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ABSTRACT

A new route to substituted aromatic lactones and lactams via Sml,-promoted
desulfurization is described. Direct replacement of the phenylthio substituent by
hydroxyalkylated groups featuring the novel accessible process for the construction of
continuous quaternary carbon centers could be accomplished when the same type of

reactions was undertaken with carbonyl compouds in the presence of Sml,.
INTRODUCTION

During the past 10 years, many studies have been devoted to reactivity of
samarium(Il) species' with a variety of carbonyl compounds (aldehydes, ketones,
esters,> acid chlorides,” and acid anhydrides) for ring closure and/or C-C bond
formation reactions. In addition, intramolecular and intermolecular Barbier-type
reactions with haloalkanes toward the carbonyl group of ketones® and imides® have been
reported. In this connection recent disclosures from this laboratory have demonstrated
the first pinacolic cross-coupling reaction between phthalimides and carbonyl
compounds and its application to two types of complete threo-selective reactions.’
Although significant progress, thus, has been made in advancing the versatility of
samarium(II) compounds, the lack of studies concerning the reactivity toward simple
amides is surprising except in some special cases.® This low reactivity sometimes
permits some selective transformations, for example Barb}er-type reaction with amide
ketones® or selective side chain introduction onto small peptides mediated by Sml,."
Herein we wish to report our new successful entry for the preparation of substituted
aromatic lactones and lactams via desulfurization mediated by Sml,, and the coupling
reactions with carbonyl compounds'' under mild conditions, leading to the continuous
quaternary o-hydroxyalkylated lactams (Scheme 1), since little effort with Sml, has

been made for the utilization to desulfurization reactions.



Scheme 1

RESULTS AND DISCUSSION

Experiments have been initially performed on Sml,-promoted desulfurization
reaction employing y-alkyl substituted derivatives 3 obtained from alkylation of sulfur-
containing phthalides 2."* The results from our survey are summarized in Table 1. To
begin with, treatment of allylated phenylsulfonyl- or phenylthio phthalide 3 with 2.0
equiv. of Sml, at ambient temperature provided the desired desulfurized product 4 but
in low yield, respectively (entries 1,6) together with the recovered starting material. The
use of 3 equiv. of this reagent (entries 2,7) or the presence of an additive such as HMPA
(entries 3,8) or #~-BuOH (entries 4,9) had an effect on the rate to some extent, giving 4 in
moderate yield (up to 42%) within 5 min. Finally, we found that the use of excess Sml,
(entries 10,11) could effect these reactions in reasonable yield (up to 68%) without by

products.
Table 1

Next, we examined the same type of reactions by the use of sulfur-substituted
lactams 7 prepared from S5 in a similar manner as described above. As shown in Table 2,
the reactions with allylated N-benzyl phenylsulfonyl lactam did not proceed in
satisfactory yield when a small excess of Sml, were again used (entries 1,2), whereas
the desulfurization reactions of phenylthio derivative changed the results and rapidly
brought about the desired product 8 in 52% yield under the same reaction conditions
along with the starting lactam (entry 4). The further beneficial result was obtained in
reaction employing HMPA as an additive (entry 5) to afford 8 in 73% isolated yield.
Furthermore, it became apparent that this procedure was applicable for the production

of a wide range of lactams through replacement of the y-substituents together with a



change of the N-functional groups. Especially, we were delighted to find that 5 equiv. of
this reagent in the presence of HMPA (3.0 equiv.) effect these reactions in excellent
yield (up to 93%) to provide various types of y- and N-substituted lactams 8 (entries 9,
11-14).

Table 2

Although an in-depth mechanistic investigation of the above experiments was not
pursued, a tentative explanation of these results could be possible. Thus, the presence of
the nitrogen atom in the substrate would stabilize the Sm(III) species obtained from
subsequent reduction of the desulfurization-derived benzyl radical with the excess equiv.
of Sml,.

As a further illustration of the scope of the above outcome, we turned our attention
to the construction of the quaternary carbon center via direct replacement of the sulfur
substrate to alkyl groups. The reactions of lactam 7 with haloalkane did not proceed
under any conditions even in the use of excess Sml,. When 7 was, however, in turn
treated with butanal (3.0 equiv.) in the presence of Sml, as shown in Table 3 (entry 1), it
afforded the desired coupling product 9 with the crucial hydroxyalkylated quaternary
carbon center (41%) accompanying the formation of the normal desulfurized compound
8 (51%). It will be of interest to note that enhancement of the yield was observed upon
employing the sterically more hindered ketones (up to 71%), leading to the various
types of coupling products containing the continuous quaternary carbon centers (entries

2,3,5,6).
Table 3
In summary, we have achieved a short and easily accessible entry not only for the

preparation of a variety of substituted aromatic carbonyl compouds but also for the

development of the coupling reaction with several carbonyl compounds via



desulfurization mediated by Sml,, leading to the continuous quaternary o
hydroxyalkylated lactams. This procedure will find more convenient alternative to
existing desulfurization reactions and proved to be a superior quaternary C-C bond

formation method.
EXPERIMENTAL

Typical experimental conditions (entry 5 in Table 3): To a deep-blue THF (5 mL)
solution prepared from samarium metal powder (0.228 g, 1.53 mmol) and
diiodomethane (0.393 g, 1.474 mmol) under Ar was added a solution of N-methyl-3-
methyl-3-phenylthiophthalimidine (0.079 g, 0.295 mrr{ol) and acetone (0.051 g, 0.885
mmol) in THF (1 mL) at 0 °C. After the mixture was stirred for 1 h at room temperature,
it was poured into a dilute HCI (4 mL) and extracted with ethyl acetate. The product
was chromatographed after evaporation (eluted with hexane-ethyl acetate (1:1)) to give
N-methyl-3-methyl-3-(1-methyl-1-hydroxyethyl)phthalimidine (0.046 g, 0.21 mmol) in
71% and N-methyl-3-methylphthalimidine (0.012 g, 0.074 mmol) in 25% yields,

respectively.

N-benzyl-3-methyl-3-(1-hydroxybutyl)phthalimidine (entry 1 in Table 3); IR (thin film)
3255, 1661, 766, 701 cm™; '"H NMR (CDCL,) § 0.62-0.96 (t, J = 6.6 Hz, 3H), 0.96-1.62
(m, 4H), 1.42 (s, 3H), 3.71 (br, 1H), 4.01 (t, J = 6.6 Hz, 1H), 4.83 (s, 2H), 7.05-7.62 (m,
8H), 7.71-8.13 (m, 1H). Anal. Calcd for C,H,;NO,: C, 77.64; H, 7.49; N, 4.53. Found:
C,77.75; H, 7.42; N, 4.39.

N-benzyl-3-methyl-3-(1-methyl-1-hydroxyethyl)phthalimidine (entry 2 in Table 3); IR
(thin film) 3266, 1656, 760, 705 cm™; 'H NMR (CDCL,) 8 0.83 (s, 3H), 1.35 (s, 3H),
1.51 (s, 3H), 2.12 (br, 1H), 4.98 (s, 2H), 7.11-7.68 (m, 8H), 7.75-7.82 (m, 1H). 4nal.
Calcd for C,,H,;NO,: C, 77.26; H, 7.17; N, 4.74. Found: C, 77.29; H, 7.11; N, 4.71.



N-methyl-3-benzyl-3-(1-methyl-1-hydroxyethyl)phthalimidine (entry 3 in Table 3); IR
(thin film) 3286, 1672, 756, 698 cm™; 'H NMR (CDCl,;) 8 1.01 (s, 3H), 1.33 (s, 3H),
2.38 (br, 1H), 3.20 (s, 3H), 3.48, 3.53 (2s, 2H), 7.48-7.05 (m, SH), 7.15-7.81 (m, 4H).
Anal. Calcd for C,,H,NO,: C, 77.26; H, 7.17; N, 4.74. Found: C, 77.38; H, 7.09; N,
4.66.

N-methyl-3-methyl-3-(1 -hydroxybutyl)phthalimidine (entry 4 in Table 3); IR (thin film)
3266, 1655, 746, 703 cm™; 'H NMR (CDCIl,) 6 0.59-0.93 (t, J = 6.6 Hz, 3H), 0.96-1.75
(m, 4H), 1.36, 1.45 (2s, 3H), 2.49 (br, 1H), 2.88, 3.01 (2s, 3H), 3.71 (br, 1H), 4.05 (t, J
= 5.6 Hz, 1H), 7.15-7.56 (m, 3H), 7.61-7.94 (m, 1H). Anal. Calcd for C,;H,;NO,: C,
72.07; H, 8.21; N, 6.00. Found: C, 71.94; H, 8.19; N, 6.13.

N-methyl-3-methyl-3-(1-methyl-1-hydroxyethyl)phthalimidine (entry 5 in Table 3); IR
(thin film) 3250, 1668, 756, 700 cm™; '"H NMR (CDCl;) & 0.87 (s, 3H), 1.18 (s, 3H),
1.50 (s, 3H), 2.62 (br, 1H), 3.07 (s, 3H), 7.03-7.50 (m, 3H), 7.60-7.92 (m, 1H). 4nal.
Caled for C;H,,NO,: C, 71.21; H, 7.81; N, 6.39. Found: C, 71.40; H, 7.79; N, 6.31.

N-methyl-3-methyl-3-(1-methyl-1-hydroxybutyl)phthalimidine (entry 6 in Table 3); IR
(thin film) 3286, 1659, 766, 699 cm™'; 'H NMR (CDCIl;) 8 0.55-0.85 (t, J = 6.6 Hz, 3H),
0.96-1.45 (m, 4H), 0.85, 1.18 (2s, 3H), 1.50 (s, 3H), 2.45 (br, 1H), 3.03 (s, 3H), 7.15-
7.61 (m, 3H), 7.61-7.91 (m, 1H). Anal. Calcd for C;;H,,NO,: C, 72.84; H, 8.56; N, 5.66.
Found: C, 72.96; H, 8.47; N, 5.71.
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Table 1. Smio-promoted desulfurization reaction of lactones (3) after alkylation of (2).

0
PhSH 1) LDA, HMPA Sml2
cat BF3OEt2 2) RX THF THF rt
CH,Cl, (O)nPh R (O)nPh

o amoms
Enty n R Yield of Sml2(equiv.)  Additives Yield of 4 (%)@
3 (%)@ (equiv.)
1 2 CHo=CHCHo 85 2.0 - 6
2 2 CH2=CHCHa2 - 3.0 - 20
3 2 CHo=CHCHa2 - 3.0 HMPA (3.0) 24
4 2 CHo=CHCHg2 - 3.0 +BuOH (1.0) 42
5 2 CH2=CHCH2 - 5.0 - 42
6 0 CH2=CHCH2 64 2.0 - 11
7 0 CH2=CHCH2 - 3.0 - 38
8 0 CHo=CHCH2 - 3.0 HMPA (3.0) 38
9 0 CHo=CHCH - 3.0 +BuOH (1.0) 42
10 0 CH2=CHCH2 - 5.0 - 61
11 0 CH2=CHCH2 - 10.0 - 68
12 0 CHs 92 5.0 - 32
13 0 CHzPh 90 5.0 - 37

a) Isolated yield.
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Table 2. Smiz2-promoted desulfurization reaction of lactams (7) after alkylation of (6).

©< PhSH 1)LDA HMPA Sml2 @;
N—R, —R4
cat. BF3OE12 2)RX THF THF rt
H CH:Cl, (O)Ph RS S(0),Ph
gz': i 07 mceea
Entry n R1 Ro Yield of 7 (%)@ Sml2 Additives Yield of 8 (%)
(equiv.) (equiv.)
1 2 CHoPh  CH2=CHCHp 78 2.0 - 19
2 2 CHoPh CHo=CHCHo - 3.0 - 17
3 0 CHzPh  CH2=CHCH 96 2.0 - 12
4 0 CHoPh CHo=CHCH2 - 3.0 - 52
5 0 CHzPh  CH2=CHCH2 - 3.0 HMPA (3.0) 73
6 0 CHzPh  CHg 96 3.0 HMPA (3.0) 53
7 0 CHzPh  CHg3 - 3.0 tBuOH (1.0) 43
8 0 CHoPh  CH3 - 3.0 HMPA (3.0) 72
9 0 CHoPh  CH3 - 5.0 HMPA (3.0) 88
10 0 CHaPh  CHgPh 92 3.0 HMPA (3.0) 73
11 0 CHoPh  CH2Ph - 5.0 HMPA (3.0) 90
12 0 CH3 CHo=CHCH2 96 5.0 HMPA (3.0) 93
13 0 CHg CHg 92 5.0 HMPA (3.0) 84
14 0 CHg CHoPh 95 5.0 HMPA (3.0) 89

a) Isolated yield.
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Table 3. Smlo-promoted coupling reactions of substituted lactams (7) with carbonyl compounds.2

0 0 0
Smil; (5 equiv.)
N—R1 —_— —R; + —R1
R3CORy, THF OH
R 'SPh rt R2 5
7 9 R3 4 8

Entry Ri1 R2 R3 Ra Yield of 9 (%)P  Yield of 8 (%)P

1 CH2Ph CH3z n-CgHz H 41 51

2 CHoPh CHs CHsg CHs 62 33

3 CHs CHoPh CHs3 CH3 47 51

4 CH3 CHg3 n-CgaH7 H 33 66

5 CH3 CHs CH3 CH3z 71 25

6 CH3z CHg3 CH3z n-C3H7 61 34

a) All reactions employed 3.0 equiv. of carbonyl compouds.

b) Isolated yield.
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Abstract

A novel and efficient asymmetric synthesis of the potent actomyosin ATPase
activator, penaresidin B, is described in a short and complete stereoselective manner by
featuring the elaboration of the fully functionalized homochiral lactam, which can also

be regarded as an advanced intermediate for the synthesis of other azetidine alkaloids.

Marine sponges have frequently afforded a wide variety of sphingosine-related
compounds,' in which penaresidins A (1) and B (2) isolated in 1991 from an Okinawan
marine sponge Penares sp. by Kobayashi et al. are the first sphingosine-derived
alkaloids possessing an interesting azetidine ring structure.” Tested as an inseparable
mixture, these two compounds exhibit potent actomyosin ATPase-activating activity.
As shown in Figure 1, the exact absolute configurations of five stereogenic centers in 1
were established to be 2S5,3R,4S,15S and 16S, and the initially proposed structure of
penaresidin B was revised to be 23 after structural characterization based on
spectroscopic methods™* supplemented by synthetic studies.>™ On the other hand a new
azetidine alkaloid, penazetidine A (3), possessing potent protein kinase C inhibitory
activity was isolated in 1994 from the Indo-Pacific marine sponge Penares sollasi by
Crews and his coworkers.” The structure of the substituted azetidine closely related to
penaresidins was confirmed to be 3 by the synthesis of Mori et al.® except for the side-

chain stereochemistry.

OH OH OH OH
Z 16 ; z
N U e e S ‘\/\/\/\/\/\)\
HO/\2<N>4 15 HO/\Q 15 17
H CH, H
1 2
OH
E
Ho’\Q“ W
H 3

Figure 1. Penaresidin A (1), penaresidin B (2) and penazetidine A (3).

Keywords: penaresidin; azetidine alkaloid; lactam; nucleophilic addition; arabinofuranose.
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Due to their significant activities and unique structural characteristics, they have
been the subject of extensive synthetic efforts which have culminated in several
syntheses.*” Synthetic strategies described to date including our recent method,12b
however, in general require multistep reactions or crucial techniques and were not
necessarily satisfactory. The purpose of the present communication is to report a novel
and convenient process for the asymmetric synthesis of 2, which in turn would make it

possible to provide a new opportunity for the synthesis of other azetidine alkaloids.

As shown in Scheme 1, we investigated the utilization of amino sugar for the
synthesis of the functionalized homochiral lactam intermediate with desired stereogenic
centers. When the acetylide elaborated from D-leucine'® via the acetylene zipper
reaction'! was treated with the furanosylamine 5 prepared from D-arabinose derivative 4
at low temperature followed by oxidative degradation with PCC," it afforded the non-
terminal alkyne-lactam 6 with three substituents exclusively (>99% d.e., determined by
13C NMR and HPLC) in good yield. After exchange of the MPM(p-methoxybenzyl)-
protecting group to the N-Boc function in 6 to enhance the nucleophilicity, deprotection
of the benzyl groups accompanying simultaneous hydrogenation of the triple bond was
effected by using Pd (black) in 4.4% HCOOH-MeOH to furnish the dihydroxylactam 7.
Then, 7 was regioselectively transformed through successive Bn- and MOM-protections
into the synthetically useful homochiral lactam 8 in 74% and quantitative yields,
respectively. No base-induced racemization of the g-position in 8 was observed in these
reactions (determined by C NMR). Reduction of 8 with NaBH, cleanly opened the
lactam ring and afforded the corresponding acyclic alcohol quantitatively again, which
was in turn submitted to MOM-protection followed by debenzylation with Pd (black) to
afford the desired N-Boc alcohol 9 in extremely high yield. In contrast to Lin's results9d
construction of the azetidine ring was accomplished under mild basic conditions after
introduction of the methanesulfonyl group to provide the N-Boc and tri-O-
methoxymethylated penaresidin B 10 in 50% yield (two steps).”” Finally, removal of the

protecting groups in 10 was conducted under acidic conditions to complete the total
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synthesis of 1 in 12% overall yield from the commercially available D-arabinose
derivative 4, whose structure was characterized after derivatization to the known
tetraacetate 11, [0],>*+47.3° (¢ 0.75, CHCI3) {lit. [a],>*+47° (¢ 0.42, CHCl,);}. The
spectral data of synthetic 11 were completely identical to those of the reported values in

all respects.’

Scheme 1

This process involves no separation of stereoisomers through the entire sequence until
penaresidin B was synthesized from the starting D-arabinose derivative 4, which
constitutes a new synthetic strategy and represents a short and easily accessible pathway
to penaresidins. We anticipate that the non-terminal alkyne lactam such as 6 will serve

as an advanced template for the synthesis of other nitrogen-containing natural alkaloids.
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hydroxyl- and amino-protecting groups.
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Abstract

An efficient and stereodefined strategy is described for the first asymmetric
synthesis of a new type of pyrrolizidine alkaloids, amphorogynine A and its 1-epi-
isomer. The key 2,4-disubstituted pyrrolidine ring was constructed by elaboration of the
chiral lactam derivative incorporating the D-malic acid-derived skeleton through

asymmetric cis-allylation of the functionalized allysilane

Amphorogynine A  together with structurally related compounds,
amphorogynines B, C, and D, was first isolated in 1998 by Pais and coworkers from the
leaves of Amphorogyne spicata Stauffer & Hiirlimann (Santalaceae) in a research for
alkaloids in New Caledonian plants.' After structural characterization by the same group
based on spectroscopic methods using chemical correlations, these were revealed to be a
new class of pyrrolizidine alkaloids possessing a 1,6-disubstituted structure (Figure 1).!
These alkaloids differ from the position of the substituents on the pyrrolizidine ring.
Whereas amphorogynines possess a hydroxyl group at the C(6) position, the well
known necines generally bear this substituent at the C(7) position of the pyrrolizidine.
Since such alkaloids showing substituted functions at both C(1) and C(6) only have not
been reported previously,’ their structural and stereochemical complexity coupled with
their diverse and potentially useful characteristics would make them hereafter inviting
targets for synthesis. The synthesis of this type of compounds poses interesting and
often unsolved problems of sterecontrol. Consequently, no report concerning the total

synthesis of 1 along with related natural products has been appeared to date

Figure 1

Keywords: amphorogynine; pyrrolizidine alkaloid; allylation; lactam; malic acid
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With these considerations in mind, we wish to communicate the details of the first
asymmetric synthesis of 1 and its 1-epimer (6-epi-amphorogynine B) by means of
requisite stereoselective allylation of the a-hydroxypyrrolidine intermediate elaborated

from D-malic acid.

As shown in Scheme 1, N-MPM(p-methoxybenzyl)-imide 6 obtained from D-
malic acid (5) was reduced regioselectively with NaBH,' and readily effected by
BF3+OEt2-induced reductive deoxygenation with Et3SiH; to afford the acetoxylactam
intermediate. After exchange of the acetyl group to the benzyl moiety, the lactam 7 thus
obtained was transformed into the expected N-Boc derivative 8, [ot],>*+16.5° (¢ 1.03,
CHCl,), by four steps through both subsequent N- and O-deprotection and reprotection
sequence (54% overall yield from D-malic acid) for further convenient transformation
of the functional groups. Initial experiments have been performed on a coupling
reaction via N-acyliminium ion promoted by BF;*OEt, at -78 °C between
allyltrimethylsilane and a-hydroxypyrrolidine derivative derived from the partial
reduction of 8.° These conditions brought about the desired allylated pyrrolidine 9a as a
sole product with complete cis-stereoselectivity.” These results are in accord with
expectations based on the preceding reports.®” We were delighted to find that the use of
the functionalized allyltrimethylsilane reagent (E/Z = 3.1/1.0) prepared from 3-buten-1-
ol according to the Seyferth's procedure'® also underwent fast reaction to afford the
corresponding coupling product 9b with complete cis-relationship again'' in the
pyrrolidine ring, but with about 55% d.e. at the allylic position (determined by 1H
NMR), which would be ascribed to the ratio of the starting geometrical isomers.

For the purpose of the construction of a pyrrolizidine ring system, 9b was in turn
submitted to deprotection of the MPM moiety followed by introduction of the bromo
function as the leaving group.'> The olefinic part in the pyrrolidine derivative 10 thus
obtained was then cleaved via dihydroxylation to give the aldehyde intermediate, which
was successively subjected to bromine-induced oxidation,”” leading to the

corresponding methyl ester 11 in 89% yield. The remaining side unit in
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amphorogynines prepared from vanillin was then introduced in the presence of EDCI
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride and DMAP" after
desilylation. Finally, the coupling product 12 was effected by deprotection with
BF3+OFt215 together with concomitant cyclization, followed by debenzylation of the
resulting pyrrolizidine 13 with 5% Pd on carbon to produce the desired compound,
amphorogynine A (1), accompanying with its 1-epimer (6-epi-amphorogynine B) 14.
These were readily separated by column chromatography on silica gel and demonstrated
that the less mobile compound (CHCI13/MeOH=3:1; TLC Rf 0.55) corresponded to the
natural product 1 (58%), [o],**+52.1° (¢ 0.57, CHCI3) {lit. [a]5+53° (c 1, CHCI3)1},
and the more mobile substance (CHCl,/MeOH=3:1; TLC Rf 0.60) was the 1-epi-isomer
1416 of amphorogynine A (6-epi-amphorogynine B) (26%), [o]2-15.7° (¢ 0.38,
CHCl,), based on their spectral data,1 respectively. The spectral data of synthetic (+)-1

were completely identical to those of the reported natural product.’

Scheme 1

In summary this work constitutes the first synthesis of the natural pyrrolizidine alkaloid,
amphorogynine A, and verifies the structure proposed in the literature for this natural
product, since no report concerning the total synthesis of amphorogynines has been

appeared to date.
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selective allylation reaction® as shown below.
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butoxycarbonyl function in the N-acyliminium ion intermediate. On the other

hand, Ogasawara and his coworkers recently reported that upon reaction with

allyltrimethylsilane in  the presence of zinc(II) chloride, N-Boc-5-acetoxy- 2-

methoxypiperidine afforded the unexpected trans-selective allylation product

10.

11.

12.

13.

predominantly (11:1) based on the anchimeric assistance of the acetate group;
Tanaka, H.; Sakagami, H.; Ogasawara, K. Tetrahedron Lett. 2002, 43,93.;
Sakagami, H.; Kamikubo, T.; Ogasawara, K. Chem. Commun. 1996, 1433.

(a) Seyferth, D.; Wursthorn, K. R.; Mammarella,R. E. J. Org. Chem. 1977, 42,
3104; (b) Seyferth, D.; Wursthorn, K. R.; Lim, T. F. O.; Sepelak, D. J. J.
Organometal. Chem. 1979, 181, 293.

Cis-stereochemistry in the pyrrolidine ring of 9b was determined based on its
spectral data of synthetic (+)-1.

To begin with, experiments have been performed on a dihydroxylation reaction
mediated by OsO, employing the tosylated compound 20 as shown below. The
reaction, however, resulted in the preparation of the corresponding simultaneously

cyclized products of 21 and 22 as an inseparable mixture.

Scheme 3
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58% (two steps); 3, CAN, CH;CN-H,O (9:1); 4, TBDMSCI, imidazole, DMF; 5, (Boc),0, Et;N, DMAP; 64%
(three steps); (¢) 1, NaBH,, MeOH; 2, BzCl, Et;N, CH,Cly; 3, BuyNF, THF; 71% (three steps); (d) 1, Im,CS, THF,
40 °C; 2, Bu;SnH, AIBN, toluene, 70 °C; 38% (two steps); 3, K,CO3, MeOH; 4, MsCl, EgN, CH,Cly; S, +-BuOK,
THF; 68% (three steps).
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Abstract

An efficient and stereodefined process is described for the first preparation of a
new prenyl-benzoylfuranone type sesquiterpenoid, (+)-3-(2,4-dihydroxybenzoyl)-4,5-
dimethyl-5-(4,8-dimethyl-3(E),7(E)-nonadien-1-yl)tetrahydro-2-furanone. The synthetic
strategy is based on nucleophilic addition of organometallic reagents to the
functionalized ketoamides elaborated from dihydroxyacetone dimer for the

stereoselective construction of the key quaternary carbon center in the target compound.

3-(2,4-dihydroxybenzoyl)-4,5-dimethyl-5-(4,8-dimethyl-3(E),7(E)-nonadien-1-
yD)tetrahydro-2-furanone (1) together with two structurally related furanyl-substituted
compounds, 2 and 3, was isolated in 1999 by Kojima and coworkers' from the roots of
Ferula ferulioides (STEUD.) KOROVIN (Umbelliferae), which grows in Bulgan
Somon of Hovd City, Mongolia (Figure 1). Closely related new sesquiterpene
phenylpropanoids, pallidones, were also isolated in 2000 from the roots of Ferula
pallida (Umbelliferae).” These natural products have been used as a traditional medicine
for the treatment of spasm' for a long time and were revealed to be a new class of
prenyl-benzoylfuranone type sesquiterpenoid derivatives possessing contiguous three
stereogenic centers along with a quaternary carbon in the lactone ring after structural
characterization by the same group based on comprehensive spectral analysis. Since the
synthesis of this type of compounds poses interesting and often unsolved problems of
stereocontrol, no report has been appeared to date despite those pharmacological
activities and attractive structural features. The central feature of this communication is
to report the details of the first and expeditious route from dihydroxyacetone dimer for

the stereoselective construction of the tetrasubstituted lactone ring with a quaternary

Keywords: sesquiterpenoid; benzoylfuranone; nucleophilic addition; terpene lactone;

dihydroxyacetone
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carbon center and the total synthesis of (£)-3-(2,4-dihydroxybenzoyl)-4,5- dimethyl-5-
(4,8-dimethyl-3(E),7(E)-nonadien-1-yl)tetrahydro-2-furanone natural product (1).

Figure 1

As shown in Scheme 1, the protected mono-terpene lactones S, key starting
compounds for the synthesis of these terpenoids, were easily prepared from
dihydroxyacetone dimer 4 according to our reported procedure.’ Aminolysis of 5 with
Me2NH opened the lactone ring to give amide alcohols 6 in high yields. Initial
experiments have been performed with 6a in expectation of the stereoselective
construction of the quaternary carbon center. Swern oxidation of 6a followed by the
nucleophilic addition of methyl- or pentenyl Grignard reagent in situ gave the amide
alcohol 7 and 8,* as a predominant product,’ respectively. After oxidation with PCC, we
were delighted to find that the second alternating Grignard addition to the ketone
intermediates in the presence of CeClL,® could effect these reactions to afford the desired
products 9a and 9b in a reverse stereoselective manner’ at the quaternary center (the
former; 92:9b = 92:8 and the latter; 9a:9b = 7:93, determined by HPLC). These
compounds were smoothly cyclized to the corresponding trisubstituted lactones 10a and
10b, respectively. Stereochemical results thus obtained can be easily explained in terms

of the thermodynamically more stable Cram's non-chelation transition model.*
Scheme 1
With the above stereochemical outcome in hand, we turned our attention to the
total synthesis of ()-1. To begin with, successive treatment of 6a with Swern oxidation

reagents, homogeranylmagnesium bromide elaborated from geraniol in six steps,® and

PCC, followed by the addition of the second methylmagnesium bromide as described
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above afforded the amide alcohol 12a through 11a as a predominant product with
moderate stereoselectivity (12a: 13a = 87:13, determined by HPLC) (Scheme 2). After
investigation with three types of mono-protected amide alcohols 6, a surprising
enhancement in stereoselectivity was finally observed upon employing 6¢ with the
largest TBDPS(f-butyldiphenylsilyl) group, leading to the desired isomer 12c as the
single product (determined by HPLC and C NMR analysis). Cyclization of 12¢ under
mild conditions gave the trisubstituted lactone 14 in 76% yield without silyl-
deprotection. 14 thus obtained was effected by coupling reaction with 2,4-
dimethoxybenzaldehyde in the presence of LIHMDS at low temperature to produce the
3,4-trans-adduct 15 alone,” including the almost equivalent of stereoisomers at the
benzyl position* (determined by *C NMR). Then, 15 was submitted to PCC oxidation
again followed by deprotection with Bu,NF to provide the lactone alcohol 16 in
moderate yield. Whereas the deoxygenation reaction of the primary alcohol in 16 with
phenylchlorothionoformate' or thiocarbonyldiimidazole'' gave inseparable mixtures,
use of Et,B-Bu,SnH" in the presence of O, at 0 °C after bromination of the hydroxyl
group with CBr,-PPh, dramatically changed the results and brought about the desired
deoxgenated product 17 in satisfactory yield. Finally, 17 was subjected to deprotection
with Me,Sil to complete the total synthesis of (+)-1. The spectral data of synthesized 1

were completely identical with those of the reported natural compound.'

Scheme 2

In summary, this work constitutes the first synthesis of the naturally occurring prenyl-
benzoylfuranone type of sesquiterpenoid through stereoselective construction of the
tetrasubstituted lactones containing a quaternary carbon center from mono-terpene

lactones and verifies the structure proposed in the literature for this compound.
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Scheme 1. Reagents and conditions: (a) Me,NH, THF; 86% (6a); 90% (6b); 92% (6¢); (b) (i) (COCl),,

DMSO, THF, then Et 3 N, -78 ~ -45 °C; (ii) methylmagnesium bromide, THF, 0 °C; 62% (7 ) (two steps);
pentenylmagnesium bromide, THF, 0 °C; 54% ( 8 ) (two steps); (¢ ) (@ PCC, C H ,Cl 5 (i)
pentenylmagnesium bromide, THF, CeCl 3 , -78 °C; 53% ( 9a ) (two steps); methylmagnesium bromide,

THF, CeCls, -78 °C; 43% (9b) (two steps); (d) p-TsOH, benzene, 50 °C; 77% (10a); 68% (10b).
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70% ( 12b ); 76% ( 12¢ ) (two steps, respectively); (¢ ) p -TsOH, benzene, 50 °C; 76%; ( d ) LIHMDS,
2 4-dimethoxybenzaldehyde, THF, -78 °C; quant.; ( e ) (i) PCC, CH ,Cl ; (ii) TBAF, THF; 40% (two
steps); () (i) CBry, PPh3, CH,Cly; 62%; (i) Et3B, BusSnH, O,, CHyCly; 66%; (g) Me;Sil, CHCl3, -20

°C; 88%.
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Abstract

Treatment of a variety of alicyclic and aromatic y-phenylthio-substituted lactams
with Lewis acids such as cuprous or cupric halides in aqueous solution at rt was found
to undergo novel tandem desulfurization and hydroxylation reactions to generate y-
hydroxylated lactams without the ring-opened products in exremely high yields,
respectively. This process was further applied to the total synthesis of an
isoindolobenzazepine alkaloid, chilenine, by featuring the elaboration of the

functionalized phthalimide derivative.

Due to their well documented and useful structural features for the synthesis of
biologically active compounds, there has been increasing interest in the utilization of y-
phenylthio-substituted lactams as crucial and key intermediates. Thus, a number of
efficient techniques to utilize such compounds have been accomplished and many
advantageous reports have appeared for C-C bond formation, e. g., thionium/N-
acyliminium ion cyclization cascade,'® Lewis acid-mediated allylation," intramolecular
radical cyclization,' direct replacement of the sulfur group by the alkyl function
employing organo-zinc reagents,' and successive alkylation-desulfurization sequence
for the introduction of the alkyl side chain'® together with the well known
desulfurization protocol."® In this connection recent disclosures from this laboratory
have demonstrated Sml,-promoted tandem desulfurization and high erythro-selective
coupling reactions of aromatic lactams with carbonyl compounds.” Although significant
progress, thus, has been made in advancing the versatility of sulfur-substituted lactams,
the lack of studies concerning the reactivity toward simple Lewis acids is surprising
except the lactol type of compounds.’ Herein we wish to report our successful efforts for
the development of novel Lewis acid-mediated tandem reaction of phenylthio-
substituted alicyclic and aromatic lactams in aqueous media, leading to the +y-
hydroxylated products, whose process was further applied to the convenient total

synthesis of isoindolobenzazepine natural product, chilenine.
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Initial experiments have been performed on tandem desulfurization and
hydroxylation reactions of simple y-phenylthio-substituted alicyclic lactams 1 in the
presence of a variety of Lewis acid-additives such as MgBr,, SmCl,, or CeCl; in
aqueous solution (CH;CN-H,O = 9:1) at ambient temperature. The reactions, however,
did not proceed under any conditions and recovered the starting material 1. Next, we
examined the same type of reactions employing another Lewis acids. The results from
our servey are summarized in Table 1. Whereas the reactions with FeCl; and Cul gave
the desired hydroxylated product 2, but in low yield, respectively (entries 1,2), use of
CuCl or CuBr had a dramatic effect on the rate and smoothly brought about the taget
compound 2 in almost quantitative yiclds (entries 6-8) under these mild and readily
available conditions. We were delighted to find that the same beneficial results were
again obtained in reaction employing quaternary substituted phenylthiolactams
containing aliphatic and aromatic alkyl side chains (entries 9,10) by replacement of the
solvent system from CH,CN-H,0 (9:1) to 1,4-dioxane-H,O (2:1) without by-products

such as ring-opened ketoamides derived from 2.

Table 1

As shown in Table 2, we further found that the use of B-substituted and o,B-
disubstituted g-phenylthiolactams 3 (entries 1,2) as well as the aromatic one (entry 3)
underwent convenient reactions to afford the corresponding desulfurized
hydroxylactams in quite high yields, respectively. In addition, it will be particularly of
interest to note that a variety of both sterically more hindered and unstable quaternary
hydroxy-substituted lactams 4 with - or o.,B-disubstituents**' could be obtained again
under these conditions (entries 4-9) irrespective of their structures.

Thus, this procedure is applicable for the production of a wide range of v-hydroxylated
lactam derivatives and provides an easily accessible alternative to the existing synthetic

method of these types of compounds, since, to the best of our knowledge, one approach
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to the direct preparation of y-hydroxylactams 2 or 4 through nucleophilic addition of

organometallic reagents to cyclic imides has been demonstrated.*

Table 2

In light of the above outcome, we turned our attention to the development of novel
and convenient synthetic method of isoindolobenzazepine alkaloid, chilenine 5,
whose structure incorporating the 3H-3-benzazepine moiety and equally an
isoindolinone ring system is architecturally sophisticated and possesses the real and
potential biological properties.® As summarized in Scheme 1, the functionalized
imide 6 obtained from 3,4-dimethoxy-2-ethoxycarbonylbenzoic acid and
bromopiperonal based on our reported method,* was reduced with DIBAL-H’ at low
temperature to provide the hydroxylactam intermediate, which was quickly treated with
thiophenol under acidic conditions, leading to the phenylthiolactam 7 in 61% yield (two
steps) regioselectively (96:4, determined by '"H NMR). When the deprotection of the
MPM-group in 7 was performed by the use of DDQ, the desired aldehyde derivative 8
could be obtained directly. This was successively effected by intramolecular cyclization
reaction under basic conditions to provide the corresponding product 9 possessing the
benzazepine structure. Although the oxidation of the hydroxyl function in 9 with PCC or
Swern-oxidation  reagents gave inseparable  mixtures, wuse of TPAP
(tetrapropylammonium perruthenate)® in the presence of NMO brought about the
desired ketone 10 in satisfactory yield without the sulfur-oxidized compound. Finally,
10 was subjected to the tandem desulfurization and hydroxylation reactions with CuBr
in aqueous media at ambient temperature to complete the total synthesis of chilenine 5
in 83% isolated yield. The spectral data of synthesized 5 were completely identical with

those of the reported natural substance.™

Scheme 1
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In summary, we have disclosed herein the instructive example of the Lewis acid-
mediated tandem reaction of desulfurization and hydroxylation in aqueous solution,
whose process found application in the novel synthetic strategy of a structurally
sophisticated and biologically important isoindolobenzazepine alkaloid and will be
widely applicable to the synthesis of other fused alkaloidal natural products such as new
antitumor antibiotics, UCS 1025 series’ containing a quaternary hydroxyl group o to the

nitrogen.
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( R SPh Lewis Acid (2.0 eq.) R OH

N'N-CH,Ph _— N N-CH,Ph
1 solvent, rt 0 5

Entry n R Lewis acid Conditions® Time (d) Yield (%)°
1 1 H FeCl, A 1 36
2 1 H Cul A 1 8
3 1 H CAN A 1 81
4 1 H CuBr, A 1 65
5 1 H CuCl, A 1 >99
6 1 H CuCl A 1 >99
7 1 H CuBr A 1 >99
8 2 H CuBr A 1 >99
9 1 CH,(CH,), CuBr B 0.1 84°
10 1 C¢Hs CuBr B 0.1 97¢

*Conditions A performed in CH;CN-H,O (9:1) and conditions B performed in 1,4-dioxane-H,O (2:1),
respectively.

®Isolated yield.

“Reactions under conditions A gave the corresponding ring-opened ketoamides as a main product
derived from the quaternary hydroxylactams 2 in 23% (R: butyl) and 53% (R: phenyl) yields,
respectively.
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R2R3 SPh CuBr (2.0 eq.) R2R3 OH
)i:N—CHZPh — N-CHyPh
R1 0 3 solvent, rt R1 o 4
Entry R, R, R, Conditions® Time (d) Yield (%)
1 H OBn H A 3 >99¢
2 OBn OBn* H A 1 >99¢
3 H A 1 98
-CH,
4 H OBn CH,(CH,), B 1 924
5 H OBn CeH; B 1 90!
6 OBn OBr® CH,(CH,), B 1 86!
7 OBn OB Cell; B 1 984
8 CH,(CH,), A 0.1 >99
-CH,-
9 CeH; A 0.1 >99
-CH,

*Conditions A performed in CH;CN-H,O (9:1) and conditions B performed in 1,4-
dioxane-H,0 (4:1), respectively.

*Isolated yield.
°d.l-Tartaric acid-derived lactam 3 was used.

‘Unfortunately, these reactions resulted in the almost non-stereoselective formation of 4
except the case of entry 1, which indicated the moderate frans-selectivity (cis:frans (to
the B-OBn group) = 16:84, isolated ratio).
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Scheme 1. Reagents and conditions: (a) 1, DIBAL-H, THF, -78°C; 2, PhSH, BF;OEt,,
CH,Cl,; 61% ( two steps); (b) DDQ, CH,Cl,-H,O (10:1); 97%; (¢) LIHMDS, HMPA, THF, -
78~0C; 65%,; (d) TPAP, NMO, CH,Cl,; 78%; (e) CuBr, CH;CN-H,O (1:1); 83%

46



Chapter 6

Novel and stereoselective asymmetric synthesis of an amino sugar
analogue, furanodictine A

Hidemi Yoda,” Yuji Suzuki and Kunihiko Takabe

Department of Molecular Science, Faculty of Engineering,
Shizuoka University
Johoku 3-5-1, Hamamatsu 432-8561
Japan

Tel: +81 53 478 1150
Fax: +81 53 478 1150
E-mail: tchyoda@ipc.shizuoka.ac.jp

Keywords: furanodictine; 3,6-anhydrosugar; amino alcohol; arabinofuranose.

47



Abstract

A novel and efficient strategy is described for the asymmetric synthesis of the first
3,6-anhydrosugar to be isolated from natural sources, furanodictine A. The synthetic
process is based on requisite stereodefined manipulation of the functionalized amino
alcohol obtained through nucleophilic addition of vinyl Grignard reagent to the aminal
incorporating the D-arabinofuranose-derived skeleton in a complete stercoselective

manncr.

Furanodictine A (1) and B (2) were first isolated in 2001 by Oshima and co-
workers from a methanol extract of the multicellular fruit body of Dictyostelium
discoideum' in a research to clarify the diversity of secondary metabolites of
Dictyostelium cellular slime molds and to explore biologically active substances that
could be useful in the development of novel drugs (Figure 1). These natural products are
unambiguously known to possess the ability to cause neuronal differentiation of rat
pheochromocytoma (PC-12) cells and revealed to be the first 3,6-anhydrosugars to be
isolated from natural sources after structural characterization by the same group based
on comprehensive spectral analysis." Their structural complexity coupled with diverse
and potentially useful characteristics as an antitumor agent described above would make
them inviting targets for synthesis. In spite of these attractive features, to the best of our
knowledge, only one approach concerning the total synthesis of these compounds has
appeared to date,' since the synthesis of this type of compounds poses interesting and

often unsolved problems of stereocontrol.
Y

X=H, Y=NHAc: Furanodictine A (1)
X=NHAc¢, Y=H: Furanodictine B (2)

T

Figure 1
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With these considerations in mind, the central feature of this communication is to
disclose the details of a novel and convenient route for the stercoselective construction
of furanodictine A (1) possessing real and potential pharmacological properties and the

attractive 3,6-anhydrosugar structure

In formulating the synthetic plan for 1, we recognized that the absolute
configurations at C(3), C(4) and C(5) are the same as the configurations at the
corresponding centers C(2), C(3) and C(4) of D-arabinofuranose (I) as shown in Figure
2. Particularly the furanyl part in 1 would be constructed through nucleophilic
intramolecular cyclization of the hydroxyl group of C(2) in the acyclic form of D-
arabinose. Further we envisioned that the stereogenic center of C(2) o to the nitrogen
would originate from the nucleophilic addition to the aminal derivative of (I), allowing
the synthesis of amino alcohol (II). Meanwhile, construction of the bicyclic furano-
lactol structure in furanodictine A (1) would have to be independently set in a chemo-
and regioselective cyclization reaction of the corresponding a-amino aldehyde

intermediate (IIL).

ﬂ
= OH
OH CH
H NHAc o ?NHR1
Furanodictine A (1) 1

OH OR2 (=)H
|_—_> HO\/W\/ORz |-:>

RiHN OR; ()

' OH OH HO QH
OH HO™ 0™

D-arabinofuranose (I)

Figure 2

The results from our survey are summarized in Scheme 1. To begin with, the

49



functionalized amino alcohol 5 with desired contiguous stereogenic centers was
prepared from commercially available 2,3,5-tri-O-benzyl-B-D-arabinofuranose (3)
through successive amination and extremely stereoselective addition of vinyl
magnesium bromide® (>99% de, determined by HPLC) at low temperature in good yield.
Then, N-acetylation was performed with acetyl chloride under acidic conditions to avoid
racemization of the vinyl group o to the nitrogen’ and the product was in turn submitted
to hydrolysis to provide the corresponding alcohol 6. Due to the lability of the final
bicyclic furano-lactol structure under acidic deprotection conditions,' the MPM (p-
methoxybenzyl) group in 6 was in advance removed at this stage to give the acetoamide
7, [0]p2-22.4° (¢ 1.17, CHCL,). This was then subsequently effected by reactions of
dihydroxylation with OsO,, chemoselective acetonide formation and MOM-protection,
leading to the benzylether 8 in 84% yield (three steps). Three benzyl protecting groups
in 8 were easily removed under mild conditions such as treatment with H, on Pd/C in
almost quantitative yield, followed by the regioselective mono-tosylation in the
presence of cat. Bu,SnO’ to afford the tosylate 9. Treatment of 9 with K,CO; in
methanol brought about the regioselectively cyclized tetrahydrofuran derivative 10 in
96% yield. We were then delighted to find that the use of NalO, as an oxidative
cleavage reagent to the aldehyde intermediate could effect the reaction smoothly to lead
to the corresponding desired bicyclic product 11 in satisfactory yield.® After protection
of the hydroxyl group in 11 with benzyl bromide to resist changes in pH, replacement of
the MOM group by the desired isovaleric acid ester function in the presence of EDCI
{1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride} was subsequently
effected to produce O-benzyl furanodictine A (12) in high yield. Finally, 12 was
subjected to deprotection under mild conditions with H, on Pd/C again to compete the
total synthesis of the natural type of 1, [0],”+132.6° (¢ 0.72, CHCl;) {natural 1,
[0],23+100.4° (¢ 0.233, CHCI,)' and synthetic 1, [a],”*+118.5° (¢ 0.437, CHCL,)'},” in
87% yield
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NHAC 11 H "NHAC 12 H RHac

Furanodictine A (1)

Scheme 1. Reagents and conditions: (a) vinylmagnesium bromide, THF, -78 to -40°C; 62%; (b)
1, CH,COCl, CH,Cl,; 2, K,CO,, MeOH; 50% (two steps); (¢) CAN (diammmonium cerium(IV)
nitrate), MeOH; 49%; (d) 1, cat. OsO,, NMO, acetone-H,O (1:1); 99%; 2, 2,2-
dimethoxypropane, cat. p-TsOH, acetone; 90%; 3, MOMCI, (i-Pr),NEt, CH,Cl,; 94%; (e) 1, H,,
Pd/C, MeOH; 97%; 2, TsCl, Bu,SnO, Et;N, CH,Cl,; 79%; (f) K,CO;, MeOH; 96%,; (g) 1, cat.
conc. HCl, MeOH; 82%; 2, NalO,, ether-H,O (1:1); 92%; (h) 1, BnBr, Ag,0, CH;COOE?t; 77%;
2, cat. conc. HCl, MeOH; 78%; 3, isovaleric acid, EDCI, DMAP, CH,Cl,; 94%; (i) H,, Pd/C,
CH;COOE?t; 87%

In sammary, this process involves no separation of stereoisomers and was
substantially performed under ambient conditions through entire sequence until
furanodictine A was synthesized. Further it constitutes a new synthetic strategy and, in
addition, represents a short and easily accessible pathway to furanodictine natural

product.
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Abstract

A novel and stereocontrolled process is described for the asymmetric synthesis of
the  tetrahydrofuran segment of a  2,3-dicarboxy-6,7-dihydroxy-1-(3’,4’-
dihydroxyphenyl)-1,2-dihydronaphthalene mono-ester, trilobatin B, a lignan from the
liverwort Bazzania trilobata. The key cis-substituted lactone ring was constructed in a
stereoselective manner by Horner-Emmons reaction followed by the subsequent tandem
Michael addition and cyclization of two types of lactol intermediates elaborated from

natural sources.

Substituted tetrahydrofurans feature in many biologically potent natural products
such as annonaceous acetogenins,' macrolides,” cytotoxic polyethers,” marine toxins,*
pheromones,’ and epoxylipids.® To fully exploit the opportunities offered by these
compounds requires access to synthetic methodology capable of targeting chiral
substituted tetrahydrofurans. In this conncetion many strategies have been explored in
developing synthetic routes to these compounds and the natural products themselves.
However, most methods were concerned with the construction of 2,5-disubstituted
furans, while few focused on tri- and tetrasubstituted ones,” although the synthesis of
this type of compounds poses interesting and often unsolved problems of stereocontrol.
We have recently succeeded in the development of novel and stereoselective
asymmetric syntheses of biologically active tri-*** and tetrasubstituted®** furan-type of
natural products through elaboration of commercially available materials based on new
routes exploited in this laboratory. On the other hand, new interesting lignans such as
trilobatin A (1), methyl ester derivative of 1 (2) and trilobatin B (3) containing a
polysubstituted tetrahydro-pyran or furan skeleton were recently isolated from the
liverwort Bazzania trilobata in a research i:or the genus Bazzania with its several
hundred species distributed in the tropics and subtropics, which represents one of the
four European species, that grow in dense, widespread pads on forest ground, boggy

soil and trunks (Fig. 1).

54



OH

COzH

R=H: Trilobatin A (1)
R=CHj: Trilobatin A-1"-
methyl ester (2)

()"‘:S:_:? Q& F{
o1

2

I

(@]
@
I

HO

i
@,

Q
-

-

Trilobatin B (3)

I

(@)
28
I

Figure 1

The structural and stereochemicalbcomplexity of these secondary metabolites with
respect to the heterocyclic moiety coupled with their diverse and potentially useful
characteristics would make them hereafter inviting targets for synthesis. In this
communication we wish to report the details of a novel route for the stereoselective
construction of the requisite tetrasubstituted tetrahydrofuran segment of trilobatin B (3)
from two natural sources.

In formulating the synthetic plan for the core segment 4, we recognized that
nucleophilic addition of an organometallic reagent to the lactone (IV) followed by its
transformation could undergo the desired reaction, allowing the synthesis of the target 4
(Fig. 2). In this case, D-xylofuranose (III) would be selected as one of the starting
material, since the absolute configurations at C(2), C(3) and C(4) in 4 are the same as
the configurations at the corresponding centers C(2), C(3) and C(4) of (III) (path A).
Meanwhile, the tricyclic lactone (II), which would have to be set in an asymmetric
transformation of the corresponding commercially available D-glucuronolactone (1),

could be independently regarded as an another precursor of 4 (path B).
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To begin with, an attempt to synthesize the crucial intermediate furanolactone 7a
based on path A is outlined in Scheme 1. Regioselectively benzyl-protected D-
xylofuranose 6 obtained from reactions of benzylation and deacetalization of
commercially available 1,2-O-isopropylidene-D-xylofuranose (5) was effected with
ethyl diethylphosphonoacetate in the presence of base at low temperature to afford the
desired cis-fused 7a, [ ],**+12.8° (¢ 1.06, MeOH), fortunately in moderate yield
through a three-step sequence such as Horner-Emmons reaction, Michael addition and
intramolecular cyclization, but disappointingly accompanied with the trans-furanoester

8 (2.8:1, isolated ratio).'

In light of the above outcome, we next focused our research on the reaction
employing the same type of the bicyclic lactol derivative 10 under these Horner-
Emmons reaction conditions (Scheme 1). This compound was easily prepared from
readily available and inexpensive D-glucuronolactone (9) through a seven-step
sequence in 55% overall yield as follows; thus, three hydroxyl groups of 9 were
successively protected by the reactions of acetonide formation and benzylation with
Ag,0 followed by exchange of the acetonide protecting group to the TBS ethers, giving
the corresponding bis-TBS product.* This was then submitted to the following reactions
of DIBAL-H reduction, protection of the resulting hydroxyl function with CH;I and
finally desilylation to provide the desired lactol precursor 10 smoothly. Whereas
treatment of 6 with ethyl diethylphosphonoacetate gave the separable mixture of the two
compounds 7a and 8 as mentioned above, we were delighted to find that the use of 10

brought about, in turn, the desired tricyclic lactone 11 as the single as well as the sole
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product in 87% isolated yield (as the anomer mixture) under the same reaction
conditions. This high stereoselective performance compared with that of the analogous

compound 6 would be attributed simply to the steric demand of the tricyclic core.

With these results in hand, 11 was further transformed into the desired bicyclic
lactone 7b by the routine reaction sequence of hydroxylation under acidic conditions,
reduction of the corresponding lactol with NaBH, and regioselective protection of the
secondary hydroxyl group with MOMCI via the TBS-ether. This was then subjected to
the reactions of oxidative cleavage after hydrogenation, reduction again and protection
of the primary alcohol with DPSCI, providing the cis-fused 7b, [o],2%+13.8° (c 1.03,
MeOH). Then, 7b thus obtained was effected with vinylmagnesium bromide at low
temperature to afford the labile hemiketal intermediate, which was readily treated with
NaBH, in the presence of CeCl, at -40 °C, leading to the corresponding vinyl alcohol 12,
[0]77-9.91° (¢ 0.54, MeOH), surprisingly with complete stereoselectivity (determined
by “C NMR analysis). No other stereoisomer was observed in this reaction."! After
protection with MOMCI of 12, the olefinic part was then cleavaged via dihydroxylation
to give the aldehyde, which was successively subjected to reduction and MOM-
protection again, leading to the tetramethoxymethyl ether 13, [0],’-15.9° (c 0.55,
MeOH). Finally, 13 was effected by deprotection of DPS group with Bu,NF and
esterification with 2-naphthoic acid (the similar framework of the natural product,
trilobatin B 3) in the presence of  EDCI (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) and DMAP,” followed by
deprotection of the resulting tetramethoxymethyl ether to accomplish the synthesis of
trilobatin B derivative 14, [o],**+32.3° (c 0.085, MeOH).
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Scheme 1. Reagents and conditions: (a) 1, NaH, BnBr, cat. Bu,N, THF; 98%; 2, 1.8% HCI, 1,4-
dioxane, 80°C; 85%; (b) 1, NaH, (EtO),POCH,CO,Et, THF, -78 to -17°C; 2, cat. p-TsOH,
benzene, 50°C; 39% (two steps) (7a); 14% (two steps) (8); (c) 1, acetone, H,SO,; 2, BnBr,
Ag,0, CH;CO,Et; 3, TFA, THF; 4, TBSCI, imidazole, DMF; 5, DIBAL-H, THF, -78 to 0°C; 6,
+-BuOK, CH,l, cat. Bu,NI, THF, -78 to -40°C; 7, Bu,NF, THF, 0°C; 55% (seven steps); (d)
NaH, (EtO),POCH,CO,Et, THF, -78 to -17°C; 87%; (e) 1, 5% HCI, 1,4-dioxane, 80°C; 94%; 2,
NaBH,, i-PrOH, 0°C; 92%; 3, TBSCI, Et;N, CH,Cl,; 98%; 4, (i-Pr),NEt, MOMCI, CH,Cl,; 5,
1.8% HCI, MeOH; 97% (two steps); 6, Pd/C, H,, CH;CO,Et; quant.; 7, NalO,, Et,0-H,O (1:1),
0°C; 8, NaBH,, THF, 0°C; 9, DPSCI, imidazole, CH,Cl,; 86% (three steps) (7b); () 1,
vinylmagnesium bromide, CeCl;, THF, -78°C; 2, NaBH,, CeCl;, MeOH, -40°C; 53% (two
steps); (g) 1, (i-Pr),NEt, MOMCI, CH,Cl,; 90%; 2, cat. OsO,, NMO, acetone; quant.; 3, NalO,,
Et,0-H,0 (1:1), 0°C; 4, NaBH,, MeOH, 0°C; 5, (i-Pr),NEt, MOMCI, CH,Cl,; 88% (three
steps); (h) 1, Bu,NF, THF, 0°C; 91%; 2, 2-naphthoic acid, EDCI, DMAP, CH,Cl,, 0°C; quant.;
3, 10% HCI, MeOH; 98%

In summary, this work constitutes the first asymmetric synthesis of the
tetrahydrofuran segment of the natural lignan product, trilobatin B, based on a

stereoselectively ~tandem reaction sequence via Horner-Emmons reaction,
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stereoselective Michael addition and intramolecular cyclization and will be widely

applicable to the synthesis of other chiral tetrahydrofuran-containing natural products.
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