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Abstract:

A major fraction of the organic compounds isolated from nature are comprised of nitrogen, |
oxygen, or sulfur heterocycles. Nirogen-containing substances called alkaloids among them
represent a majority of the important medicinal agents discovered in nature. The development of
new synthetic methodology for the preparation of such alkaloids and the application of these
methods to the synthesis of alkaloidal natural products continue to be an active and exciting area
of research in organic chemistry. Especially, polyhydroxylated alkaloids possessing an azetidine-
, pyrrolidine-, piperidine-, pyrrolizidine-, or indolizidine-ring structure have attracted a great deal
of interest because of their applications from both a biological and a synthetic point of view.
Since several reviews have already appeared concerning isolation, structural determination, total
synthesis and biological aspects of these compounds indepéndently, the scope of this review is
to underline the most recent advances on the synthesis of monohydroxylated, dihydroxylated,
and tri- or above hydroxylated bioligically active natural alkaloids containing the ring sturctures
described above and related compounds according to those strategies involving prior construction
of chiral pools (such as carbohydrates, amino acids, or tartaric acid)-derived crucial lactam

intermediates suitable for further chemical elaboration.
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1. INTRODUCTION

A large number of polyhydroxylated alkaloids have been extracted from natural sources,
mainly plants and microorganisms. An apparent joint structural property of the representatives
of this group is that their nitrogen-containing four- (azetidine), five- (pyrrolidine), or six-
membered (piperidine) ring, or their fused ring syst;:m (pyrrolizidine, indolizidine, and
quinolizidine) built up from the above monocycles, is substituted with one or more hydroxyl
functions. Many of these products display interesting biological activity as inhibitors of
glycosidases [1]. Glycosidases are key enzymes in the biosynthesis and processing of
glycoproteins, which are macromolecules involved in recdgnition (cell-cell, host-pathogene -
interactions) and in control of biological mechanisms and structures. Thus, substances able to
inhibit the biosynthetic pathway of glycoprbteins have become important as potential
antibacterial [i], antiviral [3] , antitumoral [4], or antidiabetic [5] agents. These inhibitors have
also shown potential in the treatment of obesity and hyperlipoproteinemia. Azasugars and
polyhydroxyalkaloids have been the objects of intense synthetic efforts in the last decade [1,6]
because of their close structural analogy to natural enzyme substrates. These endeavors have
initially targeted natural products, generally employing natural sugars as starting materials, and
have been extended to all the possible stereoisomers and analogues for studies of structure-
activity relationships.

The present review is aimed at summarizing and discussing the synthetic strategies already
employed for construction of the hydroxylated natural alkaloids and their structurally related
analogues in this laboratory. For this purpose three types of reactions based on manipulation of
the functionalized lactams derived from chiral pools have been selected as shown in Scheme 1; i.
e., 1) reduction-elimination (for the synthesis of an azetidine alkaloid and related compounds), 2)
addition-deoxygenation (for the synthesis of pyrrolidine and indolizidine alkaloids) and 3)
addition-(stereoselective)reduction (also for the synthesis of pyrrolidine and indolizidine'
alkaloids). Recent example on the construction of the bicyclic ring system containing hydroxyl
functions will be briefly discussed in order to illustrate new synthetic perspectives in

pyrrolizidine (represented by alexine) chemistry.



Scheme 1.

2. REDUCTION-ELIMINATION (for the synthesis of an azetidine alkaloid and related

compounds)

The starting materials of the synthetic procedures belonging to this group are amino acids.
Because of its versatility as a chiral synthon and its availability, glutamic acid was selected and
incorporated into the framework of a hydroxylated azetidine alkaloid in such a way that the
asymmetric carbon of glutamic acid corresponds to the N-oi-asymmetric center of the natural
product. Before establishing the total synthesis of this alkaloid, we researched the development
of an expeditious and practical process for the synthesis of acyclic amino alcohols,
phytosphingosine and tetrahydroxy-LCB, featuring the reduction-elimination elaboration of the

functionalized homochiral lactam derived from D-glutamic acid [7].
2.1. Synthesis of Phytosphingosine and Tetrahydroxy-L.CB

Marine sponges contain unusual lipid components such as phospholipids with long-chain or
branched fatty acids [8] and sterols with unconventional side chains [9]. In particular,
sphingosine (1) and phytosphingosine (2) are major backbone building .blocks of
glycosphingolipids and phosphosphingolipids, important membrane constituents composed of
ceramides and phosphorous or sugar residues [10] (Fig. (1)) They play a significant role in
biological processes on cell surfaces [11]. The presence of phytosphingosine in mammalian
tissues, for example, in kidney [12a] liver [12b], uterus [12c], intestine [12d], skin [12¢], and
blood plasma [12f] is also well known. In addition, due to the recent interesting discovery of
protein kinase C inhibition by 1 [13], considerable attention has been focussed on the lipid parts
of sphingolipids and indirect evidence led to the hypothesis that sphingolipid-derived products
may function as second messangers [14]. Many synthetic strategies have appeared for the

construction of such compounds [15], however, these generally require multistep reactions or



crucial techniques. Our method for the synthesis of phytosphingosine (2), tetrahydroxy-LCB 3a
of a new cerebroside recently isolated from the latex Euphorbia characias L. [16], and its (59)-

isomer 3b through the same homochiral lactam intermediate is expeditious and practical.

Fig. (1).

~

Thus, hydroxylactam 4 easily obtained from D-glutamic acid was protected with TBSCI and
(Boc)ZO, followed by olefination with selenoxide-elimination to afford the unsaturated lactam 5
as shown in Scheme 2. Dihydroxylation of 5 with OsO4 and subsequent acetonide-protection
proceeded smoothly, leading to the single product 6. Treatment of 6 with tridecanylmagnesium
bromide, followed by reduction of the corresponding tautomer of keto- and hydroxy pyrrolidine
form [17] resulted in the preparation of the alcohol 7 as a diastereomeric mixture. Then,‘
formation of thioimidazolide with (thiocarbonyl)diimidazole and successive elimination with
Bu3SnH under radical conditions [18] cleanly provided the deoxygenated product 8. Finally, 8
was effected by simultaneous deprotection of TBS and Boc groups with TFA to complete the
synthesis of 2. Furthermore, the structure was confirmed by direct conversion from 7 to the

known tetraacetate 9.

Scheme 2.

On the other hand, the syntheses of (5R)-tetrahydroxy-LCB 3a and its (5S5)-stereoisomer 3b
of new cerebrosides were established as follows (Scheme 3); nucleophilic addition of acetylide
anion to the common lactam 6 and then reduction afforded the two diastereomers of 10a and 10b,
respectively. After silylation of the hydroxyl group in 10a and 10b, these were redubed
effectively by partial hydrogenation over Lindlar's catalyst leading to the cis-olefinic 11a and

11b, since accompanying formation of small amounts of saturated products were observed in the



case of direct hydrogenation of 10. Deprotection of 11a and 11b were submitted with TFA
simultaneously as described above to produce the desired 3a and 3b, respectively. Those

structures were characterized after derivatisation to the pentaacetate derivatives 12a and 12b.
Scheme 3.

2.2. Synthesis of an Azetidine Alkaloid, Penaresidin B

With the successful transformation method of the functionalized lactam 6 into the
corresponding phytosphingosine (2) and its derivatives 3 in hand, application to the total
synthesis of an azetidine alkaloid was carried out in a similar strategy along the reduction-
elimindtion line [19].

Penaresidin A (13) and B (14), first isolated in 1991 from an Okinawan marine sponge
Penares sp. by Kobayashi et al. [20], exhibit potent actomyosin ATPase-activating activity.
After structural characterization as a mixture of the corresponding tetraacetyl derivatives, these
were revealed to be the first sphingosine-derived alkaloids [7] possessing an azetidine ring. The
syntheses of both a straight-chain ‘analog by Kamikawa et al. [21] and three stereoisomers of 13
with (25,3R,4S)-configurations of the azetidine ring and syn configuration between C-15 and C-
16 of the side chain by Mori et al. [22] have been recently established [23] and, in addition, the
initially proposed structure of penaresidin B was revised to be 14 [24] as shown in Fig. 2 and the

absolute configuration at C-15 in 13 and 14 has been determined to be S [25].
Fig. (2).

Construction of the azetidine ring with the desired contiguous stereogenic centers and the total

synthesis of penaresidin B (14) are accomplished as follows; homochiral N-Boc lactam 6 was



treated with the acetylide elaborated from D-leucine in 9 steps [26] via the acetylene zipper
reaction [27], followed by reduction of the ct;rresponding tautomer of ketoamide and hydroxy
pyrrolidine form [17] to give the alcohol 15 as a diastereomer mixture (Scheme 4). Formation of
thioimidazolide and successive radical elimination with Bu3SnH [18] resulted in the clean
preparation of 16. After deprotection of the four hydroxyl groups of 16, reprotection of the
primary alcohol with TBDPSCI and the secondary ones with TBSCI brought about undesirable
regioselectivity, leading to the mixture of alcohols 17 and 18 (2:98) in high yield. F ortunately, it
has become apparent that the major product 18 was smoothly trasnformed into the desired 17
with 1,4-silyl rearrangement undér basic conditions [28]. After chromatographic isolatioﬁ of 17,
mesylation and cyclization with NaH were subsequently submitted to produce 19 with the |
azetidine ring containing the same contiguous configurations as those of natural one. Finaly, 19
was treated with BuyNF to give the N-Boc derivative 20 of penaresidin B (14) and the N-Boc
group was removed to complete the synthesis of 14. The structure was confirmed by conversion

to the known tetraacetate 21 [24].

Scheme 4.

This process containing reduction-elimination of the lactam carbonyl function starting from
D-glutamic acid to these membrane components represents a short and easily accessible

alternative to existing synthetic methods of the long chain bases.

3. ADDITION-DEOXYGENATION (for the synthesis of pyrrolidine and indolizidine
alkaloids) '

The chirality inherent in carbohydrates is of greatest interest for the synthesis of naturally
occurring compounds, and over the last two decades it has led to a rapidly growing speciality in
the general field of organic synthesis and many elegant procedures employing carbohydrate

precursors have been developed to carry out the asymmetric syntheses of important natural



products. Out of the large number of reported synthetlc apphcatlons in thls laboratory, this
section will stress some aspects of the use of addition- deoxygenatzon reactions to the lactam-
containing carbonyl function derived from carbohydrates for the total synthesis of pyrrolidine

and indolizidine alkaloids.
3.1. Functionalization of Lactams to Highly Substituted Pyrrolidines

To begin with, a stereoselective route to enantiomerically and diastereomerically pure
pentasubstituted pyrrolidines was researched by using reductive deoxygenation of quaternary o-
hydroxy N-Boc pyrrolidine derivatives prepared from alkylation of the functionalized
homochiral lactams [17]. As described in Scheme 5, 24 were prepared from commerciaily
available 2,3,5-tri-O-benzyl-B-D-arabinofuranose (22) through successive amination and
extremely stereoselective addition of Grignard reagents, followed by oxidative degradation with
PCC [29]. Then, the compounds 24 were transformed into the desired N-Boc lactams 25 by 2
steps. Nucleophilic addition of Grignard reagent to 25a thus obtained at low temperature
interestingly afforded the labile quaternary o-hydroxy pyrrolidine 26a which slowly tends to
come to equilibrium with its open keto form 27a. The mixture of 26a and 27a was submitted to
reduction to give 28a which was followed by cyclization, leading to the almost non-
stereoselective diastereomer mixture of 29a and 30a. The newly created stereogenic centers of

29a and 30a were easily determined, since 30a possesses a Ca-axis of symmetry.

Scheme 5. -

Next, we investigated the direct Lewis acid-induced deoxygenation of quaternary 26a [30].
When the Grignard adduct to 25a was treated with Et3SiH in the presence of Lewis acid, it
afforded the deoxygenated pentasubstituted pyrrolidine 29a exclusively. No other stereoisomer
such as 30a was observed and accompanying formation of small amounts of ketone 27a resulted

from equilibrium of 26a and N-Boc deprotected lactam of 25a were isolated. We further examined



the reactions employing other lactams. The results are summarized in Table 1. The reaction
proceeded with exclusive stereoselectivity to yield the corresponding substituted pyrrolidines 29
in each case. It is worth noting that no other diastereomeric compound was isolated and
consequently it involves no separation of stereoisomers through the entire sequence until
1,2,3,4, 5-pentasubstituted pyrrolidine 29 w;zs synthesized from 22. We have considered that it

would proceed through the attack of Et3SiH to the N-acyliminium ion intermediate [31].

Table 1.

3.2. Synthesis of a Pyrrolidine Alkaloid, Preussin

Based on these synthetic considerations, the availability of that addition-deoxygenation
strategy has been demonstrated by completion of the asymmetric synthesis of (+)-preussin [32],
one of pyrrolidine alkaloids. Thus, (+)-preussin (L-657,398) (31) (Fig. (3)), an antifungal
antibiotic first isolated in 1988 from fermentation broths of Aspergillus ochraceus ATCC 22947,
has attracted considerable attention since this compound was shown to inhibit growth of the
bacteria, Candida, and filamentous fungi, including Trichophyton menta and Microsporum canis
[33]. On the other hand, recently we reported a novel and short synthetic strategy for the
preparation of enantiomerically pure (-)-anisomycin [29¢] employing the cis-selective lactam -
formation protocol [29]. In this connection it is noteworthy that 31 and its acetate ester show a
broader spectrum of antifungal activity against both filamentous fungi and yeasts than the

structurally related anisomycin [33].

Fig. 3).
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- As shown in Scheme 6, the benzyl protecting groups of the functionalized N-Boc lactam 25¢
described above were removed with Pd(black). Then, highly regioselective acylation with
PhOCSCI followed by radical deoxygenation [34] resulted in the preparation of 32.-This was
silylated to give 33 and nucleophilic addition of nonylmagnesium‘ bromide to 33 provided the
labile quaternary o-hydroxy N-Boc intermediate. This was readily submitted to reductive
deoxygenation with Et3SiH in the pfesence of Lewis acid, cleanly leading to the pyrrolidine
derivative 34 as a single stereoisomer with the desired R configuration. Finally, 34 was reduced

effectively after desilylation to complete the total synthesis of (+)-preussin (31) [35].

Scheme 6.

This process, in which (+)-preussin is synthesized from 2,3,5-tri-O-benzyl-B-D-
arabinofuranose, also involves no separation of stereoisomers throughout the entire sequence and

provides a new synthetic strategy.
3.3. Synthesis of an Indolizidine Alkaloid, Lentiginosine

The second interesting presentation involving functionalization of carbohydrate precursors
via additien-deoxygenation reaction was the synthesis of a dihydroxylated indolizidine alkaloid,
(+)-lentiginosine [36]. As noted in the introduction, structurally complex alkaloidal sugar mimics
with a nitrogen in the ring have been isolated from plants and microorganisms and inhibit various
glycosidases in a reversible and competitive manner [1¢,1£,37]. Since such glycosidase inhibitors
proved to have the potential to produce antiviral, insect antifeedant, antidiabetic, and anticancer
effects, as well as immune modulatory properties, they have held considerable interest in the
context of stereoselective heterocyclic synthesis. Noteworthy members among this class of
compounds are castanospermine (35), swainsonine (36) and deoxynojirimycin (37) (Fig. (4)) and
these have also found use in anticancer, antiviral and antiretroviral research [4a,38]. An

examination of the structural features of the known such azasugars that act as inhibitors of
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glycosidases led to the establishment of a general empirical rule stérting that a substance should
possess at least three hydroxyl groups  to the amino moiety in order to display inhibitory
activity [1a,1b,39]. The first compound that violated this rule was lentiginosine (38), an alkaloid
isolated in 1990 from the spotted locoweed, Astragalus léntiginosus var. diphysus and assigned
the trans-1,2-dihydroxyindolizidine structure [;10]. Although we reported the first asymmetric
synthesis of (+)-38 [30b] starting from L-tartaric acid, due to impurities present in the natural
alkaloid it was not until the vinhibitory activities of (+)- and (-)-38 were investigated in 1995 by
Brandi and co-workers that the absolute stereochemistry of the natural 38 was determined
‘unambiguously as shown in Fig. (4) [41,42]. In spite of its low degree of hydroxylation, 38 wés \
found to be ca. twice as potent as#castanospermine (35) also known to inhibit replication of
human immunodeficiency virus (HIV) [3a,3d], in its inhibition of amyloglucosidases, making this

compound the most potent inhibitor of this type of a-glucosidase [43].

Fig. (4). | 5

Starting from the commercially available 1,2-O-isopropylidene-D-xylofuranose (39) as shown
in Scheme 7, tribenzylether 40 was obtained through the successive reactions of benzylation and
deprotection followed by benzylation again. Hydrolysis and amination of 40 with p-
methoxybenzylamine gave the crude aminal 41 [17,29,32], which was subsequently reduced to
lead to the amino alcohol intermediate. This was submitted to oxidative degradation with PCC
[17,29,32] to provide the optically pure lactam 42. Then, 42 was transformed into the desired N-
Boc lactam 43a by 2 stepsy. The bissilylated ether 43b was also easily prepared through removal
of benzyl groups followed by silylation. Nucleophilic addition with simple nonylmagnesium
bromide to 43a was at first investigated. The reaction performed at -78 °C afforded the labile
quaternary o-hydroxypyrrolidine derivative 44a rapidly, which readily underwent the reductive
deoxygenation with Et3SiH in the presence of Lewis acid [17,30,32] leading to the product 45a
with moderate diastereoselectivity (3.6:1). In this case accompanying formation of the keto-type

of compound resulted from the ring-opening reaction was not observed. Furthermore, it became
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apparent that a change from the benzyl substituents to the larger ¢-butyldimethylsilyl groups in
43 highly enhanced the stereoselectivity (11:1) to yield 45b as a predominant product. However,
no addition product was observed in the case of the reaction of 43 with the largest

triisopropylsilyl groups in any conditions.
Scheme 7.

With the above stereochemical outcome in hand, the total synthesis of (+)-38 was
accomplished in a short number of steps as follows (Scheme 8); nucleophilic addition of the
functionalized Grignard reagent to 43b followed by the reducti\;e deoxgenation provided the
pyrrolidine derivative 47 with extremely high stereoselectivity (98:2). After separation of the
major component, the benzyl substituent in 47 was replaced by the leaving group to give the
corresponding tosylate 48. Finally, 4}8 was subjected to deprotections and in turn cyclization

under basic conditions to complete the total synthesis of (+)-lentiginosine (38).
Scheme 8. ,

In this way, efficient and novel synthetic pathways from carbohydrate-derived lactams to
biologically active polyhydroxylated alkaloids have been established employing the addition-
deoxygenation strategy as a key step, which will furthermore serve for the synthesis other

natural products.
4, ADDITION-REDUCTION (for the synthesis of pyrrolidine and indolizidine alkaloids)

As has been detailed in the foregoing sections, the 'carbohydrate-precursor’ presents definite

stereochemical and operational advantages in dealing with targets containing multiple centers of
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chirality and functionality, but by no means constitutes the ideal approach. The question is often
asked concerning the wisdom and practicality in terms of cost and effort, of using a carbohydrate

to generate a chiral unit or a target as a whole. For this reason, basically and logically more

- convenient methods have been desired. Among many 'chiral pools', tartaric acid has thus far

proven to be one of the most pervasive' and versatile compound for the stereoselective
elaboration, and chirons derived from it are crucial intermediates for not only the synthesis of
natural products, but also the development of therapeutically useful drugs. In this chapter,
representative asymmetric syntheses of the major classes of nitrogen-containing mono- and
bicyclic natural products have been demonstrated employing chiral lactams derived from tartaric -

acid based on novel addition-(stereoselective)reduction concept.
4.1. Synthesis of a Pyrrolidine Alkaloid, Codonopsinine

As the first example, the synthesis of a fully substituted pyrrolidine alkaloid was focussed.
Codonopsinine (49) and codonopsine (50) (Fig. (5)), antibiotics first isolated in 1969 from
Codonopsis clematidea by a Russian group [44] exhibit hypotensive pharmacological activity
with no effect on the central nervous system observed in animal tests [45]. After structural
characterization [46], these were revealed to be a new class of simple pyrrolidine alkaloids
possessing 1,2,3,4,5-pentasubstituted structures. Further, in 1972 the relative stereochemistry of
these alkalbids was elucidated by the same group [47] to be (2R*,35*,45*,55*) without absolute
configuration based on analyses of 1H NMR coupling constants using the Karplus equation. It
was not until the synthesis of 49 with stereochemistry different to the naturally occurring form
was accomplished in 1987 by Kibayashi ef al. [48] that the absolute stereochemistry of the
natural antibiotic 49 was determined unambiguously to be (2R,3R,4R,SR). In addition, the
structure of codonopsine (50) was confirmed by another group using X-ray crystallographic
analysis of the chromatographically separated sample [49]. The four functional groups in the

pyrrolidine ring of these compounds are situated in all trans positions.

Fig. (5).
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The details of the preparation of the above mentioned codonopsinine (49) employihg the
addition -(stereoselective)reduction strategy cited in this section has been summarized as follows
[50]; Cz-imide 52 obtained from D-tartaric acid (51) [30a], was treated with methylmagnesium
bromide to give the quaternary o-hydroxylactam intermediate (Scheme 9). This readily
underwent reductive deoxygenation with Et3SiH leading to the single stereoisomer of the
homochiral lactam 53 [30]. After exchange of the protecting groups in 53 to benzyl ethers to
resist changes in pH, 54 thus obtained was transformed into the N-Boc lactam 55. Nucleophilic
addition of p-methoxyphenylmagnesium bromide to 55 easily afforded the labile quaternary o-
hydroxypyrrolidine 56. Since‘ direct deoxygenation of 56 with Et3SiH according to our
communication [17,32] did not succeed in the preparation of the homochiral pentasubstitutéd
pyrrolidine derivative (in this case the pyrrole-type elimination product was obtained in high
yield), we examined stereoselective reduction leading to the cofresponding alcohol 57a with
desired configuration. The results are indicated in Table 2. Whereas the reduction with NaBH4
only gave the (SR)-stereoisomer 57b as é major product (entry 1) [51], reaction in the presence
of CeCl3 or SmCl3 predominantly afforded the desired (SS)-isomer 57a (entries 7,8,10). The use
of DIBALH [52] (entries 2,3) or NaBHy4 in the presence of other metal chlorides [53] (entries 4-
6) brought about unsatisfactory stereosellectivities. After investigations under a variety of
conditions employing SmCl3 (entries 10-15), the best result (95 : 5) was observed under the

conditions indicated in entry 14.

Scheme 9.
Table 2.

On the basis of these observations, mesylation and subsequent cyclization of pure 57a were

. performed, smoothly leading to the optically pure pentasubstituted pyrrolidine derivative 58

15



(Scheme 10) Finally, 58 was reduced after deprotection of the benzyl groups to complete the

total synthesis of (-)-codonopsinine (49).

Scheme 10.

In addition to the synthesis of 49, we briefly investigated the mechanistic origin of the
asymmetric reduction of 56. As shown in Fig. (6), it was apparent that Cram's non-chelation or
five-membered chelation model favoré production of the undesirable (5R)—57b. Althbugh the
reasons why such an unusual stereoselective reduction was acomplished only by the use of
SmCl3 have not yet been clarified, under these conditions it could proceed through the
predominant attack ‘of H™ on the carbonyl function from the top face of the six-membered metal-
chelate rather than five-membered one due to the shielding effect of the three large functional

groups. This is the first report of the synthesis of the natural product 49 [54].

Fig. (6).

The addition-(stereoselective)reduction method using functionalized homochiral lactams via

quaternary a-hydroxypyrrolidines described here could be regard as a useful strategy for the
preparation of various analogues. In order to display its availability we researched the

asymmetric total synthesis of the same type of polyhydroxylated pyrrolidine alkaloids.

4.2. Synthesis of a Pyrrolidine‘Alkaloid, Broussonetine C
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Broussonetine C (59) and‘D (60) together with several structurally related compounds shown ;
in Fig. (7) first isolated in 1997 by Kusano et al [55]. from the branch of Broussonetia kazinoki
SIEB. (Moraceae) (whose branches, leaives, and fruits have been used as a diuretic, a tonic, and a
suppressant for edema in Chinese folk medicine) were selected as a next target. These
compounds exhibit unique B-galactosidase and f-mannosidase inhibitdry activities, while their
congeners inhibit other glycosidases. After structural characterization by the same group based
on spectroscopic and chem'ical methods, these were revealed to be a new class of
tetrahydroxylated pyrrolidine alkaloids possessing a 1,2,3,4-tetrasubstituted structure [56]
situated in all trans positions similar to codonopsinine (49). Since the synthesis of this type of
compounds poses interesting and often unsolved problems of stereocontrol, no report concerning
the total synthesis of 59 or 60 has been appeared to date despite those pharmacological activities
and interesting structural features. We express herein the details of the first asymmetric synthesis
of 59 by means of requisite'sfereoselective reduction of a hydroxypyrrolidine intermediate

elaborated along the line in this sectibn [57].

Fig. (7).

TIPS-protected Cz-imide 52 mentioned above was treated with undecenylmagnesium bromide
at ambient temperature to give the quaternary o-hydroxylactam intermediate, which underwent
subsequently reductive dc;,oxgenation with Et3SiH [30], leading to the frans-substituted lactam 61
exclusively (96% d.e.) (Scheme 11). After oxidative cleavage of the olefinic part in 61 followed
by the coupling reaction with the Cs3-unit containing a hydroxyl function, 62 thus obtained was
subjected to oxidation with PCC and then exchange of the TIPS-protecting groups to
benzylethers resulted in the preparation of 63. This was deprotected and transformed into the N-
Boc lactam 64. The second Grignard addition to 64‘ easiiy afforded the labile quaternary o-
hydroxypyrrolidine [50], which was successively subjected to reduction with NaBHjy in the
presence of CeCl3, fortunately providing the desired stereoisomer 65 as a sole product. Then, 65

was effected by the reactions of mesylation and cyclization, leading to the tetrasubstituted
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pyrrolidine 66 with the desired configurations. The double bond in 66 was cleavaged and reduced
to the primary alcohol. Finally, deprotection of the obtained product was at first performed with
Pd (black) due to avoid the acetal formation, affording the debenzylated N-Boc ketal derivative
67 of broussonetine C (59). Then, removal of the resulted protecting groups in 67 was conducted
undér écidic conditions to complete the total synthesis of 59, whose structure was characterized

after derivarization to the pentaacetate 68.
Scheme 11.

Thus, the first asymmetric synthesis of natural broussonetine C was achieved in 21% overall
yield from Cp-imide through the successive reactions of addition-(stereoselcetive)reduction. This

process will be also widely applicable to the synthesis of other broussonetine congeners.
4.3. Synthesis of an Indolizidine Alkaloid, 1-Deoxycastanospermine

The use of this addition-(stereoselective)reduction strategy in synthesis has been
advantageous for construction of bicyclic pyrrolizidine- or indolizidine alkaloids. A third route
affording 1-deoxycastanospermine, a derivative of castanospermine (35) and one of indolizidine
alkaloids, was also based on a sequence of reactions starting from tartaric acid-derived homochiral
lactam derivative [58].

As previously shown in Fig. (4) , castanospermine (35), swainsonine (36), deoxynojirimycin
(37), and lentiginosine (38) have found use in anticancer, antiviral and antiretroviral research
[4a,38]. Of all these molecules, 35 has been shown to inhibit replication of human
immunodeficiency virus (HIV) [3] and is of particular interest in connection with
chemotherapeutic intervention in the treatment of AIDS. The diverse array of potentially useful
activities make it an inviting target for synthesis [59]. In particular the preparation of unnatural

epimers and other structural analogs of 35 has genarated much interest since the biological
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activity of these molecules varies substantially with the number, position and stéfeochemistry of
the hydroxy groups into the indolizidine skeleton [60].

Thus, Co-imide 52 was treated with Grignard reagent followed by the reductive deoxgenation,
leading to the homochiral lactam 69 (Scheme 12). After exchange of the protecting group in 69 to
benzyl and THP ethers, 70 thus obtained was transformed into the N-Boc lactam 71.
Nucleophilic'addition of the second Grignard reagent to 71 easily afforded the labile quaternary
a-hydrokypyrolidine [17,50,57], which was successively submitted to the stereoselctive
reduction to give the desired (3S)-stereoisomer 72 as a sole product [50]. The olefinic part in 72
was cleavaged after benzyl-protection to lead to the cyclized a-hydroxypiperidine (azasugar)
derivative 74. Interestingly, it became apparent that Lewis acid induced deoxgenation [17,30] of
74 cleanly resulted in the direct preparation of the N- and O-deprotected piperidine which was in
turn isolated as the Cbz-derivative 75 in quantitative yield. Finally, 12 was subjected to
cyclization followed by the simultaneous debenzylation to complete the total synthesis of 1-
deoxyvcastanospermine 76. The stru‘cturet was characterized after derivatization to the known

triacetate 77.
Scheme 12.
4.4. Total Synthesis of a Tetrahydroxylated Pyrrolizidine Alkaloid, Alexine

Other important members among this class of compounds proved to have the potential to
produée antiviral, ihséétfantifeedant, antidiabetic, and anticancer effects as well as immune
modulatory properties are alexine (78) [61], australine (79) [62], and casuarine (80) [63]
containing a pyrrolizidine ring [64] (Fig. (8)). These display powerful glycosidase inhibitory
properties and, in addition, exhibit viral and retrovirél [65] including anti-HIV activity [66].
These are also a unique subset of pyrrolizidine alkaloids possessing five contiguous stereogenic
centers, and the presence of a hydroxymethyl group adjacent to the ring nitrogen [C(3)]
distinguishes this group from the larger class of necine bases which contain carbon substituents at

- C(1). However, despite interesting pharmacological activity and unique structural features, to our
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knowledge, 6nly one approach to the total synthesis of the parent alkaloid 78 of alexines has

been reported to date based on an optical resolution method [67].

Fig. (8).

As the last presentation, this part will focuss on recent advances in the chemistry of a
pyrrolizidine alkaloid, alexine (78), with particular attention to the method for construction of
the functionalized pyrrolidine structure (III) via the use of chiral lactam intermediate (II) obtained

from a ‘carbohydrate precursor [68] (Fig. (9)).

Fig. (9).

The functionalized homochiral lactam 81 obtained from arabinofuranose derivative 22
[17,29,32] was cleavaged via dihydroxylation to give the aldehyde 82, which was in turn
subjected to BF3« OEtz-induced allylaﬁon at low temperature, leading to the corresponding
desired allyl alcohol 83 predominantly (97:3) through attack on the carbonyl group from the less
hindered face (Scheme 13). After removal of the N-MPM moiety and protection of the hydroxyl
group in 83 with MOMCI, 84 thus obtained was submitted to oxidative cleavage again‘followed
by reduction to the corresponding alcohol, which was stepwisely treated with DPSCI and
(Boc)20 to give the N-Boc lactam 85. Then, the second vinyl-Grignard addition to 85 easily
afforded the labile quaternary o-hydroxypyrrolidine intermediate [50,57,58], which was
subsequently effected by stereoselective reduction in the presence of CeCl3 to provide the
desired stereoisomer 86 with five contiguous stereogenic centers as a sole product.

In light of the above outcome, we turned our attention to the construction of pyrrolizidine
ring system. Cyclization of 86 under basic conditions via mesylation was performed to yield the

pyrrolidine derivative 87. This was then successively effected by reactions of oxidative cleavage,
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reduction, and MOM-protection to lead to the functionalized N-Boc derivative 88. Constructioﬁ
of the bicyclic pyrrolizidine ring was accomplished under mild basic conditions after replacement
of the silyl substituent in 88 by the leaving Ts—grbup followed by simultaneous deprotection of
two hydroxyl and amino functions with conc. HCl, leading to the alexine dibenzyl derivative 89.
Finally, removal of the benzyl groups in 89 was performed with 10% Pd on carbon to complete

the total synthesis of alexine (78).

Scheme 13.

As mentioned above, three elegant procedures such as 1) reduction-elimination, 2) addition-
deoxygenation and 3) additiqn-reduction strategies employing lactams derived from amino acid,
cérbohydrate, or tartaric acid have been developed to carry 6ut the asymmetric synthesis of
bilogically active (poly)hydoxylated azetidine-, pyrrolidine-, indolizidine-, pyrrolizidine
alkaloids and related substances. Programs completed are summarized in Scheme 14. These
results will open the way to further exploitation with the use of chiral pool precursors and new

development of these molecules in natural product chemistry.

Scheme 14.

5. CONCLUSIONS

An attempt has been made iﬁ this article to review the significant synthetic advances of
(poly)hydroxylated alkaloids anci those analogues which have been synthesized in this laboratory
over the last 5 years. In addition to that, a brief catalog of the most important examples is
provided along with key references to guide the reader to the original literature. As has been

detailed in these sections, some strategies have enabled the efficient regio- and/or stereospecific
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synthesis of this fully functionalized hydroxyl-containing alkaloid family. Furthermore, the
' growiﬁg number of revealed biological properties of these compounds will stimulate many new
practical and ingenious synthetic routes. And it can be no doubt that the development of such
new approaches will see further advances in synthetic methodology as well as application of that

alkaloid chemistry in the near future.
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() 1, 0sO4, NMO, acetone-H,0 (1:1); 91%; 2, NalOy, Et;0-H,0 (2:1); 3, NaBH,, EtOH; 90% (2 steps); 4,
TBDPSC], imidazole, DMF; quant.; 5, (Boc),O, DMAP, Et;N, CH,Cl,; 99%; (g) 1, vinylmagnesium bromide,
THF, -78 °C; 2, NaBH-CeCl3, MeOH, -45 °C; 66% (2 steps); (h) 1, MsCl, EtsN, CH,Cl,; 2, +-BuOK, THF;
84% (2 steps); (i) 1, OsOy4, NMO, acetone-H,0 (1:1); 92%; 2, NalOy, Et,0-H,0 (2:1); 3, NaBH,, EtOH; 74%
(2 steps); 4, MOMCI, N,N-diisopropylethylamine, CH,Cl,; 99%; (j), 1, BuyNF, THF; quant.; 2, p-TsCl,
pyridine; 92%; 3, conc.HCl, MeOH; 4, K,CO3, MeOH; 94% (2 steps); (k) H,, 10% Pd /C, EtOH; 70%.
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Table 1. Reductive Deoygenation of the All::ylated Products to 252)
Entry Rj Ry Yieldb) of YieldD of [o]p,deg®)

27 (%) 29 (%) (Temp./°C, ¢)

1 C4Hg C4Hy 7 (27a) 65 (29a) -20.0 (23, 1.24)
2 :C4H9 CoHjyog 219 (27b) 52 (29b) -17.2 (25, 1.70)
3 C4Ho PhCH, 5 (27¢) 52 (29¢) -2.40 (26, 0.99)
4 - CoHjyg C4Hyg 7 (27d) 72 (29d) -16.7 (23, 2.10)
5 - CoHjg CoH9 13 (27e) 62 (29¢) -16.6 (26, 1.82)
6 CoHjg PhCH, 2 (27 59 (291) -5.70 (24, 1.21)
7 PhCH, C4Hg 6 (27g) 63 (29g) -24.2 (24, 1.38)
8 PhCH> | C4Hy 9 - D279 74 (29g) -24.5 (26, 0.56)
9 PhCH, CoHj9 8 (27h) 44 (29h) -22.5 (23, 1.25)
10 PhCH, PhCHj - D (271) 33 (29i) -8.50 (26, 0.84)

a) 3 equiv. of Et3SiH and 6 equiv. of BF3+OEt) were used. b) Isolated yield. c) Measured in CHCl3.
d) BuLi was used. e) Yield after reduction to alcohol with NaBH4. f) Ketone form was not observed.



Table 2. Stereoselec”tive reduction of the quaternary o-hydroxypyrrolidine (56)

Entry Reagent Additive? (equiv.) Solvent Temp. Yield® Ratio of

C) (%) 57a : 57b°)
1 NaBH4 none MeOH 18 86 17 : 83
2 DIBALH MgBr, (2)  EnO -78 69 61: 39
3 - DIBALH SmClz (2) toluene 78 90 73 1 37
4 NaBHy MeCly (2) MeOH 0 73 42 . 58
5 NaBHy CaCly (2) MeOH 0 82 - 67 : 33
6 NaBH4 MnCl, (2) MeOH 0 83 44 : 56
7 NaBH4 CeClz (2) MeOH 0 87 80 : 20
8 NaBHjy4 CeCl3 (2) MeOH -18 88 81:19
9 NaBH4 CeClz (2) MeOH 78 90 68 : 32
10 NaBHy4 SmCl3 (2) MeOH 0 90 92: 8
11 NaBH4 SmCl3(0.05) MeOH -18 90 68 : 32
12 NaBHy SmCl3 (4) MeOH -18 89 82 : 18
13 NaBH4 SmCl; (2)  i-PrOH -18 72 86 : 14
14 NaBH4 SmCl3 (2) MeOH -18 88 95: 5
15 NaBH; SmCl3 (2) MeOH 78 89 80 : 20

a) Dried in vacuo at 140 °C. b) Isolated yield as a mixture of 57a and 57b. c) Determined by chiral HPLC
(Daicel chiralpak AD).
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Abstract—Treatment of sulfur-substituted aromatic lactams with carbonyl compounds in the
presence of samarium(II) diiodide was found to undergo novel tandem desulfurization and
reductive coupling reactions to generate o-hydroxyalkylated lactams in high yield.
Stereochemistry of the coupling products was researched and the results that decreasing the
steric bulkiness of the N-substituents as well as raising the reaction temperature leads to an
increase of the erythro-selectivity were observed. The mechanistic origins of this

stereoselectivity are also briefly documented.

Since its introduction by Kagan and co-workers! SmI2 has been extensively investigated as a
powerful electron donor able to promote a wide range of reductions and coupling reactions.2 Its
use in synthesis has been especially advantageous for ring closure reactions and C-C bond
formation such as hydroxyl-directed addition of carbonyl to C=C double bond and
stereocontrolled intramolecular pinacol reactions.2K:3 The reactions of acid chlorides# and acid
anhydrides5 with this reagent have also been researched. 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; CeCl3-
mediated reduction after dehydration of the coupling products is the first and the second one is
direct Lewis acid—promoted deoxygenation of the coupling substrates with Et3SiH as shown in
Scheme 1.8 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.9 This should be attributed to their low reactivity. Herein
we report our successful efforts for the development of novel SmIz-mediated tandem reaction of

sulfur-substituted aromatic lactams with carbonyl compounds, leading to the o-

hydroxyalkylated products with erythro-selectivity.
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Initial experiments have been performed on a coupling reaction promoted by SmI) between y-

Scheme 1.

hydroxy-, phenylthio-, or phenylsulfonyl-substituted phthalides and iodobutane with a variety
of additives such as HMPA, CuClp, FeCl3, or N1126b,10 in expectation of new C-C bond
formation.!! The reactions, however, did not proceed under any conditions even in the use of
excess Sml2. Next, we examined the same type of reactions employing similarly sulfur-
substituted N-benzyllactams 212 prepared from imides 1 (Table 1) and ibdobutane, which, in
turn, changed the results and unexpectedly gave the desulfurized lactam alone in high yield (up to
89%) without coupling adducts.

With the above desulfurization method in hand, we researched the tandem reaction followed
by C-C bond formation of 2 employing more reactive aldehyde than haloalkane. The results from
our survey are summarized in Table 1. To begin with, treatment of N-benzyl-phenylthiolactam
2a with heptanal in the presence of 2 equiv of SmI2 at ambient temperature for 1 h rapidly
provided the desired tandem reaction products 3 but in low yield ’(entry 1) due to the formation
of the aldehyde-self-coupling compouds. The use of excess Sml2 (3 equiv), howevef, had a
dramatic effect on the rate, giving 3 in 86% isolated yield within 5 min (entry 3). The same
beneficial results were again obtained in reaction employing the phenylsulfonyllactam 2b (80% in
entry 4). We were delighted to find that 5 equiv of this reagent (entry 5) could effect these
reactions in excellent yield (98%) without byproducts except the aldehyde-dimerized substances.
This procedure is also applicablé for the production of a wide range of o-hydroxylalkylated
lactams through replacement of the N-benzyl group by the larger diphenylmethyl (entry 7) or the
smaller methyl functions (entries 8-13) together/with a change from the sulfur- to the seleno-

substituent in 2 (entry 6). Although the reason why such unusual desulfurization and subsequent



coupling reactions were observed in the use of lactams is not clarified at present, the presence of

a nitrogen atom in the substrate has a decisive role and is indispensable for these reactions.

O O
1) NaBH, : Smi,
R — N—R —
2) XH, n-CgH13CHO
o cat. BF3+OEt, X THF
1 2a: X = SPh
2b: X = SO,Ph ) m-CPBA
2¢c: X = SePh :
O
N—R +
OH
n-CgH n-CgH
e erythro-3 " threo-3

Table 1. SmI-promoted tandem reactions of lactams 2 with aldehyde?

entry X R Smlp, (equiv) temp,°C yield, %P erythro/threo®
1 SPh CH7Ph 2.0 It 22

2 SOPh CH2Ph 2.0 rt 42

3 SPh CH)Ph 3.0 t 86 83/17
4 SOPh CH)Ph 3.0 It 80 79/21
5 SO2Ph CH2Ph 5.0 It 98 79721
6 SePh CH2Ph 3.0 It 58

7 SPh CHPh) 3.0 It 39 55/45d
8 SPh CH3 3.0 20 63 76 /244
9 SO2Ph CH3 3.0 20 69 68/32d
10 SPh CH3 3.0 0 71 82/18d
11 SO2Ph CH3 3.0 0 73 84/ 164
12 SPh CH3 3.0 It 69 92/ 8d
13 SOPh CH3 3.0 It 90 92/ 8d

a) All reactions employed 3.0 equiv of heptanal.

b) Isolated yield.

c) Isolated ratio after chromatographic separation unless otherwise indicated and
stereochemistry determined according to our preceding report.8

d) Determined by 1H NMR.



. vWe further found that the use of both aliphatic (entries 1-4 shown in Table 2) and sterically
more hindered aromatic ketdnes (entries 5,6) also underwent fast reactions (5 min) to afford the
corresponding desulfurized coupling products with good to high yields in contrast to the fact that
direct Smlp -prompted reaction of phthalimides with ketones did not provide any desired
coupling adduct.8 This strategy will find convenient usage and proved to be a superior C-C bond

formation method accompanying the desulfurization reaction.

Sm|2

CHyPh N—CH,Ph

- R1COF{I12, THF o
Ry

2 ‘ ’ Ry 4

Table 2. SmI2-promoteda tandem reactions of lactams 2 with ketones?

entry n R1] R2 yield, %b
1 0 CH3 CH3 50

2 2 CH3 CH3 85

3 0 CH3 n-C3H7 71

4 2 CH3 n-C3H7 79

5 0 CH3 Ph 72

6 2 CH3 " Ph 85

a) Reactions employed 3 equiv of SmI2 and ketones, respectively.
b) Isolated yield. |

In addition to the development of novel tandem reaction described here, we investigated the
stereochemistry of these products, since the stereodefined construction of threo- or erythro-
heterocyclic moieties with a hydroxyl-containing side chain attracts considerable attention due to

their presence in the framework of natural products.13



It will particularly be of interest to note that decreasing the steric bulkiness of the N-
substituents. as well as raising the reaction temperature14 up to rt led to an increase of the
erythro-selectivity (from 55:45 to 92:8 as shown in Table 1) contrary to our previous threo-
selective resuzl/l’cs8 and the erythro/threo ratio of 3 is essentially independent of the leaving groups.
The observed reverse stereochemical outcome of these reactions can be explained by
consideration using the 6-membered SmI2-chelation models A and B7b containing nitrogen lone-
paired electrons (Figure 1). In the thermodynamically stable former the reaction progressed
through coupling of the radical produced by desulfurization with a carbonyl compound from the
same face of the smaller N-methyl group and Sml?, avoiding the mutual steric repulsion between
N- and aldehyde-alkyl groups. On the other hand, the fact that the steric bulkiness of the N-
substituents and raising the reaction temperature affect the erythro-selectivity reversely can be
ascribed to the attack of the radical present in the other 6-membered conformational isomer
(Model B) on the carbonyl group, in which the N-larger functions prefer to be equatorial. In this
case coupling reactions resulted in a decrease of the erythro-selectivity, since the aldehyde-alkyl

group constituting the chelation structure could occupy both sides.

® ¢

Model A Model B

Figure 1. Potential stereocontrol elements.

In conclusion, we have developed synthetically useful tandem SmlI2-mediated desulfurization
and reductive coupling reactions that employ commercially available reagents. In addition, the
success of these reversely erythro-selective reactions together with our previous threo-selective
results demonstrates the mechanistically fascinating duality of the lactam-employed coupling
reactions for controlled carbon-carbon bond formation. Current efforts to expand the scope of
coupling partners with this method as well as to elucidate the therfnodynamic behavior and

detailed mechanism of the reaction are in progress.
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Abstract—Samarium(Il) diiodide-mediated intramolecular reductive coupling reaction of
phthalimides with N-formylated alkyl side chains is shown to afford dihydroxylated tricyclic
lactams with 5-7 membered rings. This process was further applied for the preparation of an
isoindolobenzazepine alkaloid, chilenine, by featuring the elaboration of the functionalized -

phthalimide derivative.

Chilenine (1) and lennoxamine (2) first found in the plants of the Chilean Berberis species,
| Berberis empetrifolia Lam and Berberis darwinii Hook, respectively, are a new class of alkaloids
belonging to the aporhoedane series.! Although biogenetically related to protoberberines and
usually classified as isoquinoline alkaloids, they are distinguished by the presence of an
isoindolo[1,2-b][3]benzazepine unit embedded in their skeleton from the simple isoquinoline
group. Due to the fact that their structures incorporating the 3H-3-benzazepine moiety and equally
an isoindolinone ring system are architecturally sophisticated and possess the real and potential
biological properties,? they have captured the interest as attractive and synthetically challenging |
targets.3 Synthetic strategies described up to date, however, in general require multistep reactions
or crucial techniques and were not necessarily satisfactory. On the other hand, as part of our work
designed’ to explore the use of cyclic imides, we have demonstrated some significant
stereoselective reactions# and their applications to the total syntheses of biologically active natural
products.5 In addition, recently novel and stereoselective methods for the preparation of
hydroxylactams via reductive couplirig reactions mediated by Sml; have also been developed in
this laboratory.® The purpose of the present communication is to describe the result that N-
functionalized phthalimide derivatives underwent fast Smlj-induced intramolecular pinacol-type
- coupling reaction, which in turn made possible to provide a new expeditious and practical

opportunity for the synthesis of an isoindolobenzazepine alkaloid, chilenine.



1: chilenine 2: lennoxamine

In formulating the synthetic plan for chilenine (1), we envisioned that the benzazepine ring of
significant precursor 3 would originate from the intramolecular coupling reaction of 4, which

could be divided into two known fragments, acid ester 57 and bromopiperonal (6),8 respectively

(Scheme 1).
Me
COOEt
COOH
1
PO S
Scheme 1 6

In advance, initial experiments have been performed on the intramolecular coupling reaction in
the presence of Smly (2 equiv.) in THF at rt employing simple phthalimide derivatives 7° with N-
formylated alkyl substituents. As shown in Scheme 2, it became apparent that these conditions
without additives brought about the desired dihydroxylated tricyclic lactams 8 with 5-7 membered

rings in satisfactory yields, respectively.10

O
Sml, (2 equiv.)
“Hino THF, rt n
[o) 4 HO
7a

:n=1 HO 8a:n=1 y. 8%
7b: n=2 8b: n=2 y. 79%
7c: n=3 8c: n=3 y.63%

Scheme 2

With these results in hand, we next focussed our attention on the synthesis of 1, an

isoindolobenzazepine natural product. The results from our survey are summarized in Scheme 3.



To begin with, the ethylene acetal compound derived from bromopiperonal (6) was converted into
9 via aromatic allylation,11 which underwent dihydroxylation and oxidative cleavage of the olefinic
part followed by reduction to give the alcohol 10 in high yield after successive reactions of
deacetalization, reduction, and MPM(p-methoxybenzyl)-protection. On the other hand, acid ester 5
was submitted to coupling reaction with MPM-amine to afford the cyclic imide directly, which was
then deprotected with cerium ammonium nitrate (CAN), leading to the NH-imide 11. Thus,
reaction of 11 with the alcohol 10 prepared above under Mitsunobu conditions proved to yield the
condensation product 12 in moderate yield. When the subsequent deprotection of the MPM-group
in 12 was effected by the use of DDQ, it was apparent that the desired aldehyde intermediate 4
could be obtained directly. Finally, émlz-mediated intramolecular pinacolic reaction of 4 was
performed to give the crucial coupling product 3 in 65% yield with fortunately complete
regioselectivity. The ratio of the two diastereomers (cis:trans = 3:1) was easily determined by !H
NMR.12 Since both of these isomers of 3 has already been converted into 1 via the same enol
acetate!2 by Danishefsky et al.13 iﬁ high yield, the whole sequence of reactions constitutes, in a

formal sense, a total synthesis of natural chilenine. _

In summary, we have found Sml-mediated intramolecular coupling reaction of cyclic imides
with aldehyde-alkyl side chains to give some isoindolone derivatives directly and accomplished the
formal synthesis of chilenine natural alkaloid employing this procedure. This process provides an

easily accessible alternative to existing synthetic methods of isoindoloazepine alkaloids.
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Scheme 3. Reagents and conditions: (a) 1, HO(CH»)oOH, p-TsOH, toluene, reflux; quant.;
2, BuLi, ether, -60 °C, then allyl bromide; 63%; (b) 1, conc. HCI, ether; 2, NaBH,4, MeOH; 78%
(2 steps); 3, MPMCI, Ag>0O, CH3COOEt; 82%; 4, OsO4, NMO, acetone-Hy0 (1:1), 5, NalOy,
ether-H,0 (1:1), -5 °C; 6, NaBH,4, MeOH; 80% (3 steps); (¢) 1, MPMNH,, DCC, CH,Cly; 78%;
2, CAN, CH3CN-H0 (9:1), -10 °C; 65%; (d) (10), DEAD, PPhg, THF; 46%; (e) DDQ, CH.Clo-
H>0 (10:1), -10 °C; 54%; (f) Smls (3 equiv.), THF; 65%.

Ackowledgments

This work was partially supported by a Grant-in Aid (No. 13640530) from the Ministry of

Education, Science, Sports and Culture of Japan.

References

1. (a) Fajardo, V.; Elango, V.; Cassels, B. K.; Shamma, M. Tetrahedron Lett. 1982, 23, 39-
42.



(b) Valencia, E.; Freyer, A. J.; Shamma, M.; Fajardo, V. Tetrahedron Lett. 1984, 25, 599-
602. | |
(c) Valencia, E.; Weiss, L.; Firdous, S.; Freyer, A. J.; Shamma, M. Urzua, A.; Fajardo, V.
Tetrahedron 1984, 40, 3957-3962.
H (a) Weinstock, J.; Hieble, J. P.; Wilson, J. W. Drugs Future 1985, 10, 645-651.
(b) Csende, F.; Szabo, Z.; Stajer, G. Heterocycles 1993, 36, 1809-1821.
(c) Epsztajn, J.; Grzebak, R.; Jozwiak, A. Synthesis 1996, 1212-1216.
(d) Marchalin, S.; Decroix, B. Heterocycles 1995, 41, 689-696. '
(e) Daich, A.; Marchalin, S.; Pigeon, P.; Decroix, B. Tetrahedron Lett. 1998, 39, 918'7-
9190. ’
For recent examples, see:
(a) Padwa, A.; Beall, L. S.; Eidell, C. K.; Worsencroft, K. J. J. Org. Chem. 2001, 66,
2414-2421.
| (b) Couture, A.; Deniau, E.; Grandclaudon, P.; Hoarau, C. Tetrahedron 2000, 56, 1491-
1499. | |
(¢) Ruchirawat, S.; Sahakitpichan, P. Tetrahedron Lezft. 2000, 41, 8007-8010.
(d) Koseki, Y.; Kusano, S.; Sakata, H.; Nagasaka, T. Tetrahedron Lett. 1999, 40, 2169-
2172.
(e) Rodriguez, G.; Castedo, L.; Dominguez, D.; Sad, C. Tetrahedron Lett. 1998, 39, 6551-
6554.
(f) Ishibashi, H.; Kawanami, H.; Ikeda, M. J. Chem. Soc., Perkin Trans. 1 1997, 817-
821.
(g) Rodriguez, G.; Cid, M. M.; Sa4, C. Castedo, L.; Dominguez, D. J. Org. Chem. 1996,
61, 2780-2782 and references cited therein.
(a) Yoda, H.; Shirakawa, K.; Takabe, K. Tetrahedron Lett. 1991, 32, 3401-3404. (b)
Yoda, H.; Kitayama, H.; Yamada, W.; Katagiri, T.; Takabe, K. Tetrahedron: Asymmetry
1993, 4, 1451-1454.
(c) Yoda, H.; Kitayama, H.; Takabe, K.; Kakehi, A. Tetrahedron: Asymmetry 1993, 4,
1759-1762.
(a) Yoda, H.; Nakajima, T.; Takabe, K. Tetrahedron Lett. 1996, 37, 5531-5534.



10.
11.
12.
13.

(b) Yoda, H.; Nakajima, T.; Takabe, K. Synlett 1997, 911-912.

(c) Yoda, H.; Shimojo, T.; Takabe, K. Tetrahedron Lett. 1999, 40, 1335-1336.

Yoda, H.; Matsuda, K.; Nomura, H.; Takabe, K. Tetrahedron Lett. 2000, 41, 1775-1779.

Wasserman, H. H.; Amici, R.; Frechette, R. H.; van Duzer, J. H. Tetrahedron Lett. 1989,

30, 869-872.

Parijs, A. H. Rec. Trav. Chim. Pays-Bas. 1930, 49, 17-32.

These compounds were easily prepared from phthalimide through successive reactions of N—

alkylation and dihydroxylation with OsOj, followed by oxidative cleavage in high yields,

respectively. |

The ratio of the two diastereomers in these reactions was not determined.

Moody, C. J.; Warrellow, G. T. Tetrahedron Lett. 1987, 28, 6089-6092.

Moniot, J L.; Hindenlang, D. M.; Shamma, M. J. Org.Chem. 1979, 44, 4347-4351.
Fang, F.G.; Danishefsky, S. J. Tetrahedron Lett. 1989, 30, 2747-2750.



