2.14 g) and 2-methyl-2-butene (10 mL, 95 mmol) in tert-
butyl alcohol (50 mL), followed by addition of a solution of
NaClO, (1.10 g, 9.52 mmol) in water (5 mL). After stirring
at room temperature for 2.5 h, the mixture was evaporated in
vacuo, and the residue was partitioned between AcOEt
(120 mL) and 1 N HCI (60 mL). The aqueous layer was
saturated with NaCl and extracted with AcOEt (2 X40 mL).
The combined organic extracts were washed with brine
(40 mL) and dried over anhydrous Na,SO,. Filtration and
evaporation in vacuo furnished the crude product (2.31 g),
which was used without further purification.

A solution of diazomethane in Et,O was added to a solution
of the crude carboxylic acid (2.31 g) in Et,0 (20 mL) at 0 °C
until a yellow color persisted. The mixture was evaporated
in vacuo to furnish the crude product (2.28 g), which was
purified by column chromatography (silica gel 50 g, 2:1 —
1:1 n-hexane/AcOEt) to give methyl ester 52 (1.81 g, 84%
for four steps) as a colorless oil: [oz]%)6 —9.39 (¢ 2.1,
benzene); IR (film) 3463 (br), 2978, 2944, 2884, 1738,
1462, 1441, 1383, 1254, 1209, 1177, 1117, 982, 937,
756 cm™'; 'H NMR (270 MHz, CDCls) 6 0.89 (t, J=
7.4 Hz, 3H, pentylidene CH3), 0.90 (t, J=7.4 Hz, 3H,
pentylidene CH3), 1.34 (t, J=7.1 Hz, 3H, CO,CH,CH;),
1.58 (s, 3H, acetonide CH3), 1.68 (s, 3H, acetonide CH3),
1.45-1.71 (m, 4H, 2Xpentylidene CH;), 3.38 (s, 3H,
OCH;), 3.52-3.59 (m, 2H, OCH,), 3.69 (dd, J=6.1,
10.8 Hz, 1H, C1-H), 3.65-3.74 (m, 2H, OCH,), 3.75 (s,
3H, CO,CHs;), 3.76 (s, 3H, CO,CH3), 3.89 (dd, J=3.0,
10.8 Hz, 1H, C1-H), 4.09 (s, 1H, OH), 4.12 (ddd, J=3.0,

6.1, 8.5Hz, 1H, C7-H), 4.28 (dq, J=10.7, 7.1 Hz, 1H,
CO,CHCHy;), 4.35 (dq, J=10.7, 7.1 Hz, 1H, CO,CHCH3;),
4.38 (d, J=8.5 Hz, 1H, C6-H), 4.75 (s, 2H, OCH,0), 5.73
(s, 1H, C3-H); '3C NMR (67.8 MHz, CDCl;) ¢ 8.0 (CH3),
8.1 (CHs), 13.6 (CH3), 26.7 (CH3), 26.9 (CH3), 29.5 (CH,),
30.0 (CH,), 52.4 (CH3), 52.6 (CHs), 58.9 (CHs), 63.0 (CH5),
66.8 (CH,), 69.0 (CH,), 71.7 (CH,), 76.5 (CH), 77.6 (CH),
79.1 (C), 79.3 (CH), 91.2 (C), 95.5 (CH,), 114.2 (C), 114.4
(C), 1694 (C=0), 170.5 (C=0), 170.8 (C=0); FAB-
HRMS m/z caled for CosHy3014 M+H) T 567.2653, found
567.2664. Anal. Calcd for C,5H4,0q4: C, 53.00; H, 7.47.
Found: C, 53.24; H, 7.48.

Data for ethyl [2R,2(3aS,6aR),3R,4S]-3,4-(diethylmethyl-
enedioxy)-2-hydroxy-5-[(2-methoxyethoxy)methoxy]-2-
(tetrahydro-Z,2-dimeth%11-4—0x0furo[3,4-d][],3]di0xol-3a-
yl)pentanoate (51). [a]Z —59.2 (¢ 2.2, CHCl3); IR (film)
3478 (br), 2976, 2942, 2883, 1790, 1761, 1730, 1462, 1375,
1248, 1173, 1096, 1046 cm ™~ '; "H NMR (500 MHz, CDCl5)
0 0.83 (t, J=7.4 Hz, 3H, pentylidene CH5), 0.87 (t, J=
7.4 Hz, 3H, pentylidene CHs3), 1.33 (t, J=7.2 Hz, 3H,
CO,CH,CHs3), 1.46 (s, 3H, acetonide CHs), 1.50 (s, 3H,
acetonide CH3), 1.54-1.66 (m, 4H, 2 X pentylidene CH,),
3.39 (s, 3H, OCH;), 3.57 (t, J=4.5 Hz, 2H, OCH,), 3.75
(dd, /J=4.9, 10.3 Hz, 1H, one of lactone CH»), 3.76 (t, J=
4.5 Hz, 2H, OCH,), 4.05 (dd, /=2.1, 10.5 Hz, 1H, C1-H),
4.22 (dq, J=10.9, 7.2 Hz, 1H, CO,CHCH3), 4.31 (s, 1H,
OH), 4.32 (dd, J=8.3, 10.5 Hz, 1H, C1-H), 4.33 (dq, J=
10.9, 7.2 Hz, 1H, CO,CHCHy), 4.38 (dd, /=10.3, 10.5 Hz,
1H, one of lactone CH,), 4.60 (ddd, /J=2.1, 4.7, 8.3 Hz, 1H,
C7-H), 4.65 (dd, J=4.9, 10.5 Hz, 1H, C3-H),4.79 (d, J=
8.9 Hz, 1H, OCHO), 4.81 (d, J=8.9 Hz, 1H, OCHO), 5.15
(d, J=4.7 Hz, 1H, C6-H); >*C NMR (125.8 MHz, CDCl5) 6
8.08 (CH3), 8.13 (CH3), 14.2 (CH3), 27.0 (CH3), 27.3 (CHy),
30.0 (CH3), 30.3 (CH»), 59.2 (CH,), 63.0 (CH,), 66.9 (CH,),
68.8 (CH,), 72.0 (CH,), 73.5 (CH,), 75.9 (CH,), 77.5 (CH),
78.8 (CH), 79.3 (CH), 85.0 (C), 96.0 (C), 113.8 (C), 114.0
(©), 171.5 (C=0), 176.2 (C=0); FAB-HRMS m/z calcd
for Co3H300;, (M+H) ™' 507.2442, found 507.2453.

4.4.11. 3-Ethyl 1,2-dimethyl (1S,25,3R,4R,55)-4,5-
(diethylmethylenedioxy)-1,2-(dimethylmethylenedioxy)-
3,6-dihydroxyhexane-1,2,3-tricarboxylate (53). To a
solution of MEM ether 52 (1.23 g, 2.18 mmol) in MeCN
(25 mL) was added sodium iodide (3.27 g, 21.8 mmol)
followed by addition of chlorotrimethylsilane (2.35 g,
21.7 mmol) at —23 °C. After stirring at —23 °C for 2 h,
the mixture was poured into brine (30 mL), and the whole
was partitioned between AcOEt (30 mL) and water
(10 mL). The organic layer was washed successively with
saturated aqueous Na,S,03 (3X20 mL) and brine (15 mL),
and dried over anhydrous Na,SO,. Filtration and evapor-
ation in vacuo furnished the crude product (1.16 g), which
was purified by column chromatography (silica gel 30 g, 1:1
n-hexane/AcOEt) to give diol 53 (978 mg, 94%) as a
colorless oil: [cv]zD4 +4.19 (¢ 3.1, CHCly); IR (film) 3468
(br), 2978, 2946, 2884, 1748, 1462, 1441, 1381, 1256, 1221,
1177, 1092, 935 cm ™~ '; 'H NMR (270 MHz, CDCl5) 6 0.88
(t, J=17.4 Hz, 3H, pentylidene CH3), 0.90 (t, J=7.4 Hz, 3H,
pentylidene CH3), 1.34 (t, J=7.2 Hz, 3H, CO,CH,CHj;),
1.58 (s, 3H, acetonide CH3), 1.67 (s, 3H, acetonide CH3),
1.50-1.70 (m, 4H, 2 X pentylidene CH,), 2.07 (t, J=6.1 Hz,
1H, C1-OH), 3.76 (s, 6H, 2 X CO,CH3;), 3.77 (ddd, J=5.0,
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6.1, 11.7 Hz, 1H, C1-H), 3.88 (ddd, J=3.7, 6.1, 11.7 Hz,
1H, C1-H), 4.02 (s, 1H, C5-OH), 4.07 (ddd, J=3.7, 5.0,
8.4 Hz, 1H, C7-H), 4.30 (dq, J=10.7, 7.2 Hz, 1H, CO»-
CHCHs), 4.35 (dg, /=10.7, 7.2 Hz, 1H, CO,CHCH>), 4.44
(d, J=8.4 Hz, 1H, C6-H), 5.67 (s, 1H, C3-H); *C NMR
(67.8 MHz, CDCl3) 6 8.0 (CH3), 8.1 (CH3), 13.6 (CH3),
26.7 (CH3), 26.9 (CH3), 29.6 (CH,), 30.0 (CH,), 52.4 (CH3),
52.7 (CH3), 58.9 (CH3), 63.2 (CH,), 63.7 (CH,), 76.4 (CH),
78.5 (CH), 79.1 (C), 79.2 (CH), 91.1 (C), 114.1 (C), 114.3
(C), 169.3 (C=0), 170.6 (C=0), 170.9 (C=0); FAB-
HRMS m/z caled for C»H3501, (M+H) ' 479.2129, found
479.2144.

4.4.12. 3-Ethyl 1,2-dimethyl (1S5,25,3R,4R,5S)-4,5-
(diethylmethylenedioxy)-1,2-(dimethylmethylenedioxy)-
6-hydroxy-3-(trimethylsilyloxy)hexane-1,2,3-tricar-
boxylate (54). A mixture of diol 53 (978 mg, 2.04 mmol)
and N-methyl-N-(trimethylsilyl)trifluoroacetamide (3.0 mL,
16.2 mmol) was heated at 90 °C for 3 h. After cooling to
room temperature, the mixture was evaporated in vacuo to
provide a crude product (1.42 g), which was used without
further purification.

To a solution of the crude bis(trimethylsilyl) ether in Et,O
(15mL) was added 10% aqueous HCI (2 mL), and the
biphasic mixture was stirred vigorously at room temperature
for 1.5 h. The reaction was quenched by addition of solid
NaHCOj; at 0 °C, and the layers were separated. The organic
layer was washed with brine (5 mL) and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
furnished the crude product (1.16 g), which was purified by
column chromatography (silica gel 30 g, 4:1 n-hexane/
AcOEt) to give alcohol 54 (975 mg, 87%) as a white solid:
mp 105-106 °C (colorless prisms from n-hexane); [ac]zD4
—12.6 (c 1.1, CHCIl3); IR (nujol) 3526 (br), 2978, 1738,
1437, 1375, 1252, 846, 758 cm™'; '"H NMR (270 MHz,
CDCl3) 6 0.15 (s, 9H, Si(CH3)3), 0.85 (t, J=7.5 Hz, 3H,
pentylidene CH3), 0.89 (t, J="7.5 Hz, 3H, pentylidene CH3),
1.30 (t, J=7.1 Hz, 3H, CO,CH,CHj3), 1.54 (s, 3H, acetonide
CH3), 1.64 (s, 3H, acetonide CH3), 1.44-1.67 (m, 4H, 2 X
pentylidene CH,), 2.01 (t, J=6.5 Hz, 1H, OH), 3.70 (ddd,
J=4238, 6.5, 11.8 Hz, 1H, C1-H), 3.73 (s, 3H, CO,CH>),
3.76 (s, 3H, CO,CH3), 3.90 (ddd, /=2.8, 6.5, 11.8 Hz, 1H,
Cl-H),4.22 (ddd, J=2.8, 4.8, 8.5 Hz, 1H, C7-H), 4.17 (dq,
J=10.7, 7.1 Hz, 1H, CO,CHCHj;), 4.29 (dq, J=10.7,
7.1 Hz, 1H, CO,CHCH3;), 4.42 (d, /=28.5 Hz, 1H, C6-H),
5.49 (s, 1H, C3-H); >*C NMR (125.8 MHz, CDCl5) 6 2.7
(CH3), 8.0 (CH3), 8.1 (CH3), 13.8 (CH3y), 26.7 (CHjy), 27.2
(CH3), 29.7 (CH,), 30.2 (CH,), 52.3 (CH3), 52.4 (CH3), 61.9
(CH3), 63.8 (CH,), 76.2 (CH), 78.4 (CH), 79.6 (CH), 89.3
(©),91.3(0C), 113.7(C), 169.4 (C=0), 169.7 (C=0), 169.9
(C=0); FAB-HRMS m/z calcd for Co4H430,,S1 M+H) ™"
551.2524, found 551.2549. Anal. Calcd for C,4H4,01,Si: C,
52.35; H, 7.69. Found: C, 52.30; H, 7.53.

4.4.13. 3-Ethyl 1,2-dimethyl (1S,2S,3R,4R,5R)-4,5-
(diethylmethylenedioxy)-1,2-(dimethylmethylenedioxy)-
5-formyl-3-(trimethylsilyloxy)pentane-1,2,3-tricarboxy-
late (55). A solution of alcohol 54 (425 mg, 0.771 mmol) in
CH,Cl, (1.5 mL) was added to a suspension of Dess-Martin
periodinane (890 mg, 2.10 mmol) in CH,Cl, (4 mL). After
stirring at room temperature for 3.5 h, the mixture was
diluted with Et;O (10 mL) and poured into an ice-cooled

saturated aqueous NaHCO; (60 mL) containing Na,S,-
03-5H,0 (10 g). The layers were separated, and the organic
layer was washed successively with saturated aqueous
NaHCO;5; (2X20 mL) and brine (10 mL), and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
furnished the crude product (436 mg), which was purified
by column chromatography (silica gel 8 g, 4:1 n-hexane/
AcOE) to give aldehyde 55 (387 mg, 91%) as a white solid:
mp 104.5-105.5 °C (colorless prisms from n-hexane); [oz]zD5
—12.5 (c 2.0, CHCl3); IR (nujol) 2978, 2953, 1740, 1462,
1439, 1375, 1252, 1175, 1132, 849, 758 cm™'; '"H NMR
(270 MHz, CDCl3) 6 0.14 (s, 9H, Si(CH3)3), 0.89 (t, J=
7.6 Hz, 3H, pentylidene CH3), 0.90 (t, /J=7.4 Hz, 3H,
pentylidene CH3), 1.32 (t, J=7.3 Hz, 3H, CO,CH,CH3),
1.51 (s, 3H, acetonide CH3), 1.63 (s, 3H, acetonide CH3),
1.48-1.72 (m, 4H, 2Xpentylidene CH,), 3.74 (s, 3H,
CO,CHs), 3.76 (s, 3H, CO,CH;), 4.21 (dq, J=10.9, 7.3 Hz,
1H, CO,CHCH3), 4.30 (dq, J=10.9, 7.3 Hz, 1H, CO,-
CHCH3;), 4.63 (dd, J=1.0, 6.9 Hz, 1H, C7-H), 4.76 (d, J=
6.9 Hz, 1H, C6-H), 5.49 (s, 1H, C3-H), 9.72 (d, J=1.0 Hz,
1H, CHO); >C NMR (125.8 MHz, CDCl5) 6 2.6 (CH3), 8.0
(CHj3), 8.2 (CH3), 13.8 (CH3), 26.7 (CH3y), 27.0 (CH3), 28.5
(CH,), 29.0 (CH,), 52.4 (CH3), 62.1 (CH3), 77.7 (CH), 79.4
(CH), 80.9 (CH), 82.8 (C), 90.8 (C), 113.5 (C), 116.2 (C),
169.0 (C=0), 169.2 (C=0), 169.8 (C=0), 198.6 (C=0);
FAB-HRMS m/z caled for C,4H410,S1 (M+H)"
549.2368, found 549.2350. Anal. Calcd for C,4H4001,Si:
C, 52.54; H, 7.35. Found: C, 52.44; H, 7.28.

4.4.14. 3-Ethyl 1,2-dimethyl (1S,2S,3R,4R,5R,10R,11R)-
10-benzyloxy-4,5-(diethylmethylenedioxy)-1,2-(dimethyl-
methylenedioxy)-11-methyl-6-o0xo0-12-phenyl-3-(tri-
methylsilyloxy)-7-dodecyne-1,2,3-tricarboxylate (57).
Butyllithium in n-hexane (1.54 M, 0.91 mL, 1.40 mmol)
was added to a solution of alkyne 56 (440 mg, 1.58 mmol)
in THF (5§ mL) at —78 °C. After stirring at —78 °C for
45 min, a solution of aldehyde 55 (387 mg, 0.705 mmol) in
THF (2 mL) was added. After stirring at —78 °C for 30 min,
the reaction was quenched with saturated aqueous NH,Cl
(10 mL), and the whole was extracted with AcOEt (22X
15 mL). The combined organic extracts were washed with
brine (15 mL) and dried over anhydrous Na,SO,. Filtration
and evaporation in vacuo furnished the crude product
(888 mg), which was purified by column chromatography
(silica gel 8 g, 20:1—6:1 n-hexane/AcOEt) to give a
diastereomeric mixture of coupling products (565 mg,
97%) as a colorless viscous oil, along with recovered
alkyne 56 (261 mg) as a colorless oil.

A solution of the coupling product (565 mg) in CH,Cl,
(2mL) was added to a suspension of Dess-Martin
periodinane (727 mg, 1.71 mmol) in CH,Cl, (5 mL). After
stirring at room temperature for 11h, the mixture was
diluted with Et;O (20 mL) and poured into an ice-cooled
saturated aqueous NaHCO; (20 mL) containing Na,S,-
0;-5H,0 (1 g). The layers were separated, and the organic
layer was washed successively with saturated aqueous
NaHCO; (2X5mL) and brine (5 mL), and dried over
anhydrous Na,SO,. Filtration and evaporation in vacuo
followed by column chromatography (silica gel 23 g, 8:1
n-hexane/AcOEt) afforded ynone 57 (461 mg, 82%) as a
colorless oil: [oz]zD5 —8.31 (¢ 1.2, CHCly); IR (film) 2976,
2211, 1748, 1682, 1456, 1373, 1250, 1098, 849, 700 cm ™~ ';
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"H NMR (500 MHz, CDCl5) 6 0.12 (s, 9H, Si(CH;)3), 0.87
(t, J=17.5 Hz, 3H, pentylidene CH3), 0.91 (t, J=7.4 Hz, 3H,
pentylidene CHs), 0.96 (d, J=6.8 Hz, 3H, C5'-CHs), 1.33
(t, J=7.2 Hz, 3H, CO,CH,CH3), 1.56 (s, 3H, acetonide
CHs), 1.67 (s, 3H, acetonide CH3), 1.45-1.77 (m, 4H, 2 X
pentylidene CH>), 2.19 (m, 1H, C5'-H), 2.51 (dd, J=8.8,
13.5 Hz, 1H, C6'-H), 2.66 (dd, J=6.6, 17.4 Hz, 1H, C3/-
H),2.79 (dd, J=6.2, 17.4 Hz, 1H, C3'-H), 2.84 (dd, J]=6.2,
13.5 Hz, 1H, C6'-H), 3.63 (m, 1H, C4'-H), 3.75 (s, 3H,
CO,CHs;), 3.77 (s, 3H, CO,CH;), 4.22 (dq, J=10.8, 7.2 Hz,
1H, CO,CHCHj), 4.31 (dq, /=10.8, 7.2 Hz, 1H, CO,-
CHCH,), 4.54 (d, J=11.6 Hz, 1H, OCHPh), 4.65 (d, J=
5.7 Hz, 1H, C6-H), 4.73 (d, J=11.6 Hz, 1H, OCHPh), 5.09
(d, J=5.7 Hz, 1H, C7-H), 5.67 (s, 1H, C3-H), 7.15 (m, 2H,
ArH), 7.20 (m, 1H, ArH), 7.26-7.35 (m, 3H, ArH), 7.37-
7.42 (m, 4H, ArH); '*C NMR (125.8 MHz, CDCls) 6 2.5
(CH5), 8.0 (CH3), 8.5 (CH3), 13.6 (CHj3), 13.8 (CH53), 22.6
(CH,), 26.7 (CH3), 26.9 (CH3), 28.1 (CH,), 28.7 (CH,), 38.7
(CH), 39.6 (CH,), 52.3 (CH3), 62.0 (CH3), 72.3 (CH,), 77.5
(CH), 79.4 (CH), 81.4 (C), 81.8 (CH), 82.8 (C), 90.9 (O),
95.1 (C), 113.7 (C), 116.4 (C), 1259 (CH), 127.6 (CH),
127.7 (CH), 128.3 (CH), 128.4 (CH), 129.1 (CH), 138.3 (C),
140.6 (C), 169.3 (C=0), 169.5 (C=0), 170.0 (C=0),
184.8 (C=0); FAB-HRMS m/z caled for Cy4Hg;0,5Si
(M~+H)* 825.3882, found 825.3849.

4.4.15. 3-Ethyl 1,2-dimethyl (1S5,25,3R,4R,5R,10R,11R)-
10-benzyloxy-4,5-(diethylmethylenedioxy)-1,2-(dimethyl-
methylenedioxy)-11-methyl-6-o0xo0-12-phenyl-3-(tri-
methylsilyloxy)dodecane-1,2,3-tricarboxylate (58).
Palladium on carbon (10%, 240 mg) was added to a solution
of alkyne 57 (461 mg, 0.559 mmol) in AcOEt (15 mL), and
the mixture was vigorously stirred under 1 atm of hydrogen
for 10 min. The catalyst was filtered through a Celite pad,
and the filtrate was evaporated in vacuo. Purification of the
residue by column chromatography (silica gel 20 g, 7:1
n-hexane/AcOEt) afforded ketone 58 (432 mg, 93%) as a
colorless oil: [oz]zD7 —2.97 (¢ 3.2, EtOH); IR (film) 2951,
1740, 1456, 1375, 1252, 1209, 1111, 910, 847, 735 cm ™ ';
"H NMR (500 MHz, CDCls) 6 0.08 (s, 9H, Si(CHz)3), 0.81
(t, J=17.5 Hz, 3H, pentylidene CH3), 0.87 (d, J=6.8 Hz,
3H, C5'-CH;), 0.89 (t, J=7.5 Hz, 3H, pentylidene CH3),
1.31 (t,J=7.1 Hz, 3H, CO,CH,CH;), 1.54 (s, 3H, acetonide
CHs;), 1.63 (s, 3H, acetonide CH3), 1.37-1.81 (m, 8H, 2X
pentylidene CH,, C2'-H,, C3'-H,), 2.05 (m, 1H, C5'-H),
2.34 (dd, J=9.8, 13.3 Hz, 1H, C6'-H), 2.62 (m, 1H, C1'-
H), 2.77 (m, 1H, C1'-H), 2.90 (dd, J=4.9, 13.3 Hz, 1H,
C6'-H), 3.32 (m, 1H, C4'-H), 3.72 (s, 3H, CO,CH3), 3.74
(s, 3H, CO,CH3), 4.19 (dq, J=10.8, 7.1 Hz, 1H, CO,-
CHCHy;), 4.28 (dq, J=10.8, 7.1 Hz, 1H, CO,CHCH,3), 4.56
(s, 2H, OCH,Ph), 4.58 (d, J=5.7 Hz, 1H, C6-H), 5.03 (d,
J=5.7Hz, 1H, C7-H), 5.61 (s, 1H, C3-H), 7.11 (m, 2H,
ArH), 7.17 (m, 1H, ArH), 7.22-7.30 (m, 3H, ArH), 7.31-
7.41 (m, 4H, ArH); '3C NMR (125.8 MHz, CDCl;) 6 2.4
(CHy3), 8.1 (CHj3), 8.5 (CH3), 13.8 (CH3), 14.4 (CH3), 19.9
(CH,), 26.7 (CH3y), 26.8 (CH3), 27.8 (CH,), 28.6 (CH»), 30.1
(CH,), 37.9 (CH), 38.7 (CH,), 40.3 (CH,), 52.3 (CH3), 61.9
(CHy), 71.7 (CHp), 77.2 (CH), 79.4 (CH), 80.6 (CH), 82.4
(CH), 82.9 (CH), 90.9 (C), 113.7 (C), 115.7 (C), 125.7 (CH),
127.4 (CH), 127.6 (CH), 128.2 (CH), 128.3 (CH), 129.1
(CH), 139.1 (C), 141.6 (C), 169.4 (C=0), 169.5 (C=0),
170.0 (C=0), 207.6 (C=0); FAB-HRMS m/z calcd for
CysHes015Si (M+H)™ 829.4195, found 829.4153. Anal.

Calcd for C44Hg4043Si: C, 63.74; H, 7.78. Found: C, 63.59;
H, 7.79.

4.5. Internal ketalization

4.5.1. 5-Ethyl 3,4-dimethyl [1S,1(4R,5R),3S,4S,5R,6R,
7R]-1-(4-benzyloxy-5-methyl-6-phenylhexyl)-4,6,7-tri-
hydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxy-
late (59). A solution of ketone 58 (95 mg, 0.115 mmol) in
90% aqueous trifluoroacetic acid (10 mL) was stirred at
room temperature for 15h. The reaction mixture was
evaporated in vacuo, and the crude product was concen-
trated from toluene (2X20mL) to remove residual
trifluoroacetic acid. Purification of the residue by column
chromatography (silica gel 10g, 1:1—1:2 n-hexane/
AcOEt) afforded bicyclic compound 59 (49.5 mg, 68%) as
a colorless oil, along with ketone 60 (4.9 mg, 7%) as a
colorless oil: [a]3! +3.30 (¢ 3.0, acetone); IR (film) 3493,
2975, 2870, 1748, 1495, 1441, 1373, 1279, 1117, 958, 833,
747 cm™'; '"H NMR (500 MHz, CDCl3) 6 0.84 (d, J=
6.9 Hz, 3H, C5'-CHs3), 1.27 (t, J=7.1 Hz, 3H, CO,CH,-
CH3), 1.52-1.75 (m, 4H, C2'-H,, C3/-H,), 1.90-2.00 (m,
2H, Cl'-H,), 2.07 (m, 1H, C5'-H), 2.31 (dd, J=10.0,
13.2 Hz, 1H, C6'-H), 2.90 (dd, J=4.4, 13.2 Hz, 1H, C6'-
H), 3.15 (br s, 1H, OH), 3.26-3.40 (m, 2H, OH, C4'-H),
3.72 (s, 3H, CO,CH3;), 3.83 (s, 1H, C4-OH), 3.89 (s, 3H,
CO,CH3), 4.13 (m, 1H, C7-H), 4.25 (q, J=7.1 Hz, 2H,
CO,CH,CH3;), 4.55 (d, J=11.7 Hz, 1H, OCHPh), 4.58 (d,
J=11.7 Hz, 1H, OCHPh), 5.06 (m, 1H, C6-H), 5.18 (s, 1H,
C3-H), 7.11 (m, 2H, ArH), 7.17 (m, 1H, ArH), 7.22-7.31
(m, 3H, ArH), 7.31-7.41 (m, 4H, ArH); '3C NMR
(125.8 MHz, CDCl3) 6 14.0 (CHj), 14.7 (CHj), 19.6
(CH,), 29.7 (CH,), 35.2 (CH,), 37.7 (CH), 38.3 (CH,),
52.6 (CH3), 53.5 (CH3), 62.5 (CH,), 71.6 (CH,), 74.8 (C),
75.5 (CH), 78.4 (CH), 82.2 (CH), 82.5 (CH), 91.1 (C), 106.4
(©), 125.7 (CH), 127.6 (CH), 127.9 (CH), 128.2 (CH), 128.4
(CH), 129.1 (CH), 138.9 (C), 141.6 (C), 166.4 (C=0),
167.2 (C=0), 169.9 (C=0); FAB-HRMS m/z calcd for
C33H4301, M+H) ™" 631.2754, found 631.2758.

Data for 5-ethyl 3,4-dimethyl [18S,1(4R,5R),3S,4S,5R]-1-(4-
benzyloxy-5-methyl-6-phenylhexyl)-4-hydroxy-7-oxo-2,8-
dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylate (60). IR
(CHCls) 3543, 1772, 1741, 1263, 1228, 1150cm ™ '; 'H
NMR (500 MHz, CDCls) 6 0.85 (d, J=6.9 Hz, 3H, C5'-
CH;), 1.30 (t, J=7.2 Hz, 3H, CO,CH,CH;), 1.40-1.69 (m,
4H, C2'-H,, C3'-H,), 1.93 (m, 1H, C1'-H), 1.97-2.07 (m,
2H, C1'-H, C5'-H), 2.34 (dd, J=9.7, 13.3 Hz, 1H, C6'-H),
2.68 (d, J=18.8 Hz, 1H, C6-H), 2.88 (dd, J=4.4, 13.3 Hz,
1H, C6'-H), 3.31 (m, 1H, C4'-H), 3.55 (d, J=18.8 Hz, 1H,
C6-H), 3.75 (s, 3H, CO,CH3), 3.90 (s, 1H, C40H), 3.91 (s,
3H, CO,CH3), 4.28 (dq, J=10.7, 7.2 Hz, 1H, CO,CHCHs;),
4.30 (dq, J=10.7, 7.2 Hz, 1H, CO,CHCH3), 4.54 (s, 2H,
OCH,Ph), 4.88 (s, 1H, C3-H), 7.10-7.40 (m, 10H, ArH);
13C NMR (125.8 MHz, CDCl3) ¢ 13.9 (CH3), 14.5 (CH3),
18.9 (CH,), 30.3 (CH,), 31.3 (CH,), 37.8 (CH), 38.7 (CH,),
41.7 (CH3), 52.9 (CH3), 53.7 (CH3), 62.8 (CH,), 71.6 (CH,),
74.9 (C), 75.8 (CH), 82.2 (CH), 83.8 (C), 101.9 (C), 125.7
(CH), 127.4 (CH), 127.7 (CH), 128.2 (CH), 128.3 (CH),
128.4 (CH), 129.1 (CH), 139.2 (C), 141.6 (C), 166.3
(C=0), 166.8 (C=0), 169.4 (C=0), 205.4 (C=0); FAB-
HRMS m/z calcd for C33Hy, 01y (M+H) ™ 613.2649, found
613.2653.
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4.5.2. Isolation of the cyclization intermediates 62 and
63. Aqueous trifluoroacetic acid (90%, 5 mL) was added to
ketone 58 (113 mg, 0.136 mmol) at 0 °C. After stirring at
room temperature for 10 min, the reaction mixture was
diluted with toluene (10 mL) and evaporated in vacuo. The
residue was azeotropically dried with toluene (2X 10 mL)
and purified by flash column chromatography (silica gel
7.5g, 4:1—-2:1>1:1—1:2 n-hexane/AcOEt) to give
hydroxyketone 62 (55 mg, 53%) and hemiketal 63 (28 mg,
29%) as white foams.

Data for 3-ethyl 1,2-dimethyl (1S,25,3R,4R,5R,10R,11R)-
10-benzyloxy-4,5-(diethylmethylenedioxy)-1,2-(dimethyl-
methylenedioxy)-3-hydroxy-11-methyl-6-oxo-12-phenyl-
dodecane-1,2,3-tricarboxylate (62). [c\c]zD6 —527 (¢ 1.1,
CHCly); IR (film) 3472, 2942, 1732, 1454, 1375, 1254,
1096, 932, 741 cm ™ '; "H NMR (270 MHz, CDCl5) 6 0.85
(d, J=6.6 Hz, 3H, C5'-CH>), 0.88 (t, J=7.3 Hz, 6H, 2X
pentylidene CH3), 1.33 (t, J=7.3 Hz, 3H, CO,CH,CH;),
1.53 (s, 3H, acetonide CH3), 1.65 (s, 3H, acetonide CH3),
1.50-1.80 (m, 8H, 2 X pentylidene CH,, C2'-H,, C3'-H,),
2.04 (m, 1H, C5'-H), 2.33 (dd, J=9.9, 13.2 Hz, 1H, C6'-
H), 2.68 (t, J=6.6 Hz, 2H, Cl'-H,), 2.89 (dd, J=5.3,
13.2 Hz, 1H, C6'-H), 3.30 (m, 1H, C4'-H), 3.736 (s, 3H,
CO,CHs;), 3.743 (s, 3H, CO,CHs3), 4.13 (s, 1H, OH), 4.26—
4.37 (m, 2H, CO,CH,CH3), 4.49 (d, J=6.6 Hz, 1H, C6-H),
4.55 (s, 2H, OCH,Ph), 4.83 (d, J=6.6 Hz, 1H, C7-H), 5.58
(s, 1H, C3-H), 7.11 (m, 2H, ArH), 7.18 (m, 1H, ArH), 7.22—
7.33 (m, 3H, ArH), 7.34-7.40 (m, 4H, ArH); '>C NMR
(67.8 MHz, CDCl3) 6 7.9 (CH3), 8.4 (CHy), 13.7 (CHy),
14.4 (CH3), 19.7 (CH,), 26.6 (CH3), 26.8 (CH3), 29.09
(CH,), 29.15 (CH,), 29.9 (CH,), 37.8 (CH), 38.7 (CH,),
39.7 (CH,), 52.4 (CH3), 52.6 (CH3), 62.9 (CH,), 71.6 (CH,),
76.7 (CH), 79.0 (CH), 79.2 (C), 81.0 (CH), 82.3 (CH), 90.7
(©), 114.0 (C), 116.0 (C), 125.6 (CH), 127.4 (CH), 127.6
(CH), 128.2 (CH), 128.3 (CH), 129.1 (CH), 139.1 (C), 141.5
(©), 169.1 (C=0), 170.0 (C=0), 170.1 (C=0), 208.5
(C=0); FAB-HRMS m/z calcd for C4;Hs;0;3 (M+H)™"
757.3799, found 757.3790.

Data for dimethyl {4S,4[2R,3R,4R,5(4R,5R)],5S}-4-[5-(4-
benzyloxy-5-methyl-6-phenylhexyl)-2-ethoxycarbonyl-3,4,
S-trihydroxytetrahydrofuran-2- yl 1-2,2-dimethyl-1,3-dioxo-
lane-4,5-dicarboxylate (63). [a]D +16.5 (¢ 1.0, CHCl3); IR
(CHCl5) 3543, 3028, 2955, 1738, 1439, 1373, 1260, 1109,
1055 ecm™'; '"H NMR (500 MHz, CDCl;) 6 0.87 (d, J=
6.9 Hz, 3H, C5'-CH5), 1.26 (t, J=7.1 Hz, 3H, CO,CH,-
CHs>), 1.45 (s, 3H, acetonide CH3), 1.51-1.76 (m, 4H, C2'—
H,, C3'-H,), 1.66 (s, 3H, acetonide CH), 1.88-2.03 (m,
2H, Cl1'-H,), 2.10 (m, 1H, C5'-H), 2.30 (dd, J=9.9,
13.2 Hz, 1H, C6'-H), 2.52 (d, J=8.2 Hz, 1H, C7-OH), 2.92
(dd, J=4.5, 13.2 Hz, 1H, C6'-H), 3.38 (m, 1H, C4'-H),
3.68 (d, J=2.6 Hz, 1H, C6-0OH), 3.77 (s, 3H, CO,CH;),
3.83 (s, 3H, CO,CHs), 4.09 (s, 1H, C1-OH), 4.11-4.19 (m,
2H, C7-H, CO,CHCHj), 4.25 (dq, J=10.9, 7.1 Hz, 1H,
CO,CHCHy;), 4.52 (d, J=11.7 Hz, 1H, OCHPh), 4.62 (d,
J=11.7 Hz, 1H, OCHPh), 4.73 (dd, /=2.6, 8.7 Hz, 1H,
C6-H), 5.37 (s, 1H, C3-H), 7.12 (m, 2H, ArH), 7.19 (m, 1H,
ArH), 7.22-7.40 (m, 7H, ArH); >C NMR (67.8 MHz,
CDCl5) 6 14.0 (CH3), 14.7 (CH3), 19.8 (CH,), 26.5 (CH3),
26.9 (CH3), 30.0 (CH,), 37.8 (CH), 38.1 (CH,), 38.3 (CH,),
52.8 (CH3), 53.2 (CH3), 61.9 (CH,), 71.7 (CH,), 77.1 (CH),
78.2 (CH), 79.0 (CH), 82.9 (CH), 87.7 (C), 89.0 (C), 102.2

(C), 114.1 (C), 125.7 (CH), 127.6 (CH), 127.8 (CH), 128.2
(CH), 128.4 (CH), 129.0 (CH), 138.7 (C), 141.5 (C), 169.3
(C=0), 169.5 (C=0), 173.7 (C=0); FAB-HRMS m/z
caled for CagHi0,3 (M+H) ™ 689.3173, found 689.3198.

4.6. Completion of the total synthesis

4.6.1. Tri(tert-butyl) [1S,1(4R,5R),3S,4S,5R,6R,7R]-1-(4-
benzyloxy-5-methyl-6-phenylhexyl)-4,6,7-trihydroxy-2,
8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylate (64). A
1 N aqueous KOH (1.5 mL, 1.5 mmol) was added to a
solution of triester 59 (49 mg, 0.078 mmol) in 1,4-dioxane
(3 mL), and the whole was heated at 100 °C for 24 h. After
cooling, 1 N aqueous HCl (2 mL) was added, and the
mixture was evaporated in vacuo. The crude mixture thus
obtained was suspended in CH,Cl, (5mL), and N,N'-
diisopropyl-O-tert-butylisourea (505 mg, 2.53 mmol) was
added. After stirring at room temperature for 24 h, the
mixture was filtered through a Celite pad, and the filtrate
was evaporated in vacuo. Purification of the residue by
column chromatography (silica gel 8 g, 3:2— 1:1 n-hexane/
AcOEt) afforded trl(tert butyl) ester 64 (23 mg, 40%) as a
colorless oil: [a]D —2.90 (c 1.5, EtOH); IR (film) 3486 (br)
2932, 1732, 1456, 1370, 1157, 843, 739, 700 cm™'; 'H
NMR (500 MHz, CDCl5) 6 0.85 (d, J=6.8 Hz, 3H, C5'-
CHs3), 1.44 (s, 9H, CO,C(CHj3)3), 1.48 (s, 9H, CO,C(CH3)3),
1.52-1.73 (m, 4H, C2'-H,, C3'-H,), 1.59 (s, 9H,
CO,C(CH5)3), 1.86-1.99 (m, 2H, C1'-H,), 2.05 (m, 1H,
C5'-H), 2.35 (dd, J=9.7, 13.3 Hz, 1H, C6'-H), 2.50 (br s,
2H, 2X OH), 2.88 (dd, J=4.8, 13.3 Hz, 1H, C6'-H), 3.32
(m, 1H, C4'-H), 3.90 (s, 1H, C4-OH), 4.07 (br s, 1H, C7-
H),4.55 (d, J=11.8 Hz, 1H, OCHPh), 4.56 (d, J=11.8 Hz,
1H, OCHPh), 4.92 (s, 1H, C3-H), 5.02 (br s, 1H, C6-H),
7.11(d, J=7.3 Hz, 2H, ArH), 7.17 (t, J=7.3 Hz, 1H, ArH),
7.23-7.31 (m, 3H, ArH), 7.32-7.41 (m, 4H, ArH); >*C NMR
(125.8 MHz, CDCl;) ¢ 14.5 (CH3), 19.6 (CH,), 28.0 (CHj3),
28.1 (CH3), 28.2 (CH3), 29.9 (CH,), 35.4 (CH»), 37.7 (CH),
38.7 (CH,), 71.6 (CH,), 74.3 (C), 75.1 (CH), 78.8 (CH),
82.1 (CH), 82.4 (CH), 83.1 (C), 84.2 (C), 85.0 (C), 91.2 (C),
105.2 (C), 125.6 (CH), 127.5 (CH), 127.9 (CH), 128.2 (CH),
128.3 (CH), 129.1 (CH), 139.1 (C), 141.7 (C), 165.9
(C=0), 166.5 (C=0), 168.5 (C=0); FAB-HRMS m/z
caled for C4Hs90, (M+H) ™" 743.4007, found 743.3984.

4.6.2. Tri(tert-butyl) [1S,1(4R,5R),3S,4S,5R,6R,7R]-4,6,7-
trihydroxy-1-(4-hydroxy-5-methyl-6-phenylhexyl)-2,8-
dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylate (65).
Palladium on carbon (10%, 28.6 mg) was added to a
solution of benzyl ether 64 (57.7 mg, 0.077 mmol) in MeOH
(2 mL), and the mixture was vigorously stirred under 1 atm
of hydrogen for 17 h. The catalyst was filtered through a
Celite pad, and the filtrate was evaporated in vacuo.
Purification of the residue (55.1 mg) by column chroma-
tography (silica gel 8g, 1:1—1:2 n- hexane/AcOEt)
afforded tetraol 65 (46 mg, 90%) as a white foam: [a]D
+4.69 (c 1.3, EtOH); IR (film) 3481 (br), 2980, 2932, 1732,
1370, 1262, 1155, 739, 702 cm™'; 'H NMR (500 MHz,
CDCl3) 6 0.84 (d, J=6.8 Hz, 3H, C5'-CH3), 1.44 (s, 9H,
CO,C(CH3)3), 1.48 (s, 9H, CO,C(CH3);), 1.50-1.85 (m,
4H, C2'-H,, C3'-H,), 1.59 (s, 9H, CO,C(CH3)3), 1.86-2.03
(m, 3H, C1'-H,, C5'-H), 2.41 (dd, J=9.0, 13.3 Hz, 1H,
C6'-H), 2.80 (dd, J=5.9, 13.3 Hz, 1H, C6'-H), 3.10 (br s,
1H, OH), 3.50-3.60 (m, 2H, C4-H, OH), 3.99 (s, 1H,
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C4-OH), 4.14 (br s, 1H, C7-H), 4.97 (s, 1H, C3-H), 5.01 (br
s, 1H, C6-H), 7.13-7.20 (m, 3H, ArH), 7.23-7.29 (m, 2H,
ArH); >C NMR (125.8 MHz, CDCl;) 6 11.4 (CH3), 19.7
(CH,), 28.0 (CHs), 28.1 (CH3), 28.2 (CH3), 33.9 (CH,), 35.1
(CH,), 39.8 (CH,), 40.6 (CH), 74.2 (CH), 74.3 (C), 75.1
(CH), 78.8 (CH), 82.5 (CH), 83.4 (C), 84.2 (C), 85.0 (C),
91.3 (C), 105.3 (C), 125.7 (CH), 128.2 (CH), 129.2 (CH),
141.2 (C), 166.2 (C=0), 166.4 (C=0), 168.7 (C=0);
FAB-HRMS m/z caled for C3,Hs30,, M+H) T 653.3537,
found 653.3527.

4.6.3. Tri(tert-butyl) [1S,1(4R,5R),35,4S,5R,6R,7R]-6,7-
diacetoxy-1-(4-acetoxy-5-methyl-6-phenylhexyl)-4-
hydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxyl-
ate (66). To a solution of tetraol 65 (45.7 mg, 0.070 mmol) in
CH,Cl, (SmL) at 0°C was added 4-N,N-dimethylamino-
pyridine (86 mg, 0.705 mmol) followed by addition of
acetic anhydride (0.035 mL, 0.37 mmol). After stirring at
0°C for 30 min, the reaction was quenched with 1N
aqueous KH,PO, (5 mL) and the mixture was extracted
with 10:1 Et;O/n-hexane (11 mL). The organic extract was
washed with brine (2X4 mL) and dried over anhydrous
Na,SO,. Filtration and evaporation in vacuo furnished the
crude product (59.8 mg), which was purified by column
chromatography (silica gel 5 g, 7:3 n-hexane/AcOEt) to
give triacetate 66 (54 mg, quant.) as a white foam: [oz]zD1
+17.6 (¢ 091, CH,CL) [lit*® [alp +69.9 (¢ 0.29,
CH,Cl,)]; IR (film) 3453 (br), 2978, 2934, 1759, 1732,
1477, 1456, 1372, 1236, 1154, 1119, 1040, 702 cm ™ '; 'H
NMR (500 MHz, CDCl5) 6 0.84 (d, J=6.8 Hz, 3H, C5'-
CH;), 1.460 (s, 9H, CO,C(CH3)3), 1.464 (s, 9H,
CO,C(CH5)3), 1.51-1.71 (m, 4H, C2'-H,, C3'-H,), 1.62
(s, 9H, CO,C(CHs)3), 1.88-2.12 (m, 3H, C1'-H,, C5'-H),
2.05 (s, 3H, COCHs), 2.07 (s, 3H, COCHs;), 2.15 (s, 3H,
COCHS,), 2.30 (dd, J=9.7, 13.4 Hz, 1H, C6'-H), 2.76 (dd,
J=49,13.4 Hz, 1H, C6'-H), 4.07 (s, 1H, C4-OH), 4.88 (m,
1H, C4'-H), 4.88 (s, 1H, C3-H), 5.09 (d, J=1.8 Hz, 1H,
C7-H), 6.34 (d, J=1.8 Hz, 1H, C6-H), 7.13 (m, 2H, ArH),
7.17 (m, 1H, ArH), 7.23-7.31 (m, 2H, ArH); >C NMR
(125.8 MHz, CDCl5) o 14.3, 20.1, 20.5, 20.7, 21.1, 28.4,
28.5, 32.3, 36.5, 39.7, 40.6, 75.6, 76.9, 77.9, 81.6, 85.0,
85.4, 86.4, 91.2, 105.6, 127.0, 129.3, 130.2, 142.0, 165.6,
167.4,168.8,170.2, 171.1, 173.0; FAB-HRMS m/z calcd for
C4oHso015 M+H) ™ 779.3853, found 779.3823.

4.6.4. Tri(tert-butyl) [15,1(4R,5R),3S,4S,5R,6R,7R]-1-(4-
acetoxy-5-methyl-6-phenylhexyl)-4,6,7-trihydroxy-2,8-
dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylate (3). A
0.2% solution of potassium carbonate in MeOH (1.5 mL)
was added to triacetate 66 (50.7 mg, 0.065 mmol) at 0 °C.
After stirring at room temperature for 1 h, the reaction was
quenched with 0.3 N aqueous KH,PO, (1 mL), and the
whole was partitioned between AcOEt (10 mL) and brine
(4 mL). The organic layer was washed with brine (4 mL)
and dried over anhydrous Na,SO,. Filtration and evapor-
ation in vacuo followed by column chromatography (silica
gel 5 g, 3:2 n-hexane/AcOEt) afforded triol 3 (42.5 mg,
94%) as a white foam: [a]f +7.58 (¢ 1.0, CH,Cly); IR
(film) 3482, 2980, 2932, 1733, 1456, 1393, 1372, 1258,
1156, 965, 845,701 cm ™~ '; "H NMR (500 MHz, CD;0D) ¢
0.87 (d, J=6.9Hz, 3H, C5-CHj;), 1.45 (s, 9H,
CO,C(CH3)3), 1.46 (s, 9H, CO,C(CH3)3), 1.52-1.65 (m,
2H, C2'-H,), 1.60 (s, 9H, CO,C(CH3)3), 1.66—1.75 (m, 2H,

C3/-H,), 1.79-1.93 (m, 2H, C1'-H,), 2.05 (m, 1H, C5'-H),
2.06 (s, 3H, COCHs), 2.36 (dd, J=9.1, 13.4 Hz, 1H, C6/-
H), 2.74 (dd, J=5.6, 13.4 Hz, 1H, C6'-H), 4.00 (d, J=
1.8 Hz, 1H, C7-H), 4.87 (m, 1H, C4'-H), 496 d, J=
1.8 Hz, 1H, C6-H), 4.97 (s, 1H, C3-H), 7.12-7.18 (m, 3H,
ArH), 7.21-7.27 (m, 2H, ArH); *C NMR (125.8 MHz,
CD;0D) ¢ 14.2, 20.1, 21.1, 28.4, 28.5, 28.7, 32.5, 36.6,
39.5, 40.6, 76.0, 76.8, 78.3, 79.9, 84.2, 84.3, 84.5, 93.2,
106.4, 126.9, 129.3, 130.2, 142.0, 167.4, 168.3, 169.8,
173.0; FAB-HRMS m/z caled for CigHssOp3 (M+H)™
695.3643, found 695.3670.

4.6.5. Tri(tert-butyl) [1S,1(4R,5R),35,4S,5R,6R,7R]-1-(4-
acetoxy-5-methyl-6-phenylhexyl)-7-(tert-butoxycarbonyl)
oxy-4,6-dihydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-
tricarboxylate (67). A 0.1 M solution of di-fert-butyl
dicarbonate in CH,Cl, (0.84 mL, 0.084 mmol) was added
to a solution of triol 3 (14.5 mg, 0.0209 mmol), 4-pyrroli-
dinopyridine (4.9 mg, 0.033 mmol) and Et;N (12 pL,
0.086 mmol) in CH,Cl, (2.5 mL) at 0 °C. After stirring at
0 °C for 12 h, the mixture was diluted with 1:1 n-hexane/
Et;,0 (12 mL) and quenched with 1 M aqueous K,HPO,
(3 mL). The layers were separated, and the organic layer
was washed with brine (3 mL) and dried over anhydrous
Na,SQ,. Filtration and evaporation in vacuo followed by
column chromatography (silica gel 8 g, 3:1 n-hexane/
AcOEt) afforded tert-butyl carbonate 67 (11.8 mg, 71%)
as a colorless foam: [oz]zD1 +23.8 (c 0.59, EtOH) [lit. [a]p
+43.3 (¢ 025, CH,CL,),* [a]y +25.8 (c 0.47,
CH,CL)''"]; IR (film) 3459 (br), 2980, 2933, 1733, 1456,
1395, 1371, 1278, 1257, 1159, 1121, 967, 845, 743 cm ™ ';
"H NMR (500 MHz, CDCl5) 6 0.84 (d, J=6.9 Hz, 3H, C5'—
CH,), 1.45 (s, 9H, CO,C(CHs3)3), 1.49 (s, 9H, CO,C(CH>)3),
1.50 (s, 9H, CO,C(CH3)3), 1.58 (s, 9H, CO,C(CH3)3), 1.54—
1.73 (m, 4H, C2'-H,, C3'-H,), 1.87-2.12 (m, 3H, C1'-H,,
C5'-H), 2.06 (s, 3H, COCH3), 2.31 (dd, J=9.6, 13.4 Hz,
1H, C6'-H), 2.75 (dd, J=4.9, 13.4 Hz, 1H, C6'-H), 2.85 (d,
J=3.5Hz, 1H, C6-0OH), 3.94 (s, 1H, C4-OH), 4.64 (d, J=
1.8 Hz, 1H, C7-H), 4.72 (s, 1H, C3-H), 4.88 (s, 1H, C4'-H),
5.11 (brs, 1H, C6-H), 7.13 (m, 2H, ArH), 7.17 (m, 1H,
ArH), 7.23-7.29 (m, 2H, ArH); '*C NMR (125.8 MHz,
CDCly) 6 13.8, 18.9, 21.2, 27.7, 27.79, 28.04, 28.1, 30.9,
35.5, 37.9, 39.4, 74.0, 75.3, 76.9, 77.0, 83.2, 83.8, 84.0,
85.0, 85.5, 90.7, 103.8, 125.8, 128.2, 129.1, 140.7, 153.7,
165.2, 165.8, 168.5, 170.9; FAB-HRMS m/z calcd for
C4]H62015Na (M+Na)+ 8173986, found 817.3989.

4.6.6. Tri(tert-butyl) [1S,1(4R,5R),35,4S5,5R,6R,6(4E,6R),
7R]-1-(4-acetoxy-5-methyl-6-phenylhexyl)-7-(tert-
butoxycarbonyloxy)-4-hydroxy-6-(6-methyl-9-phenyl-4-
nonenoyl)oxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricar-
boxylate (68). DCC (31 mg, 0.150 mmol) was added to a
solution of carboxylic acid 2 (37 mg, 0.150 mmol) in
CH,Cl, (1.5 mL), and the mixture was stirred at room
temperature for 15 min. The solution of DCC—carboxylic
acid 2 in CH,»Cl, (0.5 mL) was added to a solution of diol 67
(11.8 mg, 0.0149 mmol) and DMAP (14.5 mg, 0.119 mmol)
in CH,Cl, (2 mL). After stirring at room temperature for
48 h, the reaction was quenched with saturated aqueous
NaHCO; (6 mL), and the whole was extracted with 3:1
Et,O/n-hexane (8 mL). The organic extract was washed
successively with saturated aqueous NaHCO;5; (3 mL) and
brine (3 mL), and dried over anhydrous Na,SO,. Filtration
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and evaporation in vacuo followed by column chromato-
graphy (silica gel 8 g, 5:1 n-hexane/AcOEt) afforded ester
68 (13.7 mg, 90%) as a colorless oil: [ +8.4 (c 0.38,
CH,CL,) [lit. [a]p +8.5 (¢ 0.27, CH,Cl,),*® [a]5 +9.0 (¢
0.27, CH,C1L,)''™®); IR (film) 3452 (br), 2978, 2932, 1748,
1456, 1395, 1372, 1281, 1256, 1159, 1119, 700 cm ™~ '; 'H
NMR (500 MHz, CDCls) 6 0.83 (d, J=6.8 Hz, 3H, C5'—
CHs), 0.93 (d, J=6.7Hz, 3H, C6"-CH5), 1.29 (q, J=
7.7 Hz, 2H, C7"-H,), 1.44 (s, 9H, CO,C(CHs)3), 1.45 (s,
9H, CO,C(CHs)3), 1.47 (s, 9H, CO,C(CHs)3), 1.61 (s, 9H,
CO,C(CH5)3), 1.50-1.72 (m, 6H, C2'-H,, C3'-H,, C8'—
H,), 1.89-2.13 (m, 4H, C1'-H,, C5'-H, C6"-H), 2.04 (s,
3H, COCHs), 2.24-2.43 (m, 5H, C6'-H, C2"-H,, C3"-H,),
2.57 (t, J=7.7 Hz, 2H, C9"-H,), 2.76 (dd, J=4.7, 13.4 Hz,
1H, C6/-H), 4.06 (s, 1H, C4-OH), 4.86 (d, J=1.7 Hz, 1H,
C7-H), 4.87 (m, 1H, C4'-H), 4.91 (s, 1H, C3-H), 5.28-5.40
(m, 2H, C4"-H, C5"-H), 6.40 (d, J=1.7 Hz, 1H, C6-H),
7.10-7.20 (m, 6H, ArH), 7.23-7.30 (m, 4H, ArH); '>*C NMR
(125.8 MHz, CDCls) 6 13.9, 18.9, 20.6, 21.2, 27.68, 27.71,
27.9, 28.0, 28.1, 29.2, 30.9, 34.1, 35.8, 36.1, 36.5, 36.6,
38.0, 39.4, 74.0, 75.3, 76.2, 77.0, 83.1, 83.3, 83.4, 83.9,
86.1, 89.8, 103.8, 125.6, 125.8, 126.1, 128.20, 128.23,
128.4, 129.1, 137.6, 140.8, 142.8, 152.4, 164.0, 165.6,
168.6, 170.7, 170.8; FAB-HRMS m/z calcd for
Cs7Hg,016Na (M +Na)* 1045.5500, found 1045.5450.

4.6.7. Zaragozic acid C (1). Trifluoroacetic acid (2.2 mL)
was added to a solution of compound 68 (13.5 mg,
0.0132 mmol) in CH,Cl, (6.5 mL). After stirring at room
temperature for 16 h, the mixture was evaporated in vacuo,
and the crude product was concentrated from toluene
(10 mL) to remove residual trifluoroacetic acid. Trituration
of the residue with petroleum ether provided zaragozic acid
C (1) (10.1 mg, quant.) as a white film: [a]5 +9.4 (c 0.30,
EtOH) [lit. [a]’ +9.6 (c 0.29, EtOH)," [a]p +9.0 (¢ 0.23,
EtOH),* [a]3" +9.6 (¢ 1.0, EtOH)'']; IR (film) 3453 (br),
2928, 1732, 1495, 1454, 1375, 1250, 1148, 1026, 970, 745,
700 cm™'; 'H NMR (500 MHz, CD;OD) 6 0.86 (d, J=
6.8 Hz, 3H, C5'-CH3), 0.93 (d, J=6.7 Hz, 3H, C6"-CH;),
1.19-1.37 (m, 2H, C7"-H,), 1.50-1.64 (m, 4H, C2'-H,,
C8"-H,), 1.64-1.73 (m, 2H, C3'-H,), 1.82-1.94 (m, 2H,
Cl1'-H,), 1.97-2.12 (m, 2H, C5'-H, C6"-H), 2.05 (s, 3H,
COCH,), 2.22-2.30 (m, 2H, C3"-H,), 2.30-2.39 (m, 3H,
C6'-H, C2"-H,), 2.50-2.61 (m, 2H, C9"-H,), 2.73 (dd, J=
5.6, 13.3 Hz, 1H, C6'-H), 4.00 (d, J=1.6 Hz, 1H, C7-H),
4.90 (m, 1H, C4'-H), 5.22 (s, 1H, C3-H), 5.31 (dd, J=17.6,
153 Hz, 1H, C5"-H), 5.37 (dt, J=15.3, 6.2 Hz, 1H,
C4"-H), 6.23 (br s, 1H, C6-H), 7.09-7.17 (m, 6H, ArH),
7.19-7.27 (m, 4H, ArH); >*C NMR (125.8 MHz, CD;0D) 6
14.3, 20.2, 21.1, 21.3, 28.8, 30.5, 32.5, 35.4, 36.3, 36.9,
37.6, 37.8, 39.7, 40.5, 75.7, 76.7, 78.2, 81.3, 82.3, 91.1,
107.2, 126.6, 126.9, 127.6, 129.26, 129.28, 129.4, 130.2,
138.8, 142.0, 143.9, 168.7, 170.3, 172.6, 173.1, 173.2; FAB-
HRMS m/z caled for CqoHsoO4Na (M+Na)™ 777.3098,
found 777.3049.
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Abstract—The manganese(IIl)-catalyzed aerobic oxidation of 2,4-piperidinediones was performed in the presence of alkenes at room
temperature, producing 1-hydroxy-8-aza-2,3-dioxabicyclo[4.4.0]decan-7-ones in excellent yields. On the other hand, the 6-acetoxy-3-aza-7-
oxabicyclo[4.3.0]nonan-2-ones were obtained by the oxidation of the 2,4-piperidinedione-3-carboxylates with manganese(III) acetate in the
presence of alkenes at elevated temperature under an argon atmosphere. A similar oxidation using decarboxylated 2,4-piperidinediones
produced the 2,3,6,7-tetrahydrofuro[3,2-c]pyridin-4(5H)-ones and/or 2,3,6,7-tetrahydrofuro[2,3-b]pyridin-4(5H)-ones in good yields. The
structure determination and the decomposition reaction of the azabicyclic peroxides in acetic acid or acetic anhydride, and the reaction

pathway were also described.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The 1,2-dioxane scaffold containing nitrogen heterocycles
is important in nature as a metabolite and biologically active
substance." The structure sometimes appears as an
intermediate during respiration, digestion, and detoxifica-
tion in animals.” Some plants also produce 1,2-dioxane
derivatives in order to protect themselves and their
territory.” These cyclic peroxides are labile and have potent
activities toward cells.* Therefore, the synthesis of the
peroxide framework has attracted considerable attention
from the viewpoint of the development of new antibiotics in
spite of its instability.

In recent years, our research group has developed various
manganese(IIl)-based oxidations.’ The characteristics of the
oxidation is that manganese(IIl) acetate can readily undergo
a ligand exchange with 1,3-dicarbonyl compounds in acetic
acid to generate the manganese(IIl)-enolate complex in situ,
followed by the one-electron oxidation from electron-rich
carbon—carbon double bonds to manganese(IIl) to give the
corresponding carbon radicals.® When the reaction was
carried out at ambient temperature in air, the carbon radicals
take up the dissolved molecular oxygen in acetic acid to

Keywords: Endoperoxides; Aerobic oxidation; Manganese(III) acetate; 2,4-
Piperidinediones; Tetrahydrofuropyridinones.
* Corresponding author. Tel./fax: 481 96 342 3374;

e-mail: nishino@sci.kumamoto-u.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.029

selectively produce cyclic peroxides.’ In contrast, when the
reaction was conducted at reflux temperature under an argon
atmosphere, the carbon radicals were oxidized by the
manganese(IIl) species followed by intramolecular cycliza-
tion to give dihydrofuran derivatives.” In a continuation of
our studies,’ we have investigated the manganese(III)-based
oxidation using 2,4-piperidinedione derivatives in the hope
of developing a new azadioxabicyclic framework such as an
antimalarial analogue® and furopyridinones having anti-
fungal and antibacterial activities.” Herein, we report the
successful one-pot synthesis of 1-hydroxy-8-aza-2,3-dioxa-
bicyclo[4.4.0]decan-7-ones and furo[3,2-c]pyridin-4(2H)-
one derivatives using simple alkenes both at ambient
temperature in air and at reflux temperature under an
argon atmosphere.'’

2. Results and discussion
2.1. Preparation of 2,4-piperidinedione derivatives

First of all, we prepared the 2,4—Piperidinedione derivatives
2a-m according to the literature.'' The alkyl 2,4-piperidine-
dione-3-carboxylates 2a—g were synthesized by the Michael
addition of alkyl acrylates with primary amines followed by
condensation with alkyl malonyl chlorides and subsequent
Dieckmann condensation in the presence of sodium
ethoxide.!' The obtained piperidinediones 2a-g were
confirmed as the enol form, 4-hydroxy-5,6-dihydro-1H-
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4 0 3 1 R4O 3
R Rﬁ\l,n cat. Mn(OAc)s R%,R
+ R2
\Ff HO | air, r.t., AcOH O\O
OH
1a-l 2a-m 3
1a :R'=R2="Ph 2a : R3=Bn, R* = CO,Et 3aa : R' = R2 = Ph, R® = Bn, R* = CO,Et
1b : R' = R% = 4-Me-CgH,4 2b : R% = Me, R* = CO,Et 3ba : R' = R% = 4-Me-CgH4, R® = Bn, R* = CO,Et
1c : R' = RZ = 4-MeO-CgH, 2¢ : R® = Et, R* = CO,Et 3ca:R'= R2 4-MeO-CgH,, R® = Bn, R* = CO,Et
1d : R' = R2 = 4-CI-CgH,4 2d : R® = Pr, R* = CO,Et 3da: R' = R2 = 4-CI-CgH4, R® = Bn, R* = CO,Et
1e : R' = R2=4-F-CgHy 2e :R3®=jPr,R*=CO,Et 3ea:R'= R2 4-F-CgHg4, R® = Bn, R* = CO,Et
1f :R'=Ph, RZ=Me 2f : R®=Ph, R* = CO,Et 3fa : R' = Ph, R? = Me, R® = Bn, R* = CO,Et
1g : R' = 4-Me-CgHy, R =Me 2g : R®=Bn, R*=CO,Pr-i  3ga: R'=4-Me-CgHy, R? = Me, R® = Bn, R* = CO,E!
1h :R'=4-Cl-CgHs, R*=Me 2h:R3=Bn,R*=H 3ha : R' = 4-CI-CgHy4, R? = Me, R3 = Bn, R* = CO,Et
1i :R'=R%2=Et 2i :R3=Me, R*=H 3ia : R' = R2 = Et, R% = Bn, R* = CO,Et
1j :R'=R%2=Me 2j :R3=Et,R*=H 3ja : R'=R?=Me, R®=Bn, R* = CO,Et
1k : R'=Ph, R2=H 2k : R3=Pr,R*=H 3ka:R‘ Ph, R? = H, R® = Bn, R* = CO,Et
11 :R'=Heptyl, R2=H 2l :R3=jPr,R*=H 3la : R' = Heptyl, R2 = H, R® = Bn, R* = CO,Et
2m:R3=Ph, R*=H 3ab : R' = R2= Ph, R® = Me, R* = CO,Et

Et0,C §
4'MeO-CGH4)(\/ﬁ‘J\I,Bn
4-MeO-CgHy ©

OAc

4ca

Scheme 1.

pyridin-2-one-3-carboxylates, by a spectroscopic method. The
decarboxylation of 2a—g was carried out in a 10% aqueous
sulfuric acid solution at reflux temperature to provide the
corresponding 2.4-piperidinediones 2h-m, which exist as the
keto form.'™ The used alkenes la-1 and synthesized
piperidinediones 2a—m are shown in Scheme 1.

2.2. Manganese(III)-catalyzed aerobic oxidation of a
mixture of various alkenes 1a-1 and 2,4-piperidinediones
2a-m at room temperature

With alkenes 1a-1 and 2,4-piperidinediones 2a-m in hand, a
mixture of 1,1-diphenylethene (1a) (0.5 mmol) and ethyll-
benzyl-2,4-piperidinedione-3-carboxylate (2a) (1 mmol)
was initially allowed to react with manganese(IlI) acetate
(0.5 mmol) in glacial acetic acid (20 mL) at room
temperature in air, and the desired azabicyclic peroxide
3aa was obtained in 43% yield together with a complex
mixture of degraded material (Table 1, entry 1). The
reaction was then carried out using a catalytic amount of
manganese(IIl) acetate (0.15 mmol) until 1la was com-
pletely consumed. After chromatographic separation, only
one product 3aa was isolated and the best yield (88%) was
achieved (entry 2). In order to apply the catalytic reaction to
other various alkenes, a similar reaction of alkenes 1b-1
with 2a was investigated and the corresponding azabicyclic
peroxides 3 resulted in excellent to good yields except for

3ac : R' = R2 = Ph, R® = Et, R* = CO,Et
3ad : R'=R2 = Ph, R® = Pr, R* = COEt
3ae : R' = R2 = Ph, R® = j-Pr, R* = CO,Et
3af : R' = R2 = R3 = Ph, R* = CO,Et
3ag: R' = R2=Ph, R® = Bn, R* = COsPr-i
3ah:R'=R2=Ph,R%=Bn,R*=H
3bh: R' = R2 = 4-Me-CgH4, R®=Bn, R*=H
3ch:R'= R2 4-MeO-CgH,4, R®=Bn, R*=H
3dh: R'=R2=4-Cl-CgHy, R®=Bn, R*=H
3ai :R'= R2 Ph, R®=Me, R*=H

3aj :R'=R2=Ph, R®=Et,R*=H
3ak:R'=R2=Ph,R®=Pr,R*=H

3al :R'"=R2=Ph,R®=-Pr,R*=H

3am: R'=R2=R3=Ph,R*=H

1-nonene (11) (entries 3—13). Even after stirring the reaction
mixture for 21 h containing 1c, the azabicyclic peroxide 3ca
was produced only in 30% yield along with 1lc¢ being
recovered (33%). The use of a slight excess amount of
catalyst (1 equiv) then overcame the low yield (entry 4).
However, a small amount of by-product 4ca was also
formed (see vide infra). The use of other piperidinedione-3-
carboxylates 2b—g also gave cyclic peroxides 3 (entries 14—
19). In the case of 2c—e, a small amount of decarboxylated
cyclic peroxides 3aj, 3ak, and 3al were also isolated (entries
15-17). The reaction of the decarboxylated 2.,4-piperidine-
diones 2h-m was next examined. Although it needed longer
reaction times and slightly excess amounts of the catalyst to
consume the alkenes 1 in comparison with the reaction using
the 3-alkoxycarbonyl-substituted piperidinediones 2a—g, the
desired cyclic peroxides 3 were obtained in excellent to good
yields (entries 20-28). Surprisingly, small amounts of 2,3,6,7-
tetrahydrofuro[3,2-c]pyridin-4(5H)-ones 5 and/or 2,3,6,7-
tetrahydrofuro[2,3-b]pyridin-4(5H)-ones 6 were also isolated
as by-products (entries 21-27) (see vide infra).

2.3. Structure determination of azabicyclic peroxides 3

The obtained azabicyclic peroxides 3 were characterized by
a spectroscopic method and elemental analysis as well as
X-ray analysis. The *C NMR spectral peaks of the product
3aa at 6 96.6 (C-1) and 85.1 ppm (C-4) were assigned to the
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Table 1. Mn(IlI)-catalyzed aerobic oxidation of a mixture of various alkenes 1a-1 and 2,4-piperidinedioenes 2a—m

Entry Alkene 1 Piperidinedione 1:2:Mn(OAc); Reaction time Product (yield, %)*
2 (h)

1 1a 2a 1:2:1 8 3aa (43)

2 1a 2a 1:2:0.3 9 3aa (88)

3 1b 2a 1:2:0.3 9 3ba (85)

4 1c 2a 1:2:1 15 3ca (81) 4ca (11)

5 1d 2a 1:2:0.3 9 3da (74)

6 le 2a 1:2:0.5 10 3ea (71)

7 1f 2a 1:2:0.3 9 3fa (93)°

8 1g 2a 1:2:0.3 9 3ga (82)°

9 1h 2a 1:2:0.3 10 3ha (95)°

10 1i 2a 10:1:0.3 13.5 3ia (66)°

11 1j 2a Excess:2:0.3¢ 9 3ja (77)°

12 1k 2a 1:2:0.3 9 3ka (75)°

13 1 2a 1:2:0.3 9 3la (17)°

14 1a 2b 1:2:0.3 9 3ab (90)

15 1a 2¢ 1:2:0.3 9 3ac (82) 3aj (6)

16 la 2d 1:2:0.3 9 3ad (88) 3ak (4)

17 la 2e 1:2:0.3 9 3ae (78) 3al (5)

18 la 2f 1:2:0.3 15 3af (50)

19 1a 2g 1:2:0.3 12 3ag (93)

20 la 2h 1:2:0.3 18 3ah (99)

21 1b 2h 1:2:1 16 3bh (87) 5bh (12)

22 1c 2h 1:2:1 13.5 3ch (66) Sch (16)

23 1d 2h 1:2:1 16 3dh (77) 5dh (10) 6dh (8)

24 1a 2i 1:1.1:1 14 3ai (60)° 5ai (16)

25 1a 2j 1:2:1 14 3aj (81) 5aj (5)

26 la 2k 1:2:1 9 3ak (72) 5ak (8)

27 1a 21 1:2:1 18 3al (77) 5al (11) 6al (12)

28 1a 2m 1:2:1 30 3am (70)

The reaction of the alkene 1 (0.5 mmol) with 2,4-piperidinedione 2 was carried out in glacial acetic acid (20 mL) in the presence of manganese(IIl) acetate

dihydrate in air at room temperature except for entries 10 and 11.

 Isolated yield based on the amount of the alkene 1 used except for entries 10 and 11.

" Total yield of stereoisomers.

© The yield based on the amount of piperidinedione 2a used.
42-Methylpropene (1j) was bubbled through the reaction mixture.
¢ The alkene 1a was recovered in 18% yield.

characteristic peak of the 1,2-dioxan-3-ol ring system>°!?
together with an ester carbonyl, amide carbonyl (6 168.9 and
166.6 ppm), and quaternary carbon (C-6) at the ring
junction (6 55.9 ppm).” The 'H NMR spectrum of 3aa
indicated the presence of two sets of an AB quartet of
benzyl protons and H-5 methylene protons at 6 4.78 (1H, d,
J=15.03 Hz), 2.94 (1H, d, J=15.03 Hz), 3.80 (1H, d,
J=14.72 Hz), and 3.43 ppm (1H, d, J=14.72 Hz), respect-
ively. The methylene protons of H-9 and H-10 appeared as a
broad doublet at 2.86 (2H, J=9.62 Hz, H-9), a triplet of
doublets at 2.61 (1H, J=13.52, 9.62 Hz), and broad doublet
at 1.85 (1H, J=13.52 Hz). All the peaks in the NMR
spectrum were also correlated by H-H COSY and H-C
COSY. In addition, the absorption band of the hydroxyl
group appeared at 3400-3100 cm ™' together with two

Figure 1. ORTEP drawing of 3aa

carbonyls at 1751 and 1639 cm™' in the IR spectrum.
Accordingly, the product 3aa was determined to be ethyl
8-benzyl-1-hydroxy-4,4-diphenyl-8-aza-2,3-dioxa-bicyclo-
[4.4.0]decan-7-one-6-carboxylate, and the combustion
analysis also supported the structure. In order to clarify
the stereochemistry, the single crystals were grown in
chloroform—hexane and subjected to X-ray crystallographic
measurements. As a result, the X-ray crystallographic data
for 3aa illustrate that the hydroxyl group at C-1 is in an
axial-like orientation due to the anomer effect, and the
relationship between the hydroxyl group and the ethoxy-
carbonyl group at C-6 is the cis configuration
(Fig. 1).34:8.7%¢ Byrthermore, it was found that one of the
benzyl protons (6 2.94 ppm) was shielded by the anisotropic
effect of one of the phenyl groups substituted at C-4.

2.4. Oxidation of a mixture of 1,1-disubstituted ethenes 1
and 2,4-piperidinediones 2 with manganese(III) acetate
at elevated temperature

In the above aerobic oxidation using decarboxylated 2,4-piperi-
dinediones 2h-1, small amounts of tetrahydrofuro[3,2-c]pyri-
dinones S and/or tetrahydrofuro[2,3-b]pyridinones 6 were
produced besides the azabicyclic peroxides 3. Since it seemed
that these by-products would be formed by the direct oxidation
of the piperidinediones 2h-1 with manganese(III) acetate in the
presence of alkenes 1, we then investigated the oxidation at
elevated temperature from the viewpoint of the synthetic utility
of the tetrahydrofuropyridinone skeleton.” We previously
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Table 2. Oxidation of a mixture of alkenes 1a—d and 2,4-piperidinedioenes 2a—f,h—-m with manganese(IIl) acetate at elevated temperature

Entry Alkene 1 Piperidinedione  1:2:Mn(OAc); Temperature Reaction time Product (yield, %)*
2 (°0) (min)

1 la 2a 2:1:4.5 50-60 54 4aa (62)

2 1b 2a 2:1:4.5 50-60 131 4ba (74)

3 1d 2a 2:1:4.5 50-60 270 4da (74)

4 la 2b 2:1:4.5 50-60 23 4ab (53)

5 la 2c 2:1:4.5 50-60 53 dac (77)

6 la 2d 2:1:4.5 50-60 53 4ad (62)

7 la 2e 2:1:4.5 50-60 85 4ae (59)

8 la 2f 2:1:4.5 50-60 48 4af (58)

9 la 2h 1:2:3 Reflux 1 5ah (66) 6ah (16)°
10 la 2h 1:2:3 Reflux 1 5ah (52) 6ah (32)
11 1b 2h 1:2:4 Reflux 1 Sbh (84)

12 1c 2h 1:2:4 Reflux 1 Sch (82)

13 1d 2h 1:2:5 Reflux 1 5dh (59) 6dh (25)
14 la 2i 1:2:6 Reflux 1 5ai (50)

15 la 2j 1:2:7 Reflux 0.5 5aj (53)

16 la 2k 1:2:3 Reflux 1 Sak (61) 6ak (39)
17 la 21 1:2:3 Reflux 1 5al (59) 6al (29)
18 la 2m 1:2:4 Reflux 1 Sam (55) 6am (39)

The oxidation of a mixture of the alkene 1 (0.5 mmol) and the 2,4-piperidinedione 2 was carried out using manganese(IIl) acetate dihydrate in boiling acetic

acid (20 mL) under an argon atmosphere.

# Isolated yield based on the amount of the alkene 1 used (entries 9-18) or the piperidinedione 2 used (entries 1-8).

® The oxidation was conducted in air and the azabicyclic peroxide 3ah (13%) was also isolated.

established and developed the selective dihydrofuran syn-
thesis using the managanese(III) oxidation of 1,3-dicarbonyl
derivatives in the presence of various alkenes.” The reaction
normally proceeds at elevated temperature under an inert
atmosphere. Therefore, we adopted the typical reaction
conditions, that is, using a stoichiometric or more than
stoichiometric amount of oxidant at reflux temperature under
an argon atmosphere. However, the reaction of piperidine-
dione 2a with alkene 1a in boiling acetic acid afforded the
desired oxofuropyridinecarboxylate 4aa in a low yield (32%)
(Scheme 2). After several attempts, the yield of 4aa was
improved to 62% using the reaction conditions at 50-60 °C
and sufficient ultrasonic degassing for 30 min under reduced
pressure before the reaction (Table 2, entry 1).'* The use of
other alkenes 1b,d and 2.4-piperidinedione-3-carboxylates

2b-f also led to the production of oxofuropyridinecarboxyl-
ates 4 in acceptable yields (entries 2-8). The reaction of the
decarboxylated piperidinedines 2h—m with alkenes 1a—d was
carried out at reflux temperature and the oxidant was con-
sumed within almost 1 min providing the tetrahydrofuro([3,2-
c]pyridinones 5 and/or tetrahydrofuro[2,3-b]pyridinones 6
(entries 9-18). The structures of these furopiridinones 4,5,6
were determined by a spectroscopic method and elemental
analysis. Although the FAB mass spectra of the colorless
liquids 4aa, 4da, 4ac, and 4ad did not show the corre-
sponding molecular ion peaks (see Section 4), the structures
were supported by the hydrolysis of the acetate 4aa with a
10% aqueous solution of sulfuric acid, giving the corre-
sponding ethyl 6-hydroxy-3-aza-7-oxabicyclo[4.3.0]nonan-
2-one-1-carboxylate (74%), which was characterized by a

? R4O 3 i 3 ||R3
4 3 Mn(OAc .R R! .R =Y N
L le)\j\l,ﬂ (OAc)3 N 7ON 0 |
R2 HO argon, heat, AcOH R2 O R2 O R2
OAc
(0]
1a-d 2a-f,h-m 4 5 6
4aa:R'=R2=Ph,R®=Bn,R*= COZEt 5ah: R'=R2=Ph,R®=Bn
4ba:R'= R2 4-Me-CgHy, R® = Bn, R* = CO,Et 5bh : R' = R? = 4-Me-C¢H,, R® =Bn
4da : R' = R? = 4-CI-CgH,, R® = Bn, R* = CO,Et 5ch:R'= R2 4-MeO-CgH,, R® = Bn
4ab : R' = R2 Ph, R® = Me, R* = CO,Et 5dh : R' = R? = 4-CI-CgH,, R®=Bn
4ac : R' = R? = Ph, R® = Et, R* = CO,Et 5ai :R'= R2 Ph, R% = Me
4ad : R' = R2 = Ph, R® = Pr, R* = CO,Et 5aj : R'=R?=Ph, R®=Et
4ae ; R' = R% = Ph, R® = j-Pr, R* = CO,Et 5ak : R' = R2=Ph, R®=Pr
4af ; R' = R% = R® = Ph, R* = CO,Et 5al :R'=R?=Ph,R3=iPr
5am; R'= R2=R3=Ph
6ah:R'= R2 Ph, R®=Bn
6dh : R' = R? = 4-CI-CgH,, R®=Bn
6ak : R'= R2=Ph, R®=Pr
6al :R'=R2=Ph, R®=-Pr
6dm: R'=R2=R3=Ph

Scheme 2.
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Mn(1l)

AcOH 4 1
path a )@\a:; .R? pathb =Y o@N _H@
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_ R? o
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4
Scheme 3.

spectroscopic method and elemental analysis (see Section 4).
In addition, the combustion analyses of other crystalline
acetates 4ba, 4ab, 4ae, and 4af were in agreement with their
structures.

2.5. Mechanism

The manganese(Ill)-catalyzed aerobic oxidation could be
explained by a similar mechanism for the reaction using the
2,3-pyrrolidinediones,”™" 2,4-pyrrolidinediones,”* and
4-piperidone-3-carboxylates.”® The manganese(III)-piperi-
dinedione enolate complex A would be formed by the
reaction of the 2,4-piperidinediones 2 with manganese(III)
acetate during the first stage (Scheme 3). The enolate
complex formation is the key to the catalytic reaction. The
enolate complex easily oxidized the alkenes 1 to produce the
corresponding carbon radicals B, which take up dissolved
molecular oxygen in the solvent to form the peroxy radicals
C. The peroxy radicals C could be reduced by the
manganese(Il) species followed by cyclization to finally
produce the thermodynamically stable 1,6-cis-azabicyclic
peroxides 3.°°'* The manganese(Ill) species should be
reproduced in the reaction system, and the catalytic cycle
must be continued until the added alkenes 1 are completely
consumed. The 2,4-piperidinedione-3-carboxylates 2a-—g
exist in the solvent as the enol form so that the
manganese(Ill)-enolate complex should be easily formed
in situ using the hydroxyl and carboxylate moieties.
However, the decarboxylated 2,4-piperidinediones 2h-m
are present as the keto form and the rate of the enolization
would be slow in a protic solvent. Since the formation of the
manganese(I11)-2,4- plperldmedlone enolate complex would
be the rate-determining step,>'” it could be understood that
it took a longer reaction time using the 2,4-piperidinediones
2h-m (Table 1, entries 20-28) than that using the 2.4-
piperidinedione-3-carboxylates 2a—g (Table 1, entries
1-19). Furthermore, the production of 3la would be
inhibited because the corresponding secondary alkyl

Mn(I1l)

path a

@o%
fM (m
Mn(ll)

ol sy B ey L ety

Cc

heat
argon

R*=H
4
R0

radicals B produced from 11 (R'=heptyl, R> =H) were
not stable compared to other tertiary and benzyl radicals
formed from la-k (Table 1, entry 13). In contrast, the
formed carbon radicals B would be quickly oxidized by
manganese(IIl) species in the reaction at elevated tempera-
ture due to the absence of dissolved molecular oxygen and
the presence of a sufficient metal oxidant. As a result, the
carbocations E would be produced and cyclize at the keto or
amido carbonyl oxygen. When the cations E bear an
ethoxycarbonyl substituent at R*, the acetate group would
be introduced after cychzatlon to give 4, whereas the cations
E having no substituent at R* would cyclize at the keto or
amido carbonyl oxygen to provide 5 and/or 6 via
deprotonation. Priority of producing 5§ (path a) could be
explained by the difference of the nucleophlhclty between
the keto and amido carbonyl oxygen in the cations E. 3k
During the catalytic endoperoxidation, a small amount of 5§
and 6 was probably formed due to the reversibility of the
endoperoxidation and use of an excess amount of catalyst,
which caused the rapid oxidation of the tertiary carbon
radicals B even at ambient temperature (Table 1, entries
21-27). The reaction pathways are depicted in Scheme 3.

2.6. Some reactions of the azabicyclic peroxides

(0]
AcOH A B0 N-BD
3ca —— >
100°C O5
21 h
quant. 7
Ar = 4-MeO-CGH4
(0]
Ar .Bn
/;/ > Ar | N
O\O
F
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0
DMAP pp E1Q2C N-BP
3aa ——> Ph
AC2O O\O

100°C OAc
18 h
59% 8
EtO,C Q
DMAP N,Bn
3ca — > 4-MeO-CeH,~—
Ac,0 O
100°C OAc
25h
quant. 9
conc. HSO,4
AcOH-H20 (9:1 v/v)
reflux
2h
quant.
0
DMAP N,Bn
3ch ———>  4-MeO-CeH,~— |
Ac,0 o)
100°C
12 h
68% 10

Since the endoperoxide skeleton is sensitive to acid and
base, '® the exposure of the azabicyclic peroxides 3 to acid or
base might be useful for transformation into other
interesting functionalized azabicyclic compounds. There-
fore, the azabicyclic compound 3ca was treated only with
acetic acid at 100 °C in order to convert it into 3,4,7,8-
tetrahydro-[1,2]dioxino[4,3-c]pyridin-5(6H)-one F such
as a root inhibitor analogue™ ™ or antimalarial con-
gener.'®*"&8 After 21 h, the expected decarboxylation
and dehydration did not occur, but the acid-catalyzed
decomposition of the peroxy bond occurred and the
ring-opened product 7 was quantitatively obtained.’*™¢

The reaction of the diphenyl-substituted 3aa with DMAP in
acetic anhydride afforded the acetoxylated azabicyclic
peroxide 8 (59%), however, a similar reaction of 3ca bearing
bis(4-methoxyphenyl) substituents for 12 h gave 7a-acetoxy-
3a,4,5,6,7,7a-hexahydro-4-oxofuro[3,2-c]pyridine-3a-
carboxylate 9 (68%). Prolonged heating for 25 h of the
reaction mixture led to the quantitative conversion into 9.
This would be due to the difference in the migratory aptitude
of the phenyl and 4-methoxyphenyl group.' The treatment
of the decarboxylated 3ch with DMAP in acetic anhydride
provided 6,7-dihydrofuro[3,2-c]pyridin-4(5H)-one 10
(68%). It is apparent that it is liable to undergo deacetoxyla-
tion of an intermediate such as the corresponding acetoxy-
carboxylate 9 as there is no substituent at the C-1 position of
the hexahydrofuropyridine intermediate. Although the acid-
catalyzed hydrolysis of 9 was examined in boiling acetic acid
containing concentrated sulfuric acid for 2 h in order to
clarify the formation of 10, the attempt was failed and the
ring-opened product 7 was quantitatively produced.

3. Conclusion

We developed the convenient synthesis of 1-hydroxy-8-aza-
2,3-dioxabicyclo[4.4.0]decan-7-one derivatives 3 using

various alkenes 1 and 2,4-piperidinediones 2 in the presence
of a catalytic amount of manganese(IIl) acetate in air. We
also demonstrated the convenient route to the 6-acetoxy-3-
aza-7-oxabicyclo[4.3.0]nonan-2-one- 1-carboxylates 4, tetra-
hydrofuro[3,2-c]- 5§ and/or tetrahydrofuro[2,3-b]-pyridi-
nones 6 using a similar reaction but at elevated
temperature under an argon atmosphere. The azadioxa-
bicyclo[4.4.0]decanone scaffold is attracitve from the
viewpoint of biological activity. For example, naturally
occurring artemisinin is a well-known strong antimalarial
agent,”"8 and the activity of azaartemisinin as an
analogue of 7-aza-2,3,5-trioxabicyclo[4.4.0]decan-8-one is
stronger than that of natural artemisinin,'® while many
biologically active tetrahydrofuropyridinones are known,
such as antifungal and antibacterial heterocycles.” The
screening of these heterocyclic compounds is currently
underway in our department using yeast in order to confirm
the alternative splicing of the mRNA."”

4. Experimental

The NMR spectra were recorded using a JNM EX300 FT
NMR spectrometer at 300 MHz for 'H and at 75 MHz for
13C, with tetramethylsilane as the internal standard. The
chemical shifts are reported in ¢ values (ppm). The IR
spectra of neat samples were measured by the ATR method
using a Shimadzu 8400 FT IR spectrophotometer and
MIRacle A, and expressed in cm™ . The EI MS spectra
were recorded by a Shimadzu QP-5050A gas-chromato-
graph-mass spectrometer at the ionizing voltage of 70 eV.
The high resolution mass spectra were measured at the
Institute for Materials Chemistry and Engineering, Kyushu
University, Fukuoka, Japan. The elemental analyses were
performed at the Analytical Center of Kumamoto Univer-
sity, Kumamoto, Japan. Manganese(Il) acetate tetrahydrate
was purchased from Wako Pure Chemical Ind., Ltd.
Manganese(IIl) acetate dihydrate, Mn(OAc)s-2H,0, was
prepared according to the method described in the
literature.”™” The alkenes 2 were synthesized according to
the literature,’® except for 1f, 1i, 1j, 1k, and 11, which were
purchased from Tokyo Kasei Co. Ltd.

4.1. Preparation of piperidine-2,4-diones

The piperidine-2,4-dione derivatives 2a—m were prepared
according to the literature methods, and their physical data
are given below.

4.1.1. Ethyl 1-benzylpiperidine-2,4-dione-3-carboxylate
(2a).""* R;=0.47 (diethyl ether); yellow oil; IR » 1703
(C=0), 1649 (C=0); '"H NMR (300 MHz, CDCl5) ¢ 14.1
(1H, s, OH), 7.34-7.29 (5H, m, arom. H), 4.65 (2H, s, Ph-
CH,), 4.40 (2H, q, J=7.2 Hz, OCH,CH3), 3.32 2H, t, J=
6.8 Hz, H-6), 2.58 (2H, t, J=6.8 Hz, H-5), 1.42 3H, t, J=
7.2 Hz, OCH,CH3); '*C NMR (75 MHz, CDCl;) 6 183.0
(C-4), 172.0 (C=0), 162.4 (C=0), 137.7 (arom. C), 128.6,
128.0, 127.4 (3C, arom. CH), 98.2 (C-3), 61.8 (OCH,CHj),
49.4 (Ph-CH,), 41.5 (C-6), 29.6 (C-5), 14.2 (OCH,CH3).

4.1.2. Ethyl 1-methylpiperidine-2,4-dione-3-carboxylate
(2b).18"’1 R;=0.11 (diethyl ether); colorless microcrystals
(from ethyl acetate/hexane); mp 59 °C; IR v 1716 (C=0),
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1639 (C=0); '"H NMR (300 MHz, CDCl;) 6 14.0 (1H, s,
OH), 4.36 (2H, q, J=7.0 Hz, OCH,CH3), 3.42 2H, t, J=
6.8 Hz, H-6), 3.01 (3H, s, N-CHs), 2.69 (2H, t, /=6.8 Hz,
H-5), 1.39 (3H, t, J=7.0 Hz, OCH,CH;); '*C NMR
(75 MHz, CDCl;) ¢ 182.7 (C-4), 171.7 (C=0), 162.8
(C=0), 98.1 (C-3), 61.6 (OCH,CHj), 44.4 (C-6), 34.4
(N-CH3), 29.2 (C-5), 14.0 (OCH,CH3).

4.1.3. Ethyl 1-ethylpiperidine-2,4-dione-3-carboxylate
(2¢)."8 R;=0.29 (diethyl ether); yellow oil; IR » 1732
(C=0), 1661 (C=0); "H NMR (300 MHz, CDCls) 6 14.0
(1H, s, OH), 437 (2H, q, J=17.0 Hz, OCH,CHj3), 3.48 (2H,
q, J=7.2 Hz, N-CH,CH3), 3.41 (2H, t, J=7.0 Hz, H-6),
2.66 (2H, t, J=7.0Hz, H-5), 1.40 (3H, t, J=7.0 Hz,
OCH,CHs), 1.14 (3H, t, J=7.2 Hz, N-CH,CH,); *C NMR
(75 MHz, CDCly) & 182.7 (C-4), 172.0 (C=0), 162.0
(C=0), 98.4 (C-3), 61.7 (OCH,CH3), 41.9, 41.4 (2C, C-6
and N-CH,CH3), 29.6 (C-5), 14.1 (OCH,CH3), 12.9
(N-CH,CHj).

4.1.4. Ethyl 1-propylpiperidine-2,4-dione-3-carboxylate
(2d).1%¢ R;=0.42 (diethyl ether); yellow oil; IR » 1732
(C=0), 1643 (C=0); '"H NMR (300 MHz, CDCl5) 6 14.0
(1H, s, OH), 4.37 (2H, q, J=7.2 Hz, OCH,CH3), 3.49-3.36
(4H, m, H-6 and N-CH,CH,CH,), 2.66 (2H, t, J=6.8 Hz,
H-5), 1.58 (2H, m, N-CH,CH,CH3), 1.39 (3H, t, /J=7.2 Hz,
OCH,CHs), 0.92 (3H, t, J=7.4 Hz, N-CH,CH,CHs); 1*C
NMR (75 MHz, CDCl3) ¢ 182.7 (C-4), 172.0 (C==0), 162.2
(C=0), 98.4 (C-3), 61.7 (OCH,CHs;), 48.4 (N-CH,CH,-
CHs), 42.6 (C-6), 29.7 (C-5), 21.2 (N-CH,CH,CHj3), 14.2
(OCH,CH3;), 11.4 (N-CH,CH3).

4.1.5. Ethyl 1-isopropylpiperidine-2,4-dione-3-carb-
oxylate (2e). R;=0.28 (diethyl ether); yellow oil; IR »
1732 (C=0), 1634 (C=0); "H NMR (300 MHz, CDCl5) 6
13.9 (1H, s, OH), 4.95 (1H, sep, J=6.8 Hz, N-CH <), 4.38
(2H, q,J=7.2 Hz, OCH,CH3), 3.29 (2H, t, J=6.8 Hz, H-6),
2.60 (2H, t, J=6.8 Hz, H-5), 1.40 (3H, t, J=7.2 Hz,
OCH,CHs;), 1.12 (6H, d, J=6.8 Hz, CH;X2); '3C NMR
(75 MHz, CDCl3) 6 182.4 (C-4), 172.0 (C=0), 161.7
(C=0), 98.7 (C-3), 61.7 (OCH,CH3), 42.8 (N-CH<), 35.7
(C-6), 30.0 (C-5), 19.8 (2C, CHj3), 14.2 (OCH,CH3). FAB
HRMS (acetone-NBA) calcd for C;;H;gsNO, 228.1236
(M ++1). Found 228.1237.

4.1.6. Ethyl 1-phenylpiperidine-2,4-dione-3-carboxylate
(2f). Ry=0.58 (diethyl ether); yellow oil; IR » 1732 (C=0),
1636 (C=0); '"H NMR (300 MHz, CDCl;) 6 14.2 (1H, s,
OH), 7.38-7.20 (5H, m, arom. H), 4.35 (2H, q, J=7.0 Hz,
OCH,CHy), 3.84 (2H, t, J=6.1 Hz, H-6), 2.82 2H, t, J=
6.1 Hz, H-5), 1.36 (3H, t, J=7.0 Hz, OCH,CH>); '*C NMR
(75 MHz, CDCl3) 6 183.7 (C-4), 171.9 (C=0), 162.3
(C=0), 142.5 (arom. C), 128.8, 126.1, 125.5 (3C, arom.
CH), 98.5 (C-3), 61.9 (OCH,CH3), 45.6 (C-6), 30.1 (C-5),
14.1 (OCH,CH3). FAB HRMS (acetone-NBA) calcd for
Ci4H1gNO4 262.1079 (M +1). Found 262.1079.

4.1.7. Isopropyl 1-benzylpiperidine-2,4-dione-3-carb-
oxylate (2g). R;=0.57 (diethyl ether); colorless oil; IR »
1717 (C=0), 1651 (C=0); "H NMR (300 MHz, CDCl5) 6
14.2 (1H, s, OH), 7.34-7.28 (5SH, m, arom. H), 5.24 (1H,
sep, J=6.2 Hz, O-CH <), 4.64 (2H, s, Ph-CH,), 3.31 (2H, t,
J=6.6 Hz, H-6), 2.55 (2H, t, J=6.6 Hz, H-5), 1.41 (6H, d,

J=6.2 Hz, CH;X2); >*C NMR (75 MHz, CDCl5) 6 182.8
(C-4), 171.6 (C=0), 162.5 (C=0), 98.7 (C-3), 137.8
(arom. C), 128.6, 128.0, 127.4 (3C, arom. CH), 98.4 (C-3),
69.7 (O-CH <), 49.3 (Ph-CH,), 41.4 (C-6), 29.7 (C-5), 21.8
(2C, CH;). FAB HRMS (acetone—-NBA) calcd for
C16H20NO, 290.1392 (M + 1). Found 290.1380.

4.1.8. 1-Benzylpiperidine-2,4-dione (2h)."'® R;=0.36
(diethyl ether/methanol 97:3 v/v); colorless microcrystals
(from ethyl acetate); mp 50 °C; IR v 1724 (C=0), 1649
(C=0); "H NMR (300 MHz, CDCl;) ¢ 7.35-7.25 (5H, m,
arom. H), 4.69 (2H, s, Ph-CH,), 3.49 (2H, t, J=6.2 Hz, H-
6),3.42 (2H, s, H-3), 2.54 (2H, t, J=6.2 Hz, H-5); >*C NMR
(75 MHz, CDCl3) 6 203.5 (C=0), 166.4 (C=0), 136.5
(arom. C), 128.9, 128.1, 127.9 (3C, arom. CH), 50.0 (Ph-
CH,), 48.9 (C-3), 42.3 (C-06), 38.7 (C-5).

4.1.9. 1-Methylpiperidine-2,4-dione (2i).'%¢ R;=0.28
(diethyl ether/methanol 97:3 v/v); colorless oil; IR v 1724
(C=0), 1647 (C=0); 'H NMR (300 MHz, CDCl;) 6 3.61
(2H, t, J=6.2 Hz, H-6), 3.33 (2H, s, H-3), 3.08 (3H, s, CH3),
2.67 (2H, t, J=6.2 Hz, H-5); '*C NMR (75 MHz, CDCl5) 6
203.3 (C=0), 166.1 (C=0), 48.2 (C-3), 44.8 (C-6), 38.1
(C-5), 34.3 (CH;).

4.1.10. 1-Ethylpiperidine-2,4-dione (2j)."*® R;=0.19
(diethyl ether/methanol 97:3 v/v); colorless microcrystals
(from ethyl acetate); mp 44 °C; IR v 1726 (C=0), 1649
(C=0); "H NMR (300 MHz, CDCl5) 6 3.62-3.51 (4H, m,
H-6 and N-CH,CH3), 3.34 (2H, s, H-3), 2.64 (2H, t, J=
6.1 Hz, H-5), 1.18 (3H, t, J=7.3 Hz, N-CH,CH;); °C
NMR (75 MHz, CDCl3) 6 203.8 (C=0), 165.8 (C=0),
48.9 (C-3),42.6,41.8 (2C, C-6 and N-CH,CH3), 38.7 (C-5),
12.7 (N-CH,CHy).

4.1.11. 1-Propylpiperidine-2,4-dione (2k). R;=0.21
(diethyl ether/methanol 97:3 v/v); colorless oil; IR v 1726
(C=0), 1649 (C=0); '"H NMR (300 MHz, CDCls) 6 3.59
(2H, t, J=6.1Hz, H-6), 3.46 (2H, t, J=7.2 Hz, N-
CH,CH,CHs), 3.35 (2H, s, H-3), 2.62 (2H, t, J=6.1 Hz,
H-5), 1.61 (2H, sex, J=7.3 Hz, N-CH,CH,CH3), 0.94 (3H,
t, J=17.5 Hz, N-CH,CH,CHs); '*C NMR (75 MHz, CDCl;)
0 203.7 (C=0), 165.7 (C=0), 48.7, 48.3 (2C, C-3 and N-
CH,CH,CHy), 42.9 (C-6), 38.3 (C-5), 20.5 (N-CH,CH,-
CHs), 11.0 (N-CH,CH,CHj5). FAB HRMS (acetone-NBA)
calcd for CgH14NO, 156.1025 (M + 1). Found 156.1039.

4.1.12. 1-Isopropylpiperidine-2,4-dione (2I). R;=0.26
(diethyl ether/methanol 97:3 v/v); colorless microcrystals
(from ethyl acetate); mp 45-48 °C; IR v 1728 (C=0), 1647
(C=0); 'H NMR (300 MHz, CDCl3) 6 4.90 (1H, sep, J=
6.8 Hz, N-CH <), 3.51 (2H, t, J=6.1 Hz, H-6), 3.36 (2H, s,
H-3), 2.56 (2H, t, J=6.1 Hz, H-5), 1.17 (6H, d, J=6.8 Hz,
CH;X2); *C NMR (75 MHz, CDCl;) 6 203.9 (C=0),
165.3 (C=0), 49.3 (C-3), 43.5 (N-CH <), 38.4 (C-6), 35.9
(C-5), 19.2 (2C, CH3). Anal. Calcd for CgH 3NO,: C, 61.91;
H, 8.44; N, 9.03. Found: C, 61.52; H, 8.21; N, 8.57.

4.1.13. 1-Phenylpiperidine-2,4-dione (2m).'®® R;=0.44
(diethyl ether/methanol 97:3 v/v); colorless oil; IR v 1726
(C=0), 1664 (C=0); '"H NMR (300 MHz, CDCl;) 6 7.45—
7.27 (5H, m, arom. H), 4.01 (2H, t, J=6.1 Hz, H-6), 3.55
(2H, s, H-3), 2.77 (2H, t, J=6.1 Hz, H-5); *C NMR
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(75 MHz, CDCl3) 6 203.2 (C=0), 165.9 (C=0), 141.8
(arom. C), 129.3, 127.1, 125.3 (3C, arom. CH), 49.9 (C-3),
46.5 (C-6), 38.8 (C-5).

4.2. Manganese(III)-catalyzed aerobic oxidation of a
mixture of various alkenes 1a-1 and 2,4-piperidinediones
2a-m at room temperature

An alkene 1 (0.5 mmol), piperidinedione 2 (2 mmol),
manganese(IIl) acetate dihydrate (0.15 mmol), and glacial
acetic acid (20 mL) were placed in a 50 mL flask, and the
mixture was stirred at 23 °C in air until the alkene 1 was
completely consumed. The solvent was removed in vacuo
and the residue was triturated with water followed by
extraction with chloroform (10 mLX3). The combined
extracts were dried over anhydrous magnesium sulfate, and
concentrated to dryness. The residue was separated by TLC
(wakogel B-10) while eluting with 1% methanol—chloro-
form. The products 3 were further purified by recrystalliza-
tion from the appropriate solvents.

4.2.1. Ethyl 8-benzyl-1-hydroxy-4,4-diphenyl-8-aza-2,3-
dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3aa).
R¢=0.21 (chloroform/methanol 99:1 v/v); colorless micro-
crystals (from ethyl acetate); mp 209-210 °C; IR (KBr) »
3400-3100 (OH), 1751, 1639 (C=0); 'H NMR (300 MHz,
CDCl3) 6 7.59-7.03 (15H, m, arom. H), 4.78 (1H, d, J=
15.0 Hz, Ph-CH,), 4.32-4.08 (3H, m, OCH,CH; and OH),
3.80 (1H, d, /=14.7 Hz, H-5), 3.43 (1H, d, J=14.7 Hz, H-
5), 2.94 (1H, d, J=15.0 Hz, Ph-CH,), 2.86 (2H, br d, /=
9.6 Hz, H-9), 2.62 (1H, dt, J=13.5, 9.6 Hz, H-10), 1.85
(1H, br d, J=13.5Hz, H-10), 1.27 (3H, t, J=7.2 Hz,
OCH,CH5); '>C NMR (75 MHz, CDCl5) 6 168.9 (C=0),
166.6 (C=0), 143.1, 139.7, 136.5 (3C, arom. C), 128.4,
128.0, 127.6, 127.6, 127.5, 127.3, 127.2, 127.1, 125.5 (15C,
arom. CH), 96.5 (C-1), 85.1 (C-4), 62.4 (OCH,CH3), 55.8
(C-6), 49.5 (Ph-CH,), 41.4 (C-9), 33.7 (C-5), 29.3 (C-10),
13.9 (CH3). Anal. Calcd for C,oH,9NOg: C, 71.44; H, 6.00;
N, 2.87. Found: C, 71.20; H, 5.85; N, 2.84.

X-ray crystallographic data of 3aa. Empirical formula
Co9H9NOg; formula weight 487.55; colorless plates;
crystal dimensions 0.25X0.13X0.35 mm; triclinic; space
group Pl (#2); a=9.0735(3), b=11.9814(4), c=
12.1693(3) A, a=69.1821(6)°, 6="74.2866(9)°, yv=
78.5339(7)°, V=1182.63(6) A°, Z=2; Deueq =1.369 g/
em®; Fooo=516.00; u (Mo Ka)=0.96cm™ '; 20, =
55.0°% no. of reflections measured 10696; no. of reflections
(All, 26<54.96°) 5327; no. of variables 325; reflection/
parameter ratio 16.39; R=0.065; R,,=0.106; GOF 1.28.
The X-ray crystallographic data have been deposited as
supplementary publication numbers CCDC 272197. Copy
of the data can be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK [fax:
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk.

4.2.2. Ethyl 8-benzyl-1-hydroxy-4,4-bis(4-methyl-
phenyl)-8-aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-car-
boxylate (3ba). R;=0.44 (chloroform/methanol 97:3 v/v);
colorless microcrystals (from ethyl acetate); mp 219-
220 °C; IR v 3450-3150 (OH), 1746, 1632 (C=0); 'H
NMR (300 MHz, CDCl3) 6 7.45-7.01 (13H, m, arom. H),
4.74 (1H, d, J=15.1 Hz, Ph-CH,), 4.304.13 (3H, m,

OCH,CH; and OH), 3.73 (2H, d, J=14.9 Hz, H-5), 3.40
(2H, d, J=14.9 Hz, H-5), 3.00 (1H, d, J=15.1 Hz, Ph-
CH,), 2.84 (2H, m, H-9), 2.60 (1H, ddd, J=11.6, 13.4,
7.5 Hz, H-10), 2.28 (6H, d, J=16.9 Hz, Ph-CH;X2), 1.84
(14, dt, J=13.4, 2.8 Hz, H-10), 1.25 (3H, t, J=7.0 Hz,
OCH,CHs); '>C NMR (75 MHz, CDCl5) 6 169.0 (C=0),
166.7 (C=0), 140.5, 137.7, 137.1, 136.6, 136.4 (5C, arom.
0), 129.0, 128.4, 128.1, 127.6, 127.3, 125.6 (13C, arom.
CH), 96.5 (C-1), 85.0 (C-4), 62.3 (OCH,CH3), 56.0 (C-6),
49.5 (Ph-CH,), 41.5 (C-9), 33.8 (C-5), 29.4 (C-10), 21.0
(2C, Ph-CHj3), 13.9 (OCH,CHj3). Anal. Calcd for
C5,;H33NOg: C, 72.21; H, 6.45; N, 2.72. Found: C, 72.44;
H, 6.34; N, 2.81.

4.2.3. Ethyl 8-benzyl-1-hydroxy-4,4-bis(4-methoxy-
phenyl)-8-aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-car-
boxylate (3ca). R;=0.40 (chloroform/methanol 97:3 v/v);
colorless needles (from ethyl acetate); mp 114-115 °C; IR v
3500-3100 (OH), 1742, 1634 (C=0); 'H NMR (300 MHz,
CDCls) 6 7.46 (2H, d, J=8.6 Hz, arom. H), 7.29-7.20 (5H,
m, arom. H), 7.03 (2H, br d, J=6.4 Hz, arom. H), 6.86 (2H,
d, J=8.6 Hz, arom. H), 6.76 (2H, d, /J=8.8 Hz, arom. H),
479 (1H, d, J=15.1 Hz, Ph-CH,), 4.56 (1H, br s, OH),
4.27-4.13 (2H, m, OCH,CH3), 3.74 (6H, d, J=16.9 Hz,
OCH;X?2),3.66 2H, d, J=14.7 Hz, H-5), 3.43 (2H, d, /=
14.7 Hz, H-5), 3.07 (1H, d, J=15.1 Hz, Ph-CH,), 2.87-2.82
(2H, m, H-9), 2.66-2.55 (1H, m, H-10), 1.86-1.81 (2H, br d,
J=13.6 Hz, H-10), 1.25 (3H, t, J=7.2 Hz, OCH,CHs); '3C
NMR (75 MHz, CDCl3) 6 169.0 (C=0), 166.8 (C=0),
159.1, 158.4, 136.5, 135.6, 132.0 (5C, arom. C), 128.8,
128.5, 127.6, 127.5, 127.3, 113.6, 112.8 (13C, arom. CH),
96.4 (C-1), 84.8 (C-4), 62.3 (OCH,CHs), 55.9 (C-6), 55.3,
55.2 (2C, OCHy), 49.5 (Ph-CH,), 41.6 (C-9), 33.8 (C-5),
29.5 (C-lO), 13.9 (OCH2CH3) Anal. Calcd for C3]H33N08:
C, 67.99; H, 6.07; N, 2.56. Found: C, 67.70; H, 6.16; N,
2.51.

4.2.4. Ethyl 8-benzyl-4,4-bis(4-chlorophenyl)-1-hydroxy-
8-aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-carboxylate
(3da). R;=0.36 (chloroform/methanol 97:3 v/v); colorless
microcrystals (from ethyl acetate); mp 181.5-182 °C; IR v
3500-3200 (OH), 1746, 1634 (C=0); '"H NMR (300 MHz,
CDCl3) 0 7.49 (2H, d, J=8.4 Hz, arom. H), 7.32-7.22 (9H,
m, arom. H), 7.06-7.03 (2H, m, arom. H), 4.77 (1H, d, J=
15.1 Hz, Ph-CH,), 4.51 (1H, br s, OH), 4.29-4.15 (2H, m,
OCH,CH3),3.70 (1H, d, J=14.9 Hz, H-5), 3.37 (1H, d, J=
14.9 Hz, H-5), 3.08 (1H, d, J=15.1 Hz, Ph-CH,), 2.88-2.78
(2H, m, H-9), 2.68-2.78 (2H, m, H-10), 1.86 (2H, br d, J=
13.6 Hz, H-10), 1.27 (3H, t, J=7.0 Hz, OCH,CH>); *C
NMR (75 MHz, CDCl3) 6 168.6 (C=0), 166.4 (C=0),
141.2, 138.1, 136.2, 134.2, 133.2 (5C, arom. C), 128.9,
128.7, 128.5, 127.8, 127.6, 127.4, 127.1 (13C, arom. CH),
96.7 (C-1), 84.4 (C-4), 62.5 (OCH,CH3), 55.7 (C-6), 49.5
(Ph-CH,), 41.5 (C-9), 33.5 (C-5), 294 (C-10), 13.9
(OCH2CH3) Anal. Calcd for C29H27C12N06: C, 6260, H,
4.89; N, 2.52. Found: C, 62.38; H, 4.99; N, 2.29.

4.2.5. Ethyl 8-benzyl-4,4-bis(4-fluorophenyl)-1-hydroxy-
8-aza-2,3-dioxabicyclo[4.4.0]decane-7-one-6-carboxylate
(3ea). R;=0.30 (chloroform/methanol 97:3 v/v); colorless
needles (from ethyl acetate); mp 194-196 °C; IR » 3500—
3200 (OH), 1747, 1634 (C=0); 'H NMR (300 MHz,
CDCls) 6 7.54-6.89 (13H, m, arom. H), 4.81 (1H, d, J=
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15.1 Hz, Ph-CH,), 4.63 (1H, br s, OH), 4.24-4.17 (2H, m,
OCH,CHj3), 3.69 (2H, d, J=14.9 Hz, H-5), 3.40 (2H, d, J=
14.9 Hz, H-5), 3.05 (1H, d, J=15.1 Hz, Ph-CH,), 2.88-2.83
(2H, m, H-9), 2.67-2.59 (1H, m, H-10), 1.85 2H, br d, J=
13.8 Hz, H-10), 1.26 (3H, t, J=7.2 Hz, OCH,CH;); *C
NMR (75 MHz, CDCl3) ¢ 168.7 (C=0), 166.5 (C=0),
163.9, 163.5, 160.6, 160.2, 136.2, 136.1, 135.4 (5C, arom.
C), 129.4, 129.2, 128.6, 128.4, 127.8, 127.6, 127.5, 127.3,
127.4, 115.4, 115.1, 114.5, 114.2 (13C, arom. CH), 96.5 (C-
1), 84.5 (C-4), 62.4 (OCH,CH3), 55.7 (C-6), 49.5 (Ph-CH,),
41.5 (C-9), 33.8 (C-5), 29.4 (C-10), 13.8 (OCH,CH3). Anal.
Calcd for C,oH»7F,NOg: C, 66.53; H, 5.20; N, 2.68. Found:
C, 66.78; H, 5.19; N, 2.64.

4.2.6. Ethyl 8-benzyl-1-hydroxy-4-methyl-4-phenyl-8-
aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-carboxylate
(3fa). R;=0.29 (chloroform/methanol 97:3 v/v); colorless
prisms (from ethyl acetate); mp 174.5-175.0 °C; IR » 3500-
3200 (OH), 1746, 1636 (C=0); 'H NMR (300 MHz,
CDCl3) 6 7.43-7.25 (10H, m, arom. H), 5.16 (1H, d, J=
14.5 Hz, Ph-CH,), 4.21-4.13 (4H, m, OCH,CHj3, Ph-CH,,
OH), 3.50 (1H, td, /=12.7, 4.8 Hz, H-9), 3.28 (1H, dd, J=
12.7,6.2 Hz, H-9), 3.10 (1H, d, /=14.3 Hz, H-5), 2.96 (1H,
d, /=14.3 Hz, H-5), 2.75 (1H, td, J=13.4, 6.8 Hz, H-10),
2.00 (2H, dd, J=14.2, 3.9 Hz, H-10), 1.47 (3H, s, CH;),
1.23 (3H, t, J=7.2 Hz, OCH,CH;); '>*C NMR (75 MHz,
CDCl3) 0 168.7 (C=0), 167.4 (C=0), 144.5, 136.3 (2C,
arom. C), 128.6, 128.3, 128.2, 127.63, 127.58, 124.3 (10C,
arom. CH), 97.1 (C-1), 80.8 (C-4), 62.4 (OCH,CH3), 56.3
(C-6), 50.8 (Ph-CH,), 42.2 (C-9), 35.3 (C-5), 29.1 (C-10),
24.4 (CH3), 13.9 (OCH2CI‘I3) Anal. Calcd for C24H27NO6:
C, 67.75; H, 6.40; N, 3.29. Found: C, 67.78; H, 6.50;
N, 3.36.

4.2.7. Stereoisomer of 3fa. R;=0.21 (chloroform/methanol
97:3 v/v); colorless needles (from ethyl acetate); mp 201.5—
202.0 °C; IR » 3400-3200 (OH), 1717, 1638 (C=0); 'H
NMR (300 MHz, CDCls) 6 7.50-6.97 (10H, m, arom. H),
4.67 (1H, d, J=15.1 Hz, Ph-CH,), 4.27-4.17 (3H, m,
OCH,CHj;, OH), 3.42 (1H, d, J=14.7 Hz, H-5), 2.97 (1H, d,
J=14.7 Hz, H-5), 2.96 (1H, d, J=15.1 Hz, Ph-CH,), 2.82—
2.77 (2H, m, H-9), 2.58-2.55 (1H, m, H-10), 1.80 (1H, dt,
J=13.2, 2.8 Hz, H-10), 1.46 (3H, s, CH5), 1.28 3H, t, J=
7.2 Hz, OCH,CH,); '*C NMR (75 MHz, CDCl;) 6 169.0
(C=0), 166.3 (C=0), 141.2, 136.5 (2C, arom. C), 128.4,
127.5,127.4,127.2, 126.8, 126.2 (10C, arom. CH), 96.2 (C-
1), 82.3 (C-4), 62.2 (OCH,CH;), 55.5 (C-6), 49.4 (Ph-CH,),
414 (C-9), 343 (C-5), 29.2 (C-10), 30.7 (CHs), 13.8
(OCH,CHj;). Anal. Calcd for C,4H»7NOg: C, 67.75; H, 6.40;
N, 3.29. Found: C, 67.78; H, 6.60; N, 3.36.

4.2.8. Ethyl 8-benzyl-1-hydroxy-4-(4-methylphenyl)-4-
methyl-8-aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-car-
boxylate (3ga). R;=0.45 (chloroform/methanol 97:3 v/v);
colorless microcrystals (from ethyl acetate); mp 162.5—
163.0 °C; IR » 3500-3100 (OH), 1717, 1645 (C=0); 'H
NMR (300 MHz, CDCl3) 6 7.33-7.15 (9H, m, arom. H),
5.18 (1H, d, J=14.5Hz, Ph-CH,), 4.23-4.08 (4H, m,
OCH,CHj3;, Ph-CH,, OH), 3.52 (1H, td, J=12.7, 4.6 Hz, H-
9), 3.32-3.26 (1H, dd, J=12.7, 6.8 Hz, H-9), 3.10 (1H, d,
J=14.3 Hz, H-5), 2.96 (1H, d, J=14.3 Hz, H-5), 2.76 (1H,
sex, J=6.8 Hz, H-10), 2.01 (1H, dd, J=14.3, 3.9 Hz, H-5),
2.34 (3H, s, Ph-CH3), 1.47 (3H, s, CH3), 1.26 3H, t, J=

7.2 Hz, OCH,CHs); '*C NMR (75 MHz, CDCls) 6 168.7
(C=0), 167.4 (C=0), 141.3, 137.5, 136.4 (3C, arom. C),
129.0, 128.5, 128.1, 127.6, 124.3 (9C, arom. CH), 97.1 (C-
1), 80.8 (C-4), 62.5 (OCH,CH3), 56.3 (C-6), 50.8 (Ph-CH.,),
42.2 (C-9), 35.2 (C-5), 29.0 (C-10), 24.3 (CH;), 21.1 (Ph-
CH3), 13.9 (OCHzCHg,) Anal. Calcd for C25H29N062 C,
68.32; H, 6.65; N, 3.19. Found: C, 68.22; H, 6.63; N, 3.11.

4.2.9. Stereoisomer of 3ga. R;=0.33 (chloroform/methanol
97:3 v/v); colorless microcrystals (from ethyl acetate); mp
167.0-169.5 °C; IR » 3500-3100 (OH), 1717, 1636 (C=0);
'"H NMR (300 MHz, CDCl5) 6 7.38-6.96 (9H, m, arom. H),
4.64 (1H, d, J=15.1 Hz, Ph-CH,), 4.43 (1H, br s, OH), 4.21
(2H, m, OCH,CH3;), 3.38 (1H, d, J=14.7 Hz, H-5), 3.04
(1H, d, J=15.1 Hz, Ph-CH,), 2.94 (1H, d, J=14.7 Hz, H-
5),2.97 2H, br d, J=28.8 Hz, H-9), 2.62-2.51 (1H, m, H-5),
2.34 (3H, s, Ph-CH3), 1.80 (1H, br d, J=13.4 Hz, H-10),
1.43 (3H, s, CH3), 1.27 (3H, t, J=7.2 Hz, OCH,CH;); *C
NMR (75 MHz, CDCl3) 6 169.1 (C=0), 166.5 (C=0),
138.3, 136.5, 136.3 (3C, arom. C), 128.5, 128.3, 128.1,
127.5,127.2, 126.1, 124.3 (9C, arom. CH), 96.2 (C-1), 82.1
(C-4), 62.2 (OCH,CHj3), 55.5 (C-6), 49.4 (Ph-CH,), 41.5
(C-9), 34.3 (C-5), 29.3 (C-10), 30.7 (CH3), 21.0 (Ph-CHj3),
13.9 (OCH,CH3;). Anal. Calcd for C,5sH,oNOg: C, 68.32; H,
6.65; N, 3.19. Found: C, 68.38; H, 6.73; N, 3.22.

4.2.10. Ethyl 8-benzyl-4-(4-chlorophenyl)-1-hydroxy-4-
methyl-8-aza-2,3-dioxabicyclo[4.4.0]decan-7-one-6-car-
boxylate (3ha). R;=0.43 (chloroform/methanol 97:3 v/v);
colorless microcrystals (from ethyl acetate); mp 165.5—
166.0 °C; IR » 3500-3100 (OH), 1738, 1618 (C=0); 'H
NMR (300 MHz, CDCl3) é 7.35-7.18 (9H, m, arom. H),
5.15 (1H, d, J=14.5 Hz, Ph-CH,), 4.47 (1H, br s, OH),
4.21-4.12 (3H, m, OCH,CH3, Ph-CH,), 3.51 (1H, td, J=
12.9,3.9 Hz, H-9),3.28 (1H, dd, J=12.1, 6.4 Hz, H-9), 3.06
(1H, d, J=14.1 Hz, H-5), 2.90 (1H, d, J=14.1 Hz, H-5),
2.74 (1H, td, J=13.6, 6.42 Hz, H-10), 2.01 (1H, br d, J=
13.6 Hz, H-10), 1.43 (3H, s, CH3), 1.24 (3H, t, J=7.2 Hz,
OCH,CHj5); *C NMR (75 MHz, CDCls) 6 168.6 (C=0),
167.2 (C=0), 142.9, 136.2, 133.6 (3C, arom. C), 128.6,
128.5, 128.1, 127.6, 125.8 (9C, arom. CH), 97.3 (C-1), 80.6
(C-4), 62.6 (OCH,CHj3), 56.2 (C-6), 50.8 (Ph-CH,), 42.2
(C-9), 35.3 (C-5), 29.1 (C-10), 24.4 (CH3), 13.9
(OCH,CHj3). Anal. Calced for C,4H,cCINOg: C, 62.68; H,
5.70; N, 3.05. Found: C, 62.72; H, 5.43; N, 3.17.

4.2.11. Stereoisomer of 3ha. R;=0.33 (chloroform/metha-
nol 97:3 v/v); colorless needles (from ethyl acetate); mp
200.5-201.5 °C; IR » 3500-3150 (OH), 1717, 1636 (C=0);
"H NMR (300 MHz, CDCls) 6 7.44-6.98 (9H, m, arom. H),
4.67 (1H, d, J=15.1 Hz, Ph-CH,), 4.29-4.19 (3H, m,
OCH,CHs;, OH), 3.37 (1H, d, J=14.9 Hz, H-5),3.14 (1H, d,
J=15.1 Hz, Ph-CH,), 2.97 (1H, d, J=14.9 Hz, H-5), 2.85-
2.78 (2H, m, H-9), 2.58 (1H, m, H-10), 1.81 (1H, br d, J=
13.8 Hz, H-10), 1.43 (3H, s, CH3), 1.28 (3H, t, J=7.2 Hz,
OCH,CHj;); >C NMR (75 MHz, CDCls) 6 168.8 (C=0),
166.3 (C=0), 139.9, 136.2, 132.7 (3C, arom. C), 128.4,
127.8, 127.6, 127.5, 127.3 (9C, arom. CH), 96.3 (C-1), 81.9
(C-4), 62.4 (OCH,CH3), 55.4 (C-6), 49.5 (Ph-CH,), 41.5
(C-9), 34.1 (C-5), 29.2 (C-10), 30.7 (CH3), 139
(OCH,CHj3). Anal. Caled for Co4H,6CINOg: C, 62.68; H,
5.70; N, 3.05. Found: C, 62.85; H, 5.45; N, 2.99.
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4.2.12. Ethyl 8-benzyl-4,4-diethyl-1-hydroxy-8-aza-2,3-
dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3ia). R;=
0.15 (chloroform/methanol 97:3 v/v); colorless microcrys-
tals (from ethyl acetate); mp 114.8 °C; IR v 3500-3100
(OH), 1744, 1616 (C=0); '"H NMR (300 MHz, CDCls) 6
7.31-7.27 (5H, m, arom. H), 4.94 (1H, d, J=14.5 Hz, Ph-
CH,), 4.33 (1H, d, J=14.5 Hz, Ph-CH,), 4.27-4.19 (2H, m,
OCH,CH5), 4.05 (1H, br s, OH), 3.42 (1H, td, J=12.7,
4.4 Hz, H-9), 3.23 (1H, dd, J=12.7, 6.2 Hz, H-9), 2.73 (1H,
sex, J=6.8 Hz, H-10), 2.73 (1H, d, J=14.3 Hz, H-5), 2.52
(1H, d, J=14.3 Hz, H-5), 1.93 (1H, dd, J=14.3, 3.9 Hz,
H-10), 1.60-1.50 (2H, m, CH,CH;), 1.45-1.30 (2H, m,
CH,CH3), 1.26 (3H, t, J=7.2 Hz, OCH,CHs), 0.90 (3H, t,
J=17.3 Hz, CH,CHs), 0.78 (3H, t, J="7.3 Hz, CH,CH3); B¢
NMR (75 MHz, CDCl3) 6 169.0 (C=0), 167.4 (C=0),
136.4 (arom. C), 128.6, 128.3, 127.6 (5C, arom. CH), 96.5
(C-1), 80.6 (C-4), 62.4 (OCH,CHj3), 55.7 (C-6), 50.9 (Ph-
CH,), 42.2 (C-9), 32.5 (C-5), 28.9 (C-10), 28.7, 24.1 (2C,
CH,CH3), 13.9 (OCH,CH3), 7.47, 6.99 (2C, CH,CH,).
Anal. Calcd for C,;Hy9NOg: C, 64.43; H, 7.47; N, 3.58.
Found: C, 64.33; H, 7.34; N, 3.54.

4.2.13. Ethyl 8-benzyl-1-hydroxy-4,4-dimethyl-8-aza-2,
3-dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3ja).
R;=0.29 (chloroform/methanol 97:3 v/v); colorless micro-
crystals (from ethyl acetate); mp 128.0 °C; IR » 3500-3100
(OH), 1751, 1628 (C=0); '"H NMR (300 MHz, CDCl5) 6
7.31-7.28 (5H, m, arom. H), 5.16 (1H, d, J=14.7 Hz, Ph-
CH»), 4.22 (2H, q, J=7.2 Hz, OCH,CH3), 4.12 (1H, d, J=
14.7 Hz, Ph-CH,), 3.43 (1H, td, J=12.5, 4.6 Hz, H-9), 3.23
(1H, dd, J=12.5, 6.8 Hz, H-9), 2.77-2.59 (1H, m, H-10),
2.64 (2H, s, H-5), 1.95 (1H, dd, /=14.0, 4.6 Hz, H-10), 1.27
(3H, t, J=7.2 Hz, OCH,CH3), 1.24 (3H, s, CH3), 1.19 (3H,
s, CH3); '*C NMR (75 MHz, CDCl5) 6 168.9 (C=0), 167.4
(C=0), 136.4 (arom. C), 128.6, 128.2, 127.6 (5C, arom.
CH), 96.4 (C-1), 78.0 (C-4), 62.4 (OCH,CH3), 55.9 (C-6),
50.7 (Ph-CH,), 42.2 (C-9), 32.5 (C-5), 28.8 (C-10), 27.6,
23.0 (2C, CH3), 13.9 (OCH,CHj3). Anal. Calcd for
C19H,5NOg: C, 62.80; H, 6.93; N, 3.85. Found: C, 62.70;
H, 6.85; N, 3.88.

4.2.14. Ethyl 8-benzyl-1-hydroxy-4-phenyl-8-aza-2,3-
dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3ka). A
mixture of two stereoisomers; Ry =0.34 (chloroform/
methanol 97:3 v/v); colorless oil; IR » 3500-3150 (OH),
1749, 1628 (C=0); 'H NMR (300 MHz, CDCl;) 6 7.37—
7.16 (20H, m, arom. H), 5.16 (1H, d, /=14.9 Hz, Ph-CH,),
498 (1H, dd, /=9.2, 4.8 Hz, Ph-CH,), 4.49-4.19 (SH, m,
OCH,CH3 X2, Ph-CH,), 3.65-2.94 (m, Ph-CH,, CH,),
2.73-2.51 (m, CH,), 2.16 (1H, dt, J=13.6, 4.4 Hz, CH,),
1.96 (1H, dd, J=14.1, 4.8 Hz, CH,), 1.37 (1H, t,J=7.2 Hz,
OCH,CH3), 1.24 (2H, t, J=17.2 Hz, OCH,CH5); *C NMR
(75 MHz, CDCls) 6 170.9, 168.7 (2C, C=0), 167.5, 166.6
(2C, C=0), 136.8, 136.6, 136.2 (4C, arom. C), 128.9,
128.7, 128.6, 128.5, 127.8, 127.7, 127.6, 127.5, 127.3, 126.5
(20C, arom. CH), 99.3,97.2 (2C, C-1), 80.5, 80.3 (2C, C-4),
63.1, 62.4 (2C, OCH,CH3), 57.5, 55.5 (2C, C-6), 50.7, 50.2
(2C, Ph-CH,), 43.0, 42.3 (2C, C-9), 36.2, 31.6 (2C, C-5),
28.7, 28.4 (2C, C-10), 13.9 (2C, OCH,CH3). FAB HRMS
(acetone-NBA) calcd for Cy3Hy6NOg 412.1760 M +1).
Found 412.1718.

4.2.15. Ethyl 8-benzyl-4-heptyl-1-hydroxy-8-aza-2,3-

dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3la). A
mixture of two stereoisomers; Ry =0.41 (diethyl ether/
hexane 9:1 v/v); colorless oil; IR » 3600-3100 (OH), 1744,
1628 (C=0); 'H NMR (300 MHz, CDCls) ¢ 7.36-7.22
(10H, m, arom. H), 5.10 (1H, d, J=14.9 Hz, Ph-CH,), 4.58
(2H, dd, J=32.9, 14.7 Hz, Ph-CH,), 4.36 (2H, qd, J=17.2,
2.2 Hz, OCH,CH3), 4.26—4.19 (7TH, m, OCH,CHj3;, Ph-CH,,
H-4, OH), 4.01 (1H, m, H-4), 3.34-3.22 (4H, m, H-9), 2.76
(1.2H, d, J=13.94 Hz, H-10), 2.70-2.47 (2H, m, H-5), 2.40
(2H, d, J=14.0 Hz, H-5), 2.36 (2H, d, /J=14.0 Hz, H-5),
2.17-2.03 (3H, m, H-10), 1.93 (1H, dd, /J=14.0, 5.0 Hz,
H-10), 1.55-1.14 (24H, m, CH,), 1.36 (6H, t, J=7.2 Hz,
OCH,CHs5), 0.88 (6H, t, J=6.8 Hz, CH;X2); '*C NMR
(75 MHz, CDCls) 6 171.0, 168.9, 167.9, 166.5 (4C, C=0),
136.6, 136.3 (2C, arom. C), 128.8, 128.6, 128.0, 127.8,
127.7, 127.5 (10C, arom. CH), 99.2, 97.0 (2C, C-1), 79.2,
78.9 (2C, C-4), 63.0, 62.4 (2C, OCH,CHs), 57.2, 55.4 (2C,
C-6), 50.7, 50.4 (2C, Ph-CH,), 43.0, 42.1 (2C, C-9), 31.9,
31.7 (2C, C-5), 28.5, 28.2 (2C, C-10), 33.1-22.6 (12C,
CH,), 14.1-13.9 (4C, CH3 X 2, OCH,CH; X 2). FAB HRMS
(acetone-NBA) calcd for Cy4H3gNOg 434.2543 (M+1).
Found 434.2545.

4.2.16. Ethyl 1-hydroxy-4,4-diphenyl-8-methyl-8-aza-2,
3-dioxabicyclo[4.4.0]decan-7-one-6-carboxylate (3ab).
R:=0.29 (chlor