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Piperidine alkaloids constitute a large family of compounds,
many of which are of great interest for their various
biological activities.! A search of the chemical and patent
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literature reveals thousands of references concerning this
simple ring system, both in clinical and pre-clinical states.”
Due to the extension of life expectancy in industrial
countries, neurological disorders, like Alzheimer’s or
Parkinson’s diseases, pose an important public health
problem. Thus, the discovery of effective agents for the
treatment of these pathologies is one of the major challenges
in medicine for the future.>* In this context, Lobelia inflata
alkaloids (Fig. 1) and, in particular, (— )-lobeline 1, the most
active of them, represent a new class of promising
therapeutic agents acting on the central nervous system
(CNS).

This review documents a brief history of the uses of Lobelia
inflata, describing the fascinating saga of this plant from its
original use by native Americans. Biosynthetic routes to
Lobelia alkaloids are then discussed, followed by an
overview of their chemistry, with particular emphasis on
asymmetric syntheses. The last section of the review
includes a discussion on the bioactivity of (—)-lobeline 1
and its application for the future.

2. History

There can be few plants with a history as rich as that of
Lobelia inflata. 1t is a plant native to northern North
America that 5grows in meadows, waste places, fields and
open woods.” Lobelia inflata is medically the most
important variety of the Lobelia family, which consists of
more than 50 species including in particular L. cardinalis,
L. erinus, L. spitaca, L. siphilitica, L. puberula and
L. appendiculata.

Among this family, Lobelia inflata contains the greatest
concentration of more than 20 piperidine alkaloids® (see
Figure 1 for the identification of 1-20). (—)-Lobeline 1 is
the major and the most biologically active alkaloid of the
plant. Lobelia inflata is an annual or biannual plant, which
grows to 2 feet tall and blooms from June through October.
The flowers are very small, white to pale blue, with three
oval petals facing downward and two sharply-pointed petals
pointing up. The fruit is an inflated pod, resembling a small
balloon, which is easily compressible and contains an
innumerable number of minute brown seeds.

The story of Lobelia inflata can be traced back over many
centuries. The herb is actually named in honour of the
famous French physician and botanist Matthias De Lobel
(1570-1616), who was attached to the court of King James
L. Its specific name, inflata, is due to its inflated seed pods.
Lobelia inflata is also known as Indian tobacco, because the
native Americans (the Penobscot tribes) smoked the dried
leaves as a substitute for tobacco, to produce the effect of
alkaloids on the central nervous system (CNS).

Lobelia inflata was extensively used by the people of New
England, long before the time of Samuel Thomson (super-
intendent of Indian affairs in North America from 1756 to
1774), its assumed discoverer. The credit for the introduc-
tion of Lobelia into medical practice is due to Dr. Manasseh
Cutler and Dr. Samuel Thomson. As early as 1773,
Thomson became aware of its power to procure vomiting

and, during 1791, he first became practically acquainted
with its ability to afford relief in diseases like colic,
rheumatism and fever. Thomson and Cutler claimed to have
used Lobelia for the treatment of asthma in the period 1805—
1809. Thus, during the 19th century, Lobelia was one of the
most medically important plants, used as a valuable remedy
for asthma. Lobelia can, however, be a deadly poison in
sufficient quantities. Indeed, Thomson fatally poisoned one
of his patients (Ezra Lovett) by the use of Lobelia.
Nevertheless, Lobelia, in the ordinary sense of the term, is
not a poison. Undoubtedly, its injudicious use has, and
might, produce death, but the same is true for many other
drugs that are not ordinarily considered as poisons.

Interest in this class of molecules, and, in particular, in
lobeline 1, the potent alkaloid of this family, has increased
in recent years, due to their remarkable biological profile.
Thus, lobeline 1, the principal alkaloid of Lobelia, is
currently the subject of renewed interest for the treatment of
drug abuse and neurological disorders.’

3. Biosynthesis

The study of Lobelia alkaloid biosynthesis in the 1960s and
1970s principally concerned the most important of them,
lobeline 1. For this reason, we present in this review the
biosynthetic pathway of lobeline 1 in more detail. An
overview of the biosynthesis of other Lobelia alkaloids is
also presented, with particular attention being paid to
lobinaline 19.

The extensive research into the explanation of the
biosynthetic pathway of piperidinic alkaloids started with
Robinson’s hypothesis.® Robinson postulated that lysine 21
is the precursor of the piperidinic ring in many of the
naturally occurring piperidine derivatives via the tetra-
hydropyridine 22. Thus, it was shown that lysine 21
furnished the nucleus of various piperidine alkaloids like
anabasine 23,9’10 and sedamine 24,11 a related structural
analogue of lobeline 1 (Scheme 1).

Lobeline 1 presents an interesting biosynthetic problem due
to the substitutions at the C2 and C6 positions of the
piperidine ring by two related substituents. The two key
precursors generally accepted are lysine 21 and phenyl-
alanine 25. It has also been suggested that piperidine
alkaloids could be derived from benzoic acid and acetate
or from acetate alone'? like coniine!>!* 26 (Scheme 2).
Different tracer studies with sodium [1-14C]-acetate,
however, seem to reject this hypothesis for Lobelia
alkaloids. Indeed, sodium [1—14C]—acetate was fed to Lobelia
syphilita and no labelled lobeline 1 was isolated, while in a
separate experiment administration of [1-'*C]-lysine
yielded active lobeline 1."3

The possible pathway for the biosynthesis of the side chains
is outlined in Scheme 3. Phenylalanine 25 is converted into
trans-cinnamic acid 28 by the enzyme phenylalanine
ammonia-lyase (PAL).'® This enzyme has been isolated
from a plant source.'” The hydroxylation of 28 by the
addition of a molecule of water gave 3-hydroxy-3-
phenylpropanoic acid 29, which has been isolated from
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Lobelia inflata.® B-Oxidation gave benzoylacetic acid 30, an
important intermediate in the biosynthesis. Feeding experi-
ments have been used to show that phenylalanine 25,
trans-cinnamic acid 28, and 3-hydroxy-3-phenylpropanoic
acid 29 are all intermediates in the biosynthetic route and
have consequently validated this pathway.'®

The formation of 2,3,4,5-tetrahydropyridine 22, the poten-
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tial intermediate in the biosynthesis of lobeline 1 or other
piperidinic alkaloids, is unclear. Two possible pathways are the
subject of some dispute (Scheme 4). In the first route, lysine
furnished the 2,3,4,5-tetrahydropyridine 22 via 5-aminopen-
tanal 31."° The asymmetrical incorporation of substituents into
the piperidine ring of a number of alkaloids favours this
hypothesis.20 It has been shown, however, that the substituents
of lobeline 1 were symmetrically incorporated into lysine 21.'°

The second pathway suggested the formation of 2,3,4,5-
tetrahydropyridine 22 via cadaverine 32 (pentane-1,5-dia-
mine). Although cadaverine 32 was incorporated into lobeline
1 and stimulated the production of alkaloids like anabasine
23,2"2 tracer studies have suggested that it was not a normal
intermediate between lysine 21 and 2,3,4,5-tetrahydro-
pyridine 22. Indeed, [2-'*C]-lysine gave 2,3.4,5-tetrahydro-
pyridine 22 with all the radioactivity at the C2 position.”

Condensation of 2,3,4,5-tetrahydropyridine 22 with ben-
zoylacetic acid 30 furnished the amino ketone 33, which on
oxidation via 34 and reaction with another molecule of
benzoylacetic acid 30, gave norlobelanine 13 (Scheme 5).
N-Methylation of 13 yielded lobelanine 14. The role of
lobelanine 14 in the biosynthesis of lobeline 1 has been
shown in feeding experiments by incorporation of labelled
lobelanine 14 into lobeline 1 in high yield.?* Thus, the sym-
metrical the incorporation of lysine 21 into lobeline 1 (vide
supra) could be explained by the intervention of the
symmetrical intermediate lobelanine 14. Consequently, a
large volume of evidence has been gathered in favour of 31 as
a possible intermediate in the formation of 22. The last step in
this process is the reduction of one of the carbonyl groups.
Nevertheless, the biosynthesis of lobeline 1 has been poorly
studied and the enzymes responsible for the final stages in the
biosynthesis of lobeline 1 have not been characterised.

The biosynthetic pathways of other Lobelia alkaloids have
been studied in less detail, but it seems that the side chains
without phenyl groups are derived from acetate. Specific
tracer studies with [1-14C]-acetate are in total agreement
with the foregoing hypothesis.'"® The 3-oxohexanoic acid
35, derived from three units of acetate, reacted with 2,3.4,5-
tetrahydropyridine 22 to yield 36. Formation of the imine 37
and subsequent condensation of another molecule of 35
generated the dione 38. Demethylation of the side chains,
N-methylation and reduction of the carbonyl functions gave
8,10-diethyllobelidiol 2 (Scheme 6).
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YON: L. LS
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Me Me

Norlobelanine 13

Scheme 5.

Lobelanine 14

(-)-Lobeline 1
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Scheme 6.

When the side chains are ethyl substituents, they are derived
from two units of acetate to give 3-oxobutanoic acid 39
(Scheme 7). A similar biosynthetic cascade generated, for
example, 8-methyl-10-ethyllobelidiol 3.

S

N
H 40

e} 0}
2 N ,— )J\3;COOH

O
OH OH
A~ _coon
N
Me
8-methyl-10-ethyllobelidiol 3

Scheme 7.

For 5 to 8, in which the core is a tetrahydropyridine ring, the
biosynthetic pathways have not been studied. In the case of
anatabine 41, however, an alkaloid of tobacco plants, the
tetrahydropyridine ring is derived from nicotinic acid 42
(Scheme 8). Moreover, pyridine alkaloids have been
detected in Lobelia inflata.

O

Nicotinic acid 42 (-)-Anatabine 41

Scheme 8.

The case of lobinaline 19 is an interesting problem, because
of its particular structure in comparison with other Lobelia
alkaloids. It should be noted that lobinaline 19 is the major
alkaloid of Lobelia cardinalis. In spite of its original
structure, it has been shown that lobinaline 19 derives from
lysine 21 and phenylalanine 25.%° In fact, various tracer
experiments, have shown that lobinaline 19 is formed
simply by dimerisation®” (Scheme 9) of phenacylpiperidine
33, which is also an intermediate in the biosynthetic
pathway of lobeline 1.

Publications concerning the biosynthesis and isolation of
lobeline-related alkaloids continue to appear at a steady rate.
Studies in this area are presumably ongoing and we wait

/\)(')K)\/j /\)uj
N N
36 H 37

OH OH
N

Me
8,10-diethyllobelidiol 2

Iz

(+)-Lobinaline 19

Scheme 9.

with anticipation for more detailed information about the
latter stages of the biosynthetic route.

4. Chemistry of Lobelia alkaloids

Only a few of the Lobelia alkaloids have been synthesised.
In this review, we will describe the synthesis of Lobelia
alkaloids, paying particular attention to the stereoselective
asymmetric strategy. Thus, we will present the total
syntheses of allosedamine 18, 8-ethylnorlobelol 20, lobeline
1 and its related alkaloids lobelanine 14 and lobelanidine 16.
It should be noted that the syntheses of sedamine 24 (found
in Sedum acre, but not in Lobelia inflata) where its
diastereoisomer, allosedamine 18, was a minor product,
are not presented here (Fig. 2). Recently, Sedum alkaloids
have been reviewed by Bates and Sa-Ei.”®

4.1. Synthesis of (+)-8-ethylnorlobelol

(+)-8-Ethylnorlobelol 20, a minor alkaloid of Lobelia
inflata, was first isolated by Wieland® et al. in 1939. These

* () O

R rTl ©)\ 'l\l
Me Me

Sedamine 24 found
in Sedum acre

ille)

Allosedamine 18 found
in Lobelia inflata

Figure 2.
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workers described the molecular formula as CoH;oNO and
postulated the structure as an N-methylpiperidine derivative
43. This structural assignment was revised twenty years
later, however, by Schtjpf29 who, at the same time,
established the absolute configuration as (2R,8S), but
without reporting experimental evidence (Fig. 3). Thus,
for many years, the absolute configuration was accepted as
that described by Schopf. Recently, Hootelé et al.*®
questioned this assignment and correctly revised the
absolute configuration to (28,8S). This assertion of Hootelé
was confirmed, a short time later, by Takahata’s group,’’
with the first asymmetric total synthesis of (+)-20.

,Tl N ~\ N
Me H H

20 Structure and
absolute configuration
(2R.8S) reported by
Scholpf et al.

20 (2S,8S) corrected
by Hootelé et al.

43 Structure proposed
by Wieland et al.

Figure 3.

4.1.1. Non-stereoselective racemic approach. Kracher’>
and co-workers described (Scheme 10) the first racemic
synthesis of (+/—)-20 by the reaction of a-picoline 44 with
propionitrile to give, after acidic work-up, the ketopyridine
45 in good yield (80%). This short and efficient synthesis
was achieved by catalytic hydrogenation over platinum
oxide of the pyridine ring and the carbonyl group in one step
to afford (+/—)-20. In these studies, the pharmacological
profile of some related analogues was also investigated, but
no results were disclosed for (4/—)-20.

= =z
Q E(CN o | H, PO, \/Uj
N\ —_— NS
N~ phLi N N
H

76% (+-)-20

4 0% 45
Scheme 10.

4.1.2. Stereoselective racemic approach. More recently,
Hootel€ et al. have reported a very short diastereoselective
synthesis of (+/—)-20 (Scheme 11). Their approach
exploited the advantageous properties of [2—3]-dipolar
cycloaddition, which occurs with regio- and stereocontrol.
Thus, the side chain was introduced by a regio- and
stereoselective nitrone—alkene cycloaddition between
2,3,4,5-tetrahydropyridine-1-oxide 47 and 1-butene. The
isoxazolidine 48 could easily be converted to (+/—)-20 by
cleavage of the N-O bond with LiAlH,.

O HgO @ 1-butene
—- —_——
N N .
| -
OH 46 O 4 4>:80

LiAIH, OH O
NN

73% (3 steps) H

(+/-)-8-ethylnorlobelol 20

Scheme 11.

In these studies, Hootelé also reported experimental
evidence to assign the natural enantiomer as (2S5,85)
(Fig. 3). Consequently, they correctly revised the absolute
configuration previously established by Schopf.

4.1.3. Asymmetric approach. To date, the synthesis of
(+)-8-ethylnorlobelol reported by Takahata et al. consti-
tutes an interesting challenge as the only asymmetric
synthesis. Retrosynthetically, the Takahata synthesis was
achieved using three key reactions (Fig. 4). The Sharpless
dihydroxylation of 5-hexenylazide 52 followed by an
intramolecular aminocyclisation and a second Sharpless
dihydroxylation constitute the three crucial steps of this
synthesis to provide ( + )-8-ethylnorlobelol 20. This strategy
was also applied to the synthesis of numerous piperidine

derivatives and some ant defence alkaloids.***
(;)H O Sharpless O
NN N ———) At N
H dihydroxylation 4 H
(+)-8-ethylnorlobelol 20
intramolecular
———» A N3 —
cyclisation
OH 59
Sharpless
Ny ————— XN
OH s ydroxylation 52
Figure 4.

The synthesis started from the commercially-available 5-
hexenol 53 (Scheme 12). Tosylation of the hydroxyl group
followed by substitution with sodium azide furnished 52 in
69% yield over two steps. The Sharpless asymmetric
dihydroxylation of 5-hexenylazide 52 generated the diol
51 in 88% yield with 88% ee. The intermediate 51 was
converted into the epoxide 54 by the Sharpless one-pot two-
step protocol in 86% yield. Regioselective copper-mediated
Grignard allylation of the epoxide 54 afforded the alcohol
50 in good yield (86%). Treatment of the free hydroxyl
group of 50 with mesyl chloride and subsequent reduction of
the azide by the Staudinger reaction led to an intramolecular
cyclisation with total inversion of configuration to give the
desired 2-propenylpiperidine 49 (77% yield) as its hydro-
chloride salt. Protection of the piperidine as a benzyl
carbamate followed by a second asymmetric dihydroxyla-
tion reaction of the terminal olefin led to a mixture of two
diastereoisomers 55a/55b in an 84/16 mixture, separable by
chromatography on silica gel. The major diastereoisomer
55a was found to be >98% ee. The resulting diol S5a was
converted into the epoxide 56 by the Sharpless one-pot two-
step protocol using the same conditions as before for the
transformation of 51 into the epoxide 54. Regioselective
copper-mediated Grignard methylation of the epoxide 56
and subsequent hydrogenolysis of the benzyl carbamate
completed the total synthesis of (+)-8-ethylnorlobelol 20.
The melting point and specific rotation are in total
agreement with those reported for the natural product.
This assignment confirmed that proposed a short time earlier
by Hootelé et al.
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™ MgBr « Ny 1) MeSO,CI . O 1) CbzCl
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55b  Cbz  16/84  55a,98%ee Cbz 77% 56 Cbz 85%  (4).8-cthylnorlobelol 20
-6-€thylnoriobelo
Scheme 12.

4.2. Synthesis of allosedamine

Although its biological properties are obsolete,®> (—)-
allosedamine has attracted attention as an interesting
challenge and a valuable synthetic target for chemists.

4.2.1. Non-stereoselective racemic approach. Before the
1960s, the piperidine core was often derived from a pyridine
ring. The pyridine strategy provided an efficient and short
route to piperidinic alkaloids, but yielded a mixture of
diastereoisomers.

6,29
6

(—)-Allosedamine 18 was isolated from Lobelia inflata,
and the structural identification was reported by Marion®
and co-workers on the basis of the first racemic synthesis
(Scheme 13). It should be noted that these authors actually
reported the structure of sedamine 24 (not found in Lobelia
plants), which is a diastereoisomer of allosedamine 18.
These researchers envisaged the phenacylpyridine 57 as a
key intermediate in their approach. The compound 57 was
prepared by condensation of a-picoline 44 on benzaldehyde
to give the alkene 58 after spontaneous elimination of a
molecule of water. Bromination of the double bond and
subsequent elimination in a basic medium furnished the
acetylene 59 in 32% yield over the three steps. Hydration of

the triple bond by treatment with concentrated sulphuric
acid generated the expected key intermediate 57. Methyl-
ation of the pyridine ring followed by catalytic hydrogen-
ation gave a mixture of 18 and 60. These products could be
separated by the formation of the picrate salt derivatives, but
with a rather low total yield.

In order to avoid the formation of the picrate salt derivatives
in the separation of 18 and 60, Beyerman®’ and co-workers
advocated treating the mixture with LiAlH, and, allosed-
amine 18 and sedamine 24 were then isolated as the single
products (Scheme 14).

OH (@]

v N

Me Me
18 +24 60

LiAlH, OH
N
77% Me
18+24

Scheme 14.

AN In their studies, however, the same workers also reported
| ") benzaldehyde . | ] DBnCS a simpler and shorter racemic synthesis starting from
Me” “N” S79 “ N 2) NaOH a-picoline 44 and benzaldehyde (Scheme 15). They found
44 56%
| A benzaldehyde OH | N
(o) X Z B — 7
= 60% H,SO, | Me™ "N BuLi N
- N7 N 44 38%
61
59 N 91% 57
OH 0 1) Mel OH O
1)p-TOlSO3MC + N m o N
t
2) Hy, PtO, ,\"\,ll Me ) P02 Me
18+24 C 60 40% of (+/-)-18

no yield given

Scheme 13.

Scheme 15.

(+/-)-allosedamine 18
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that the addition of a-picollyllithium to benzaldehyde
furnished 61 without the elimination of a molecule of
water, contrary to an acidic condensation. Subsequent
N-methylation and catalytic hydrogenation gave a mixture
of the two diastereoisomers, allosedamine 18 and sedamine
24, which could be separated by fractional crystallisation.

Stanek’® and co-workers observed the facile addition of
1,2-dimethylpyridinium iodide 62 to benzaldehyde to yield
63, which on subsequent reduction furnished a mixture of 18
and 24 that were not separated (Scheme 16). In further
studies, Beyerman®® optimised the conditions described by
Stanek to obtain the mixture of (+/—)-18 and (+/—)-24 in
a better yield.

X

| benzaldehyde
+t 2 _ >
Me™ N piperidine
62 1~ CH3
41%
H,, PtO, oH
N
59% Me
18 + 24

Scheme 16.

Starting from the phenacylpyridine 57, Schopf et al. isolated
a mixture of norallosedamine 17 and its diastereoisomer by
successive reduction of the carbonyl group with Zn and of
the pyridine ring by catalytic hydrogenation over platinum
oxide (Scheme 17). From this mixture, (+/—)-norallosed-
amine 17 was obtained in a pure form and was resolved by
sequential crystallisations with (+)-6,6-dinitrophenic acid
to give (+)-17. Compound (+/—)-17 similarly treated
with (—)-6,6-dinitrophenic acid gave (—)-17. Successive
degradation of (+)-17 led the authors to assign the absolute
configuration as (2S,8R)-8-phenylnorlobelol 17. Methyl-
ation of (+)-17 under Eschweiler-Clarke conditions gave
(—)-allosedamine 18, the configuration of which is (25,8R).

o) | X OH | X
P Zn, HCI .
) i
57 96% . cl
OH
1) Hy, PtO, o HCHO, HCOOH

WN
H
80%

(+)-norallosedamine 17

2) (-)-6,6-dinitrophenic
acid
no yield given

(-)-allosedamine 18

Scheme 17.

Introduction of the side chain via alkylation of an N-
acyliminium precursor, formed in situ, also emerged as a
suitable approach to achieve the synthesis of allosedamine
18 (Scheme 18). This strategy was advantageously used by
Shono and co-workers.*” The addition of 2-methoxypiperi-
dine 66, generated from 65 by anodic oxidation, to a silyl
enol ether of acetophenone in the presence of TiCly, resulted
in the isolation of 67 with high yield (93%). The non-
stereoselective reduction of 67 with LiAlH, gave a mixture
of (+/—)-sedamine 24 and (+/—)-allosedamine 18, which
were separated and identified by Schopf’s method.

Carbon anode, OSiMe,
|\/j Et,;NpTolSO; FO Ph/&
N MeOH MeO [}] —
COzMe CO,Me
86% 66 93%
65
i LiAl
1—H4> 50% (+/-)-allosedamine 18
N 100% 50% (+/-)-sedamine 24
CO,Me
67
Scheme 18.

C—C bond formation between the piperidine precursor and
the phenacyl side chain was also reported by Ozawa*' in a
similar approach (Scheme 19). 2-Ethoxy-6-piperidone 69,
readily prepared in two steps from glutaric acid 68, was
subjected to C—C bond formation with fers-butyl benzoyl-
acetate and aluminum chloride to afford 70 after acidic
hydrolysis. Reduction of the lactam and ketone functions
with LiAlH,4 generated a mixture of sedamine 24 and (+/—)-
allosedamine 18, which were readily separated by column
chromatography on silica gel.

1) MeNH,
@ 2) NaBH, Q PhCOCH,CO,/Bu
HO OH Et0” "N

00 3) EtOH-HCI " "0 AICK
Me
68 86% 69 92%
0o

LiAIH, oH O
oo
©/\ Me

(+/-)-allosedamine 18

N"o
o Me 39%

Scheme 19.

More recently Meth-Cohn*? and co-workers have developed
a practical method for a short access to (+/—)-allosed-
amine 18 and related alkaloids via the pseudo Vilsmeier
reagent 72, which can easily be obtained by N-methylation
of 2-fluoropyridine 71 (Scheme 20). The resulting iminium
salt 72 was subjected to the enamine 73 to give 74, which on
acidic hydrolysis liberated the masked carbonyl group.
Catalytic hydrogenation of the pyridinium ring of 75
followed by carbonyl reduction with NaBH, gave an
equal mixture of diastereoisomers (+/—)-18 and (+/—)-
24, from which (+/—)-allosedamine 18 was isolated in a
pure form after flash chromatography. It should be noted



F.-X. Felpin, J. Lebreton / Tetrahedron 60 (2004) 10127-10153 10135

L

73
= pTolSO;Me N Bh
~ | —_— N
F N ; F ’T‘ 72
71 100%  1oi50, Me
N Z | 1) conc HCI @) ~ |
PN - o
N 2) NH,PF, N
_ Me 88% (3 steps) PFg” Me
TolSO; 74 75
1) Hy, PO, OH O
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Scheme 20.

that the researchers developed an enzymatic resolution for
some alkaloids to obtain chiral compounds. No experimental
details were described, however, for (+/—)-allosedamine
18. In addition, the application of this methodology to the
synthesis of anti-Alzheimer agents was recently disclosed in
a patent* by the same authors.

4.2.2. Stereoselective racemic approach. Tufariello* and,
a few years later, Hootelé*® developed a similar efficient
route based on a regio- and stereoselective [2+ 3]-dipolar
cycloaddition (Scheme 21). This strategy was widely used
by Hootelé as an elegant route for various piperidinic
derivatives including (+/—)-allosedamine 18 (vide
supra).*® Tufariello reported that the condensation of
2,3,4,5-tetrahydropyridine-1-oxide 47 with styrene afforded
the isoxazolidine 76, which upon N-methylation to 77 and
subsequent treatment with LiAlH, furnished a mixture of
(+/—)-allosedamine 18 (78%) and (+/—)-sedamine 24
(22%) with excellent overall yield. From this observation,
the authors concluded that the cycloaddition step lacked
stereoselectivity, to generate the isoxazolidine 76 in a 78/22
mixture of diastereoisomers.

In their studies, however, Hootelé et al. repeated the

O styrene H., O Mel
W & N

_g 91% 6 100%
47 76

78% (+/-)-Allosedamine 18
N 22% (+/-)-Sedamine 24
U,

Scheme 21.

cycloaddition step in similar conditions and were surprised
to note that analysis by gas-liquid chromatography of 76
revealed 97% of diastereoisomeric excess. This high
diastereoselectivity resulted from an exo addition. Subse-
quent experiments showed that the reduction step with
LiAlH,; occurred with partial epimerisation. In order to
overcome the critical step of the N—O bond cleavage without
epimerisation, Hootelé et al. showed that hydrogenolysis of
77 with H,/Raney nickel was the method of choice to
generate (+/— )-allosedamine 18 as the sole product in high
yield (Scheme 22). Liguori and co-workers®’ reported a
valuable alternative to N—O bond cleavage in very mild
experimental conditions by the use of Lil (Scheme 22). The
yield was lower (61%) but the process was compatible with
numerous functional groups.

H., (O H,, Raney Ni (90%) OH O

N”‘m
('3 Me or Lil (61%)

7 (+/-)-allosedamine 18

Scheme 22.

Ghiaci and Adibi*® have reported more recently a
straightforward synthesis of (+/—)-18 by a judicious use
of the Eschenmoser reaction (Scheme 23). The thiolactam
79, easily prepared from the corresponding lactam 78,
reacted with phenacyl bromide to give the phenacylpiperi-
dine 80 in good yield (65%). Reduction of 80 was conducted
with a variety of reducing agents including NaBH,, DIBAL-H,
LiAlH4 and H,/Pt—C. DIBAL-H appeared to be the best
reducing reagent and led exclusively to (+/—)-allosed-
amine 18, probably via a chelated-type structure in the

transition state.

PhCOCH,Br, PPh,

Ij P4Sio
N SN

o]
Me 85%

I N-methylpiperidine
78 20 Me ylp1p

65%

(0] OH
P DIBAL - .
N TN
80 Me 90% Me

(+/-)-allosedamine 18

Scheme 23.

4.2.3. Asymmetric approach. The first asymmetric syn-
thesis of 18 was described by the Wakabayashi*’ group and
involved an asymmetric intramolecular Michal reaction
(Scheme 24). Thus, treatment of glutaric anhydride 81 with
(R)-(+)-a-phenylethylamine in harsh conditions followed
by reduction with NaBH, generated the 6-hydroxy lactam
82. A Wittig type condensation carried out on 82 and
subsequent basic treatment gave 83 with modest selectivity
(c.a. 39% de). Hydrolysis of the ester 83 to the acid 84,
however, and subsequent recrystallisation enhanced the de
to 64%. The conversion of 84 into the aldehyde 85 was
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NH,
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Il Me” “Ph Q 1) PO(OE),CH,CO,Me
07 0" "0 pNaBH, O 'N” "OH 2)BuoK
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CO,CH; CO5H
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83, 39% de 84, 64% de
CHO N
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Me 85 9% ©
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Scheme 24.

achieved by standard methods. Addition of Grignard
reagent on the carbonyl group of 85 and reduction of the
lactam function gave the expected mixture of 18 and 24 in
an equal ratio with low yield. Pure (—)-allosedamine 18
was isolated after chromatography on alumina. Unfortu-
nately, the authors failed to quote the yields of the first steps
for the synthesis, so it is not possible to comment on the
efficiency of their route.

Alkylation of an N-acyliminium precursor with the
formation of a C-C bond has also been applied in an
asymmetric approach. Tanaka®® and co-workers reported
the stereoselective alkylation (ca. 10:1) of 87, easily
prepared from the lysine derivative 86, by a silyl enol
ether (a-trimethylsiloxystyrene; APTS) in the presence of
TiCl, (Scheme 25). The expected derivative 88 was then
isolated in 68% yield. These workers considered it prudent
to protect the ketone group to perform the decarbonylation
in a four-step sequence. After removal of the acetal group,
the ketocarbamate 89 was subjected to reductive non-

1) Pt anode,
MeO,CHN™ HN™ "CO,Me MeO™ "N~ "CO,Me
So.m 2) APTS, !
86 L,Me MeOH CO,Me
35% 87
OSiMe;

1) ethylene glycol, APTS

o 2) NaOH, MeOH, H,0
3) carbon anode, MeONa
ITJ CO,Me

4) NH,Cl, toluene

TiCl,, CH,Cl, Ph

68% 8 COaMe 5) H,, Pd/C, AcOEt
' 6) PPTS, acetone
59%
O .
LiAl
A (+)-allosedamine 18
N Et,0 (+)-sedamine 24
g9 COMe
Scheme 25.

stereoselective conditions to give an equal mixture of (+)-
allosedamine 18 and (+)-sedamine 24.

For their part, Naito’' and co-workers opted for an
N-phenylethyl chiral auxiliary to direct the stereoselectivity,
but with low diastereoselectivity. The N-acyliminium
precursor 90 was prepared by treatment of glutaric
anhydride 81 with phenylethylamine followed by reduction
of the imide and trapping of the resulting hydroxy-lactam by
ethanolysis. Compound 90 was submitted to the silyl enol
ether of acetophenone in the presence of TiCl, to give 91
and 92 with low diastereoselectivity (respectively in a 57/43
ratio) and modest yield (49%). The main diastereoisomer 91
was subjected to reduction with LiAlH, to give a 1:1
mixture of diastereoisomers, 93 and 94, which were
separated by medium-pressure column chromatography.
Dealkylative carbamoylation and subsequent treatment with
LiAIH4 of 93 afforded (—)-allosedamine 18 in 61% yield
(Scheme 26).

OSiMe3
1) NH; @
Il Ph)\Me
07 0" "0,y Mecoci EtO° N° "0 49%
81 3) NaBH, Ph/kM
75% €
90
0 o)
. 57/43 LiAIH,
[j ~WONT o+ N"0
91 Ph)\Me 92 ph)\Me 45%

OH OH 1) Cl3CCH,0COCl,
- ) 1/1 1 ‘ KHCO,
W + W
9 p

"N
h)\M 2) LiAlH,
© 61%

(-)-allosedamine 18

Scheme 26.

The first highly diastereo- and enantioselective synthesis of
(—)-allosedamine 18 was achieved by Oppolzer.’> The
strategy involved an elegant chiral application of the widely
used nitrone/styrene cycloaddition, followed by a reductive
N-O cleavage (Fig. 5). It should be noted that this strategy
was successfully applied to the synthesis of various
pyrrolidine and piperidine alkaloids.’>~>°

The synthesis started from the known aldehyde®® 97
(obtained in two steps from eg-caprolactone with 66%
overall yield) which was acetalised with propane-1,3-diol
(Scheme 27). A subsequent Me3Al-mediated condensation
of 98 with sultam (now known as Oppolzer’s auxiliary)
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Figure 5.

afforded 99 in 72% yield. Compound 99 was deprotonated
with NaHMDS and the resulting (Z)-enolate was trapped
with 1-chloro-1-nitrosocyclohexane. Hydrolysis of the non-
isolated acetal in acidic media gave the corresponding
tetrahydropyridine N-oxide 96, which was used without
further purification in the next step. Thus, the crude dipole
96 reacted with styrene (dipolarophile) as a [3+2]
cycloaddition with high stereoselectivity to give the
cycloadduct 95, contaminated by <3.5% of the diaster-
eoisomeric cycloadduct 100. The mixture was efficiently
separated after flash chromatography and subsequent
crystallisation. Cleavage of the chiral auxiliary with basic
hydrolysis furnished the carboxylic acid 101 with recovery
of the sultam auxiliary. The next step required the removal
of the COOH group. Neither Barton’s decarboxylation®” nor
Rapoport’s decarbonylation,”®®° however, afforded the
desired product. An alternative method consisted of the
transformation of the COOH group into a CN function,
followed by a reductive o-aminonitrile decyanation. Thus,
conversion of carboxylic acid 101 into the amide and
subsequent dehydration of the resulting carboxamide
generated the nitrile function. Unfortunately, the reductive
decyanation failed again. In order to achieve the required
transformation, the above results forced the researchers to
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plan an alternative strategy involving the methylation of
nitrogen before the decyanation and N-O-cleavage. N-
Methylation was performed with methyl triflate to give the
ammonium triflate 102 as a 7/1 mixture of diastereoisomers.
Treatment of the ammonium triflate 102 with activated Zn
dust and HCl led not only to the N-O-cleavage, but also, in
the meantime, removed the CN group in good yield (87%).
Thus, the total synthesis of (—)-allosedamine 18 was
achieved in nine steps and 21% overall yield from a known
product (11 steps and 14% overall yield from a commer-
cially available product).

Very recently, in connection with our programme towards
the synthesis of natural products having biological activity
on the central nervous system, we have reported an efficient
and stereoselective synthesis of (—)-allosedamine 18.

In our synthesis,®' the chiral moiety at C2 was derived from
a chiral homoallylic alcohol 105. One of the key steps of this
synthesis was to obtain the chiral homoallylic alcohol 105
with high enantiomeric excess. Previously, we have also
used chiral homoallylic alcohols in the synthesis of various
pyrrolidinic,**® piperidinic,®* and tetrahydropyridinic®
alkaloids with high stereoselectivity. The second chiral
centre was induced by the free hydroxyl group with a
stereocontrolled epoxidation. Formation of the piperidine
ring was achieved by an intramolecular cyclisation reaction
(Fig. 6).

Thus, to obtain the chiral homoallylic alcohol 105 with
high ee constituted the first challenge of this synthesis
(Scheme 28). Numerous methods to synthesise homoallylic
alcohols have been described in the literature.®® We,
however, have developed a new access to these intermedi-
ates that is applicable on a multigramme scale.®” Thus, the
chiral homoallylic alcohol 105 was obtained by a 2-step
procedure which involved a condensation of allylmagne-
sium bromide on the commercial Weinreb amide 106
followed boy an enantioselective reduction of the prochiral
ketone® 7 107 with (+)-DIP-chloride™.”! Thus, the

Oppolzer's sultam,
Me;Al toluene O\(\H‘/
N
H \S
99
x* 96.5/3.5 X*
N llxl + ll\l
O O —0 O

95 @ 100
OH
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_—— \

N I}ll’ CN R ’|\l
O Me 87% Me
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alcohol 105 was isolated in good yield (84% in two steps)
with high ee (>99%). For example, the direct allylboration
of benzaldehyde with B-allyldiisopinocamphenylborane
(‘Ipc,Ball) gave 105 in similar yields, but resulted in a
decrease in optical purity (95% ee).

A stereocontrolled epoxidation of the double bond by the
Cardillo’*" procedure generated the second chiral centre of
allosedamine with total diastereoselectivity to give the syn
epoxy alcohol 104. This procedure, which involved passage
via the iodocarbonate 109, was found to be better than the
Sharpless protocol74’75 using VO(acac), and tBuOOH (cis/
trans: 4/1). Protection of the benzylic hydroxyl function,
followed by a regioselective opening of epoxide with allyl
cuprate, generated 110. The new hydroxyl function was
converted into an amine. This step was found to be
problematic when the conversion of the hydroxyl function
into the amine occurred via an azide, according to the
Mitsunobu protocol.”® Indeed, the instability of the azide,
which can spontaneousl; cyclise with the double bond as a
[3+2] cycloaddition,””"® led to a complete decomposition
of the product. Fortunately, persistent experimentation was
rewarded when conversion into the amine 111 was found to
occur in good yield (73% in two steps) by displacement of
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the corresponding mesylate with methylamine. The protec-
tion of the secondary amine into tert-butyl carbamate
followed by hydroboration—oxidation of the double bond
furnished the primary alcohol 112. Activation of the
hydroxyl group into the corresponding mesylate and
subsequent treatment in methanolic acidic conditions led
not only to the Boc cleavage, but also to the removal of the
TBS protection to give a product which spontaneously
cyclised during the basic treatment.

Thus, (—)-allosedamine 18 was efficiently obtained in 13
steps with an overall yield of 29%.

Riva, Passarella and co workers’” reported a straightforward
synthesis of (—)-allosedamine 18 based on three successive
enzymatic resolutions of N-Boc-piperidine-2-ethanol 113
(Fig. 7).

— ()

OH Boc

113 chiral via
enzymatic resolution

(-)-allosedamine 18

Figure 7.

Racemic commercially available piperidine-2-ethanol 114
was first protected as the corresponding terz-butyl carba-
mate and then submitted to the first enzymatic resolution
with Lipase PS to give the acetate (R)-115 with 63% ee and
the alcohol (S)-113 at 45% conversion (Scheme 29). After
work-up, the crude mixture was then submitted to
pancreatic lipase to give a separable mixture of the
unreacted acetate (R)-115, the unreacted almost racemic
alcohol 113 and the ester (5)-116 with 85% ee. Compound
116 was chemically hydrolysed and was then again

giOk

(Boc),0, DMAP

B

90% 108
105, >99% ee
OTBS
1) TBDMSCI, Et;N, DMAP z ’ 1) MsCl, Et;N
> OH
2 2) MeNH.
) Bng\/\ 1o 2
73%
87%
oTBS OH
0 (\L 1) MsCl, Et;N z O
" >N_ “OH VON
Boc 2) 1% conc. HCI, MeOH Me

89%
(-)-allosedamine 18



F.-X. Felpin, J. Lebreton / Tetrahedron 60 (2004) 10127-10153 10139

1)Boc,O
” 2) Lipase PS
OH AcOCH=CH, OAc Boc OH Boc
114 (R)-115 63% ee (5)-113
Lipase PS
_— 5 +
AcOCH=CH N 'Tl
c =
z OAc Boc OH Boc PrOCO Boc
(R)-115 63% ee 113 racemic (S)-116 85% ee
1) Na,CO;4 1) Na,CO;
O MeOH MeOH
W W
i N 2) Swern éA g 2)Lipase PS
O Boc 0% ¢ Boc AcOCH-CH,
117 (S)-115 95% ee
OH
1) PhMgBr R
2) LiAlH, ©/\
42%
’ (-)-allosedamine 18
Scheme 29.

submitted to a third enzymatic resolution with pancreatic
lipase to give the acetate (5)-115 with 95% ee. It should be
noted that this sequence can be carried on multigramme
scale, but the authors failed to quote a yield for this four-step
process. The acetate protecting group of (S)-115 was
hydrolysed under basic condition and the resulting primary
alcohol was oxidised by the Swern protocol to give the
aldehyde 117 in 70% yields over two steps. The remaining
steps, addition of phenylmagnesium bromide with low
diastereoselectivity (3:2 dr) followed by the reduction of the
tert-butyl carbamate with LiAlH, furnished (—)-allosed-
amine 18 in nine steps from the commercially available
racemic piperidine-2-ethanol 114.

Very recently, Raghavan and Rajender® have reported the
total synthesis of (—)-allosedamine 18 via a diastereo-
selective addition of the sulphinyl anion 118 to the imine
119 followed by a bromohydration of the olefin 120 using
the sulphinyl function as an internal nucleophile (Fig. 8).

Their synthesis began with the condensation of the sulphinyl
anion 118 with the imine 119 in favour of the desired isomer
120 (3/1 dr) with 61% yield after separation of the
diastereoisomers by column chromatography (Scheme 30).
The next step involved a high-yielding stereo- and
regioselective bromohydration of 120 using the sulphinyl
group as an internal nucleophile via the transition state A to
furnish 121. After removal of the bromine atom, the free
hydroxyl group was protected as the acetate derivative 122
and the nitrogen was alkylated with butenyl nosylate to give
123. Subsequent treatment of 123 with trifluoroacetic
anhydride in the presence of Et;N (Pummerer rearrange-
ment) followed by Wittig olefination generated the
diethylenic substrate 124 in good yield (75%). In order to
construct the piperidine core of (—)-allosedamine 18,
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 — X "[T]H  —
120 Ts
T
8
X . d S 1ol
Li
119 118
Figure 8.

compound 124 was subjected to a first-generation Grubbs’
catalyst 125 to give 126 in 80% yield via a ring-closing
metathesis reaction. Concomitant deprotection of the
tosylate and acetate protecting groups and subsequent
reduction of the double bond gave (+)-norallosedamine
17. Finally, reductive methylation of the secondary nitrogen
using HCHO and NaBH;CN gave (—)-allosedamine 18 in
12 steps and 11% overall yield.

4.3. Synthesis of lobeline and related alkaloids

4.3.1. Chemical properties. Before discussing the chem-
istry of lobeline 1 and the related alkaloids, lobelanine 14
and lobelanidine 16, it will be of interest to first consider
some of their chemical properties.

A problem occurred with lobeline, as with other keto-
piperidine alkaloids. It was known that ketopiperidines
are configurationally unstable and epimerise readily
(Scheme 31). The mutarotation of (—)-lobeline is an
interesting phenomenon, probably due to a retro Michael
reaction that was studied during the 1960s. The rate of
mutarotation of cis-(—)-lobeline 1 to a mixture of cis and
trans-(—)-lobeline 1 is increased in hydrophlhc solvents
and in the presence of hydroxyl ions.®' More recently,
Marazano et al. noted that (—)-lobeline hydrochloride
exists in solution as a single stereoisomer (vide infra).
This shows that ketopiperidines are configurationally
stable when the nitrogen lone pair is not available as its
hydrochloride form. In our laboratory, we have paid
particular attention to the mutarotation and it should be
noted that, in its crystalline form, without solvent, no
mutarotation occurred for cis-(— )-lobeline 1.

Lobeline was first isolated by W. M. Procter Jr. in 1838.'
Several incorrect characterlsatlons of lobeline were pro-
posed before Wieland® reported the correct chemical
structure in 1929. This work was the starting point of
extensive research into a better understanding of its complex
pharmacological properties (vide infra).

To date, five total syntheses of lobeline 1 have been
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reported, among which, two involve the racemic form
and three use asymmetric strategies. Wieland, Scheuing
and Winterhalder, however, showed that lobelanidine 16
could be converted into lobeline 1 by a mild oxidation
of a hydroxyl group. Moreover, lobelanine 14 could be
reduced to lobelanidine 16 by catalytic hydrogenation
over platinum oxide. Thus, a synthesis of lobelanine 14
and lobelanidine 16 constituted a formal synthesis of
lobeline 1.

4.3.2. Racemic approach to lobeline and related alka-
loids. The work concerning the racemic approach was
published before the 1950s and the yield of each step was
not always given. For this reason, it is difficult to comment
on the efficiency of the different routes, although it is
important to report the intellectual design.

The first synthesis of lobeline 1 was described by Wieland

et al.*® (Scheme 32). The synthesis started with an ingenious

1) NaNH,, OH OH
Q PhCOMe 1) Hy, PtO,
EtO OEt - N
00 2)NH, 2) crystallisation O H O
127 (no yield given) 128 (29%) 129
OH OH
AVHg pTolSO;Me 1)KMnO,
N E——— (-)-lobeline 1
(no yield given) (27%) | 2) D-tartaric acid
Me (no yield given)

norlobelanidine 15

Scheme 32.

lobelanidine 16
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double Claisen condensation between ethyl glutarate 127
and acetophenone, followed by treatment with ammonia to
build the piperidine ring in 128. The carbonyl groups were
reduced by catalytic hydrogenation over platinum oxide to
give a mixture of two diastereoisomers that were separated
by crystallisation. The corresponding B-norlobelanidiene
129 was treated with an aluminum amalgam to yield
norlobelanidine 15, which was converted into its methylated
derivative by treatment with pTolSOs;Me. The lobelanidine
16 produced was converted into lobeline 1 by treatment with
an oxidising agent such as permanganate. The lobeline 1
obtained as the reaction product was separated from the
unchanged starting material. (+/—)-Lobeline 1 was then
resolved by p-tartaric acid giving (—)-lobeline 1, which was
found to be identical in every respect with the naturally
occurring base. The value of the optical rotation indicated
the presence of the two epimers (cis vs ftrans) in an
approximate 1/1 ratio.

Simultaneously with Wieland, Scheuing and Winterhalder®*
disclosed their work on the total synthesis of lobeline 1
(Scheme 33). Their strategy involved the synthesis of the
dlphenylethynylg)yridine 131 that could be obtained by a
known method® from 2,6-lutidine 130. Hydration of 131
with concentrated sulphuric acid furnished the diphenacyl-
pyridine 132. Alkylation of the pyridine ring with pTolSOs;.
Me gave a quaternary salt that could easily be reduced to
lobelanidine 16 with 5 mol of H,. A mild oxidation of 16 by
potassium permanganate gave a mixture of the (+/—)-
lobeline 1 and the unreacted starting material, which were
separated by crystallisation.

By an exceptional one-pot multistep process, the synthesis
of lobelanine 14 was achieved by Schopf and Lehmann®® in
1935 (Scheme 34). This elegant strategy involved a
Mannich condensation and a Robinson type biomimetic

reaction. Thus, a mixture of glutaric dialdehyde, benzoyl-

Il
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acetic acid and methylamine hydrochloride was stirred for
several days to give lobelanine 14 in one step, in 90% yield.

Parker advantageously exploited a double aza-Michael
addition to build the piperidine core (Scheme 35). Hepta-
1,6-diyne 133, treated with 2 equiv of EtMgBr, reacted with
benzaldehyde to give the diols 134 as a mixture of two
diastereoisomers. Oxidation by chromium trioxide in an
acidic medium, however, gave the symmetrical diketone
135. The next stage, involving catalytic hydrogenation,
produced the expected Michael acceptor 136 as a sym-
metrical Z,Z-dienone. The addition of methylamine to 136
proceeded stereospecifically to furnish cis-lobelanine 14.

4.3.3. Asymmetric approach. In the course of designing a
synthesis for a natural product, it can be profitable to

‘ | | | 1) EtMgBr | ‘ | | Cr0Os, H,80,
H H 2) PhCHO HoHci; (I;HOH 69%
133 no yield given Ph Ph 34
@]
| | | | H,, Pd/C
BaSO,
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27% Me
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Scheme 35.
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consider how its structure may have arisen in nature.
Inspired by a biogenetic process, Schopf and Miiller in the
mid-1960s described the first asymmetric total synthesis of
(—)-lobeline.?” It was anticipated that (—)-sedamine 24
would provide (—)-lobeline 1 by alkylation at C6 (Fig. 9).
Moreover, it was reasoned that the phenacylpyridine 57
should be an ideal starting material to access (—)-sedamine
24.

WO
WIS\ alkylation
|
Me at Co6

(-)-lobeline 1

o — o

Figure 9.

The first aim was to synthesise (—)-24 by using phena-
cylpyridine 57 as the readily available starting material
(Scheme 36). With compound 57 in hand, (—)-24 was
obtained by the classical chemical transformation and
resolution of (+/—)-24 with dibenzoyl-p-tartric acid.
Compound (—)-24 was acetylated to give the corresponding
O-acetyl derivative (78%), which was treated with mercuric
acetate in acetic acid according to the procedure of Leonard
et al.*” Guided by the presumed biosynthetic pathway, the
resulting iminium salt 137 was reacted with benzoyl acetic
acid to yield the expected O-acetyl lobeline. A last
hydrolysis of the acetate group enabled (—)-lobeline 1 to
be isolated in an elegant fashion as a mixture of two
epimers, even though the yield was low.
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Scheme 36.

In the Marazano’ synthesis, the piperidine ring of (—)-
lobeline 1 was derived from a chiral pyridinium salt that was
alkylated twice on the C2 and C6 positions by the
Reformatsky reagent (Fig. 10). Alkylation of pyridinium

a: *” \—-

CO,Et EtOzC (-)-lobeline 1

Figure 10.

salts has been extensively studied by Marazano to
synthesise various piperidinic or tetrahydropyridinic alka-
loids.”" Thus, this methodology was successfully applied to
the total synthesis of (—)-lobeline 1.

The Marazano synthesis involved the formation of the chiral
pyridinium salt 138 obtained in two steps from commercial
products92 (71% overall yield) (Scheme 37). The chiral
pyridinium salt 138 was reduced to the oxazolidine 139,
which was opened by the Reformatsky reagent to give two
diastereoisomers 140 and 141 with low selectivity (3/2 ratio,
respectively) in 30% yield. Nevertheless, the diastereo-
isomers 140 and 141 were easily separated by chromato-
graphy on silica gel, which permitted the preparation of 140
on a large scale. The primary hydroxyl group was protected
as a silyl derivative and the ester function was transformed
into the unstable aldehyde 142 in two steps involving a
reduction by LiAlH, followed by an oxidation with the
Swern protocol. Addition of Grignard reagent to 142 and
subsequent deprotection of the hydroxyl function in acidic
conditions gave a mixture of two diastereoisomers 143 and
144 in a 3/2 ratio that were easily separated by chromato-
graphy on silica gel. The next step required the removal of
the phenylethanol auxiliary and the methylation of nitrogen.
The researchers used a quaternisation—elimination strategy
in a two-step sequence. Thus, quaternisation with the
powerful alkylating reagent diphenylmethylsulphonium
tetrafluoroborate and subsequent removal of the chiral
auxiliary by treatment with fBuOK provided 4,5-dihydro-
sedamine 145. It should be noted that this route also allowed
an access to (—)-sedamine 24 or (—)-allosedamine 18 by
reduction of the double bond. The formation of the unstable
iminium salt 146 in two steps by a modified Polonowski
protocol followed by the addition of Reformatsky reagent
gave 147 as an unseparable mixture of diastereoisomers.
The next step was performed on the mixture of epimers. It is
interesting to note that this alkylation step is similar to the
formation of norlobelanine 13 in the biosynthetic pathway
(vide supra). Thus, Marazano elegantly drew inspiration
from a natural process.

Transformation of the ester function into a Weinreb amide
followed by the addition of PhLi furnished the dehydrolobe-
line 148 as two epimers cis/trans in a 15/85 ratio. All
attempts to selectively reduce the double bond in the
presence of the free carbonyl group failed. The authors
therefore used a protection of the carbonyl group to give the
dioxalane 149. Hydrogenation of the double bond followed
by hydrolysis of the resulting dioxalane gave (— )-lobeline 1
in an equilibrium mixture of two epimers cis/trans in a 1/1
ratio.

Retrosynthetically, we used a similar strategy for the
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synthesis of (—)-allosedamine 18 in the construction of
(—)-lobeline 1 (vide supra) (Fig. 11). The synthesis
involved the use of the syn epoxyalcohol 104, which was
a common chiral intermediate in the synthesis of (—)-
allosedamine 18. Formation of the piperidine ring was
achieved by an intramolecular Michael reaction.

The synthesis began with the syn epoxyalcohol 104
previously described in the synthesis of (—)-allosed-
amine 18 (vide supra), (Scheme 38). Conversion into
the frans isomer by the Mitsunobu protocol furnished
the diastereoisomer 151 with total inversion of con-
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figuration. The key intermediate 152 was essentially
obtained using the same cascade of reactions previously
described (vide supra). A Dess—Martin oxidation into
the aldehyde 153 followed by a Wittig olefination led to
the enone 154. Finally, removal of the TBS and the Boc
groups in acidic media generated the enone 155, which
spontaneously cyclized during the basic treatment. Thus,
(—)-lobeline 1 was obtained in an equilibrium mixture
of two epimers cis/trans in a 1/1 ratio.

Thus, the highly enantioselective synthesis of (—)-lobeline
requires 16 steps from benzaldehyde and gives 14% overall
yields. This efficient route could be applied to the
preparation of interesting analogues for biological
screening.93

5. Biology

(—)-Lobeline 1 appears to be the most biologically active
alkaloid of Lobelia plants and consequently has been the
subject of several pharmacological studies. Biological
investigations over the last 25 years have shown that
many of the medicinal properties empirically discovered by
native Americans have a scientific basis. Each of the major
effects, namely respiratory stimulant, drug deterrent, cogni-
tion enhancement in neurological disorders, as well as other
minor biological properties reported for lobeline 1, will be
considered in turn, followed by its mode of action and the
structure—activity relationship studies.
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5.1. Biological activity of lobeline

5.1.1. Respiratory stimulant. For a very long time, the
most important use for this drug has been in the treatment of
respiratory problems. For this class of disease, no remedy
was more highly valued by physicians in the late 19th
century. Indeed, lobehne 1 was known as a powerful
respiratory stimulant.”* This important property has been
explained by the activation of the carotid and aortic body
chemoreceptors® at therapeutic doses. Larger doses may
induce a cough. Lobeline 1 relaxes the tissues and favours
expectoration when a large quantity of mucus is secreted.
The potent action of this alkaloid on the respiratory system
has therefore been used with success in numerous
applications. Chronic pneumonia, asthma, bronchitis and
laryngitis are all conditions in which lobeline 1 has been of
great service.” It seems that the treatment of asthma reported
by Thomson and Culter (see Section 2) constitutes the first
modern therapeutic application.

Lobeline 1 has also been advantageous for the treatment of
VlCtlIl’lS who have been electrocuted or asphyxiated by toxic
gases.’® Moreover, it was useful in the case of the paralysis
of respiratory centres after drug p01son1ng with alcohol,
soporifics or morphine or after narcosis.”’ Lastly, 1 has also
been used to treat asphyxia in newborn infants.”®

Due to its unpredictable effects and the development of
more effective agents, however, its use has become
obsolete. Nevertheless, lobeline 1 is still officially listed in
several pharmacopoeias.

5.1.2. Drug abuse. Lobeline 1 has been reported as a useful
agent to treat dependency on drugs such as cocaine,
amphetamine, caffeine, phenylcycline, opiates, barbiturates,
benzodiazepines, cannabinoids, hallucinogens, alcohol and,
especially, nicotine 156 (Fig. 12).°” The most promising
area in this field is the ability of 1 to be a substitute of
nicotine 156. Lobeline 1 produces several physiological

effects similar to those produced by nicotine 156. The use of
1 as a smoking deterrent was reported in 1936,'” but
several later studies led to a dispute between positive'®! and
negative'®® reports. Numerous countries have sold drugs
containing lobeline 1 such as: Nicoban™, Bantron™,
CigArest™, NicFit™ and Smoker’s Choice™. In 1993,
however, the FDA claimed the inefficacy of these products

and removed them from the market.

Nevertheless, a renewed interest in the treatment of smoking
cessation with drugs containing 1 has resurfaced with the
clinical experiments of Schneider and co-workers.'* Their
studies have shown that its inability to be an effective agent
for smoking cessation was essentially due to its weak
bioavailability. In a recent patent,'™ studies on a new
formulation of drugs to deliver an effective amount of 1 to
sublingual mucosa have been reported. In addition, the
remarkable studies of Dwoskin and Crooks'®® reported the
potential of 1 as a pharmacotherapy for the abuse of
psychostimulants (e.g., amphetamine and methamphet-
amine). Thus, the development of new drugs providing
lobeline 1 or its analogues with better availability is under
investigation.

5.1.3. Lobeline as a treatment for CNS disorders. The
most promising bioactivity of lobeline 1 concerns its use as
an agent in the treatment of CNS diseases and pathologies.
The effect of 1 on the CNS was extensively exploited by the
native Americans, who smoked the dried leaves of Lobelia
plants. Several studies have shown that 1 improves
memory'?® in rodents, probably due to its involvement in
cholinergic mechanisms of neurotransmission (vide infra).

D
N/ I\I/Ie

(-)-nicotine 156

Figure 12.
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This pharmacological profile may be of great importance in
the treatment of learning disorders like Alzheimer’s disease
(AD), the most common cause of dementia in the elderly.
Indeed, two years ago, the cholinergic hypothesis was
claimed to explain the cognitive symptoms of AD.'®” Thus,
the development of new agents that selectively interact with
cholinergic receptors could offer a new opportunity for AD
therapy. AD is characterised by a gradual and progressive
decline in intellectual function and behavioural
abnormalities.

Lobeline 1 also appears to im(g)rove the performance of rats
in sustained attention tasks,'® and it could, therefore, be
useful for the treatment of attention deficit hyperactivity
disorder. This disorder afflicts children as well as adults and
is characterised by inattention, restlessness, impulsiveness
and hyperactivity. The agents acting via nicotinic acetyl-
choline receptors (nAChR) have not been extensively
investigated as anxiolytic agents. Lobeline 1 has, however,
been examined for its ability to decrease anxiety without
cognitive impairment and without contributing to a
depressive state.'%”

5.1.4. Other biological activities. In the 19th century,
physicians used the emetic properties of lobeline 1 in cases
of alimentary intoxication. Indeed, 1 causes direct central
stimulation of the vomiting centre in the CNS and irritation
of the gastrointestinal system. Lobeline 1 has many
physiological effects often similar to those produced by
nicotine 156 and, by stimulation of the autonomic gan(glia, 1
produces sympathetic and parasympathetic effects.'’

Sympathetic effects result in an increase in blood pressure
(hypertension) and tachycardia. Bradycardia and hypoten-
sion have also been reported, however, in rats anesthetised
with urethane and pentobarbital.''" Parasympathetic effects,
manifested in the gastrointestinal system, result in an
increase in salivation and diarrhea.

After treatment with lobeline 1, a slight suppression of
appetite has been reported and its use of has therefore been
suggested for the treatment of eating disorders such as
obesity.''?

In a recent patent, Yerka described a method for increasing
hydration and lubrication of lacrimal,''® vaginal''* and
cervical tissues by the administration of lobeline 1. The
invention is useful for treating dry eye disease and corneal
injury, as well as vaginal dryness and vulvar pain.

5.2. Mode of action

The neurotransmitter' "> acetylcholine 157 acts on acetyl-
choline receptors (AChR), which can be divided into
muscarinic (mAChR) and nicotinic (nAChR) receptors
based, on the agonist activities of the alkaloids, muscarine
158 and nicotine 156 (Fig. 13). nAChR are members of the
superfamily of ligand-gated ion channels including -
aminobutyric acid (GABA,), N-methyl-p-aspartate
(NMDA), serotonin (5-HT3) and glycine receptors. 16 The
nAChR have been the focus of intense research in recent
years,''” due to their involvement in cognitive, motor and
behavioural systems.''® Thus, modulation of cholinergic

o)
O + Me AN
\n/ ~ TN NMes U NMes

© HO
acetylcholine 157 L-muscarine 158

Figure 13.

transmissions could be useful for the therapy of several CNS
disorders, like Parkinson’s disease and AD. nAChR are
found on skeletal muscles at the neuromuscular junction and
at numerous sites in the central and peripheral nervous
system. Neuronal nAChR have a pentameric structure
composed of a (ap—09) and B (B,—B4) subunits with a
considerable array of combinations.''” Each of which
displays specific physiological processes when a ligand
acts on it. Thus, multiple populations of nAChR exist, but,
in the brain, the 043, and o7 subunits are prevalent. Lobeline
1 displays a very low affinity for the a; subtype (K;>
10,000 nM) but a high affinity for asB, (K;=1-5 nM)."*° A
similar profile is observed for nicotine 156.

Although the determination of the nAChR pharmacophore
is an exceedingly difficult task, some of the pharmacophoric
elements are generally accepted'?!'?%:

e A donor of hydrogen bonds, like a quaternised nitrogen
atom or a tertiary amine protonated at physiological pH.

e An acceptor of hydrogen bonds, like a pyridine or a
carbonyl function.

e A distance between the donor and acceptor elements of
4.6-6.3 A, according to the binding models studied.

In their pioneering work, Beers and Reich'** considered that
the structure of 1 could adopt a conformation that is in
agreement with the nAChR pharmacophore. According to
Barlow and Johnson’s'?* observations, however, 1 pos-
sesses two potential hydrogen bond acceptors. Indeed, the
phenyl-2-ketoethyl and phenyl-2-hydroxyethyl groups
could bind through hydrogen bonds to the receptors, even
though the keto moiety has been reported to be a better
hydrogen bond acceptor.'?

Many similar effects for nicotine 156 and lobeline 1, like
tachycardia and hypertension,'*® anxiolytic activity'?” and
improvement of learning and memory,'?® have been
recorded. Contrary to 156, however, lobeline 1 does not
increase locomotor activity'*® or produce conditioned place
preference.'” In addition, and again in contrast with
nicotine 156, chronic treatment with lobeline 1 does not
increase the number of nicotinic receptors in mouse brain
regions."?!

Thus, 1 possesses no obvious structural resemblance to
nicotine and is currently considered as an agonist,''> an
antagonist,'>” as well as a mixed agonist/antagonist,'> at
nicotinic receptors. These properties have been attributed to
its particular structure, which could possess an agonist part
(the keto fortion) and an antagonist part (the hydroxyl
portion).'?

Nicotine 156 and lobeline 1 evoked dopamine (DA) release
from rat striatial slices.'>* Unlike 156, however, lobeline-
induced DA release was calcium-independent and was
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insensitive to mecamylamine, a non-competitive nicotinic
receptor antagonist that blocks the ion channel of the
receptor.l 15 In addition, at weak concentrations that had no
effect alone, lobeline 1 blocked nicotine-evoked DA release,
indicating, in this case, that it acted as an antagonist at
nAChR.'* All of this work suggests that 156 and 1 act on
nAChR via a non-common CNS mechanism. Thus, the
pharmacological effect of 1 can either be mediated by minor
subset populations of nAChR or through a non-nicotinic
mechanism. It is also possible that 1 causes an allosteric
effect at the nAChR, leading to a modification of its
properties. In a recent paper, Dwoskin and Crooks'** have
proposed a novel mechanism of action for 1, namely that it
inhibited DA uptake into rat striatial synaptic vesicles by
acting at the tetrabenzine binding site on vesicular
monoamine transporter-2 (VMAT?2). The induced inhibition
of synaptic vesicular DA transport modified the concen-
tration of DA in the cytosol and vesicles and, consequently,
altered dopaminergic neurotransmission. The concentration
of dopamine in the synaptic cleft and the activation of
postsynaptic dopamine receptors diminished. Thus, by
acting as an indirect antagonist of DA receptors, lobeline
1 antagonises the effect of psychostimulants (amphetamine
and methamphetamine) which produce their effects, in part,
by activation of the dopaminergic system. In this context, 1
and its analogues could represent a novel class of
therapeutic agents with a great potential for the treatment
of psychostimulant abuse. Thus, these recent studies suggest
that 1 acts as an antagonist at the nAChR on the pre-synaptic
dopaminergic nerve terminal and/or as an inhibitor at the
tetrabenzine site on VMAT2 on synaptic vesicle
membranes.

5.3. Structure-affinity relationships

In order to assess the contribution of the different structural
components of the natural molecule 1 in binding to nAChR
receptors, a wide range of lobeline-like structures 14, 16, 60,
159-190 have been screened (Table 1)."*° Some structurally
simplified analogues of lobeline with single arms have been
synthesised to determine the usefulness of the phenyl-2-
ketoethyl and phenyl-2-hydroxyethyl part. In every case,
removal of one of the side chains resulted in a dramatic
decrease in affinity, for nAChR. In addition, the absence of
the piperidine ring in 175 resulted in a marked reduction in
affinity in comparison with 60. These data suggest the
important contribution of both arms and the piperidine ring
in the interaction with the receptors. Total deoxygenation of
either side chain in 176, 179, 180 abolished affinity,
suggesting an interaction of at least one oxygen with the
receptor. Indeed, compounds 181 to 186, where only one
oxygen function (ketone or hydroxyl) was present, showed
an enhanced affinity, in comparison with the totally
deoxygenated compounds 177, 179, 180. All of these
affinity values are, however, modest in relation to those of
lobeline 1.

Thus, if the presence of one oxygen function is sufficient for
binding, the asymmetrical derivatives 1, 188 and 189 seem
to be optimal. Surprisingly, lobelanine 14 and lobelanidine
16 display modest affinity for nAChR, although both oxygen
functions are present. These results suggest that the
presence of both oxygens is not a sufficient condition for

high affinity binding. Each of the ketone and hydroxyl
functions seemed to play an important role in receptor
recognition. Protection of the hydroxyl group as its tosylate
derivative 188 resulted in the conservation of affinity, but
this result is unclear at the moment. Replacement of the
hydroxyl group by a chloro function (189) retained the
affinity of lobeline 1. The potential of halogen atoms (Cl or
F) is now well established in medicinal chemistry, due to
their ability to participate in hydrogen bonding. Researchers
have also envisaged the formation of the quaternary amine
by intramolecular cyclisation, however, under the con-
ditions of the binding assay. In order to study this
possibility, the N-methylammonium salt 190 was prepared,
but it displayed a 500-fold drop in affinity binding relative to
lobeline 1.

In their studies, Glennon and co-workers'3%* measured the
analgesic activity of 180, 183, 187 and 1, which displayed a
broad range of affinities (Table 2). The analgesic effect
produced was comparable for the four compounds. In the
light of these results, it appears that the oxygen atoms are
not required for the activity and that there was no
relationship between the binding affinity for the o4f,
receptor and the analgesic potency.

Terry’s group'*®® also evaluated 1, 159 and 161 for their
mAChHR affinity and for their ability to inhibit acetylcholin-
esterase (AChE) (Table 3). Although 1, 159 and 161 display
a lower affinity for mAChR, in comparison with nAChR,
they are not inactive.

In the study of AChEI activity, lobeline 1 was found to be
the more potent, although the standard for comparison
(physostigmine, ICs5,=0.25 ntM) was 300-fold more potent.
The authors concluded that the complex pharmacological
activities of 1 could be mediated via nAChR, mAChR or
other ion channel receptors and by inhibition of the enzyme
AChE.

The inhibition of [*H] DA uptake into the dopaminergic pre-
synaptic terminal (inhibition of dopamine transporter
‘DAT’ activity) by several compounds was also evaluated
by Crooks and Dwoskin'?® (Table 4). Surprisingly, the
inhibition of DAT was inversely proportional to the affinity
value at nAChR. Deoxygenated compounds that displayed
low affinity for nAChR interacted selectively with DAT,
suggesting that oxygen atoms are not required for an
optimal inhibition. This high selectivity for DAT interaction
might be useful for the development of a novel class of
therapeutic agents for the treatment of psychostimulant
abuse.

6. Conclusion

Due to the extension of life expectancy in industrial
countries and the prevalence of neurological disorders like
Alzheimer’s disease or Parkinson’s disease, the discovery of
effective agents for the treatment of these pathologies is one
of the major challenges in medicine for the future.
Biological and chemical studies of Lobelia inflata alkaloids
and, in particular, (—)-lobeline 1, have increased over the
last few years. Lobeline 1 might serve as a useful lead for
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Table 1. nAChR receptor affinity of various lobeline analogues
Chemical structure nAChR receptor affinity K;, nM, radioligand Reference
OH A
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|
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)
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|
Me
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OH
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|
Me
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|
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N > 100 000, [*H]cytisine 136d
|
M
cl ©
166
S
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0 Me
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C
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(continued on next page)
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Table 1 (continued)

F.-X. Felpin, J. Lebreton / Tetrahedron 60 (2004) 10127-10153

Chemical structure nAChR receptor affinity K;, nM, radioligand Reference
Cl
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|
o Me
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Cl
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o) Me” I@ Me
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F
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N P
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Table 1 (continued)
Chemical structure nAChHR receptor affinity K;, nM, radioligand Reference
)
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I
Me
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|
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Table 2. Analgesic activity of 180, 183, 187 and 1

Compound Analgesic effect EDsq ((umol)/animal
1 23
180 27
183 32
187 38

Table 3. mAChR receptor affinity and inhibition of acetylcholinesterase for
1, 159 and 161

Compound  mAChR receptor affinity K;, pmol, ~ AChRI activity 1Csq
radioligand (pmol)

1 37 76

159 55 5000

161 16 230

Table 4. Inhibition of DAT activity

Compound Inhibition of DAT activity [3H]-d0pamine uptake, K;
(nmol)

1 45
14 25
179 3
180 0.8
181 8.9
184 1.3
186 3
187 54
188 39

the developement of new therapeutic agents that act on
nAChR in a novel fashion. In addition, the non-nAChR-
mediated pharmacological effects of lobeline 1 might
provide new opportunities for a better understanding of
neuronal disorders. Chemical studies in this area are
probably at this prebiotic state.
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Abstract—Based on a rational approach, 6-substituted 1,4-anthracenediones were synthesized and found to exhibit potent cytotoxic activity
against murine and human leukemic cells. The synthetic sequence includes a double Friedel-Crafts reaction, reductive quinone formation,
and selective bromination of the alkyl side chain. A key intermediate, 6-bromomethyl-1,4-anthracenedione (10), was synthesized and
converted to various active antitumor agents, including a water-soluble phosphate ester pro-drug. The interconversion reactions include
displacement of the bromide with various nucleophiles and basic hydrolysis to the alcohol and subsequent oxidation to provide the aldehyde.
Based on their ability to decrease L.1210 and HL-60 tumor cell viability, 1,4-dihydroxyanthraquinones are inactive but 1,4-anthracenediones
have interesting antitumor activity, which may be abolished by modification of the A-ring and improved by substitution of the C-ring. The
cytostatic and cytotoxic activity of the representative compound 10 was verified at the National Cancer Institute in studies on the 60-human
tumor cell line panel in the in vitro antitumor screening. A wide spectrum of tumor cells are sensitive to 10 inhibition, and concentrations
required to inhibit tumor cell growth by 50% (Gls) at 48 h are <10 nM in HL-60 and MOLT-4 and 37.1 nM in SR leukemia. Preliminary

studies suggest that the molecular targets and mechanisms of action of 10 may be different from those of daunomycin.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of the anticancer drugs daunomycin,
adriamycin, and mitoxantrone (Fig. 1),' many anthraqui-
nones have been investigated for their biological activities,
especially their anticancer potential.2 In almost all cases,
9,10-anthraquinones were studied;l’2 only a limited number
of 1,4-anthracenediones was known.”? Our initial discovery
of the antitumor activity of 1,4-anthracenedione 1*
prompted us to synthesize various substituted 1,4-anthra-
cenediones in our search for new anticancer agents. Since the
1,4-quinone function of substituted 1,4-anthracenediones is
highly reactive, a selective functionalization of a side chain
of substituted 1,4-anthracenediones was a challenging
problem. Herein, we report a rational design and synthesis
of substituted 1,4-anthracendiones via functionalization of
the methyl side chain of 6-methyl-1,4-anthracenedione
(2),*® and their anticancer activities. Several analogs of 2

Keywords: Antitumor activity; Substituted anthracene-1,4-diones; Phos-

phate ester pro-drug; L1210 leukemic cell; Human HL-60 tumor cell;

6-Bromomethylanthracene-1,4-dione.
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are nearly equipotent to adriamycin against L1210 leukemic
cells.

2. Results and discussion
2.1. Synthesis of substituted 1,4-anthracenediones

Quinizarine(1,4-dihydroxyanthraquinone) contains a partial
functionality of daunomycin; we therefore compared the
anticancer activities of quinizarine and 1.** Using murine
L1210 leukemia and human HL-60 tumor cells, we found
that the ICsq values (inhibition concentration by 50%) of 1
are 42 +2 nM and 14017 nM (Table 1), respectively, while
quinizarine is inactive in both cell lines when tested up to
1.6 uM. The inactivities of quinizarine toward cancer
cells show that the central %uinone ring of anthraquinones
is an un-preferred location.”* To determine whether other
substituted 1,4-dihydroxyanthraquinones would also be
inactive, we then synthesized 6,7-dichloro-1,4-dihydroxy-
anthraquinone (3) and 6,7-dichloro-1,4-anthracenedione (4)
and studied their anticancer activities.

Several methods have been reported for the synthesis of
1,4—anthracenediones.z’3 We used a double Friedel-Crafts
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OH O NH—(CH,),NH(CH,),0OH (0]
OH O NH—(CH,),NH(CH,),OH (0]
NH, .
o Anthraquinone
Me
OH Mitoxantrone

R= H : Daunomycin
R = OH : Adriamycin

(0]
ROO0

(0]
1 : R = H; 1,4-anthracenedione
2 : R = CHs

Figure 1.

reaction’ because 1,4-dihydroxyanthraquinones are
produced as the intermediates, which can be reduced
to give 1,4-anthracenediones.>® Hence, condensation of
4,5-dichlorophthalic anhydride (5) with hydroquinone in the
presence of AICI5 and NaCl at 220 °C>* gave 3 (90% yield)
which, upon reduction with NaBH, in MeOH followed by
acidic work-up, afforded 4 (75% yield) (Scheme 1). As
predicted,6 the addition reaction of 4 with methylamine
gave amine adduct 6. 1,4-Dihydroanthraquinone 3 and
A-ring substituted 1,4-anthracenequinone 6 show no
significant anticancer activities (Table 1); while compound
4 possesses a potent antitumor activity with an ICsq value of
84 nM (against L1210). To verify that the substitution on
the A ring decreases the antitumor activity, amine 7, derived
from 1 and methylamine, was prepared. Like 6, amine
quinone 7 exhibited no appreciable anticancer activity at a
concentration of 640 nM (Table 1).

These antitumor data suggest that 9,10-anthraquinones that
contain 1,4-dihydroxyl groups are inactive and that

Table 1. Cytotoxicities of 1,4-anthracenediones in the L1210 and HL-60
tumor cell systems in vitro

Compound L1210, ICsy (nM) HL-60, IC5o (nM)

1 42+2 1407

Quinizarine Not active at 1.6 uM Not active at 1.6 uM
2 2941 8714

3 Not active at 256 nM Not active at 256 nM
4 8416 243+ 16

6 Not active at 640 nM Not active at 640 nM
7 Not active at 640 nM Not active at 640 nM
9 Not tested Not active at 10 pM
10 26+1 79+£3

11 462143 1260+ 104

12 and 13 110+9 327429

15 37+£2 125+7

16 Not active at 4.0 pM Not active at 4.0 uM
18 Not tested 919+78

21 Not tested 254+23

22 Not tested 1980+ 176

24 Not tested 13349

substitution on the A ring may reduce the antitumor activity
of 1,4-anthracenediones. On the other hand, 1,4-anthra-
cenediones with substitution on ring C, such as 4, retain
their antitumor activity. Therefore, we investigated anthra-
cenedione 2 and its analogs containing a side chain at C6.
Quinone 2 was then synthesized by following a similar
double Friedel-Crafts reaction and reduction procedure as
described above. 6-Methyl-1,4-dihydroxyanthraquinone (9)
was obtained in 80% yield from 4-methylphthalic anhydride
(8) and hydroquinone (Scheme 2), and reduction of 9
followed by acidic work-up furnished quinone 2 (98%
yield). To our delight, quinone 2 and its analogs were
found to be active against murine and human leukemic cells
(vide infra).

We have attempted a number of functional group inter-
conversions of 2, such as benzylic oxidation with RuCl; and
NaOCl” and free-radical benzylic halogenation with
NBS-benzoyl peroxide, but no desired products were
detected. Fortuitously, treatment of 2 with CuBr, and
t-butyl hydroperoxide in acetic anhydride® at 80 °C gave a
75% yield of bromide 10, 10% of aldehyde 11, and a small
amount of ring bromination products 12 and 13 (<5%
yield; a ratio of 1:1; inseparable). The amount of 12 and 13
varies with reaction conditions and the purity of acetic
anhydride. When dried acetic anhydride was used, 12 and
13 were not detected. Aldehyde 11 was likely produced
from the hydrolysis of dibromide 14, which may derive
from the further bromination of 10. Dibromide 14 was not
isolable under our reaction conditions. Although compound
10 decomposed under basic conditions and strong acidic
conditions, it was used to synthesize various anthracene-
dione analogs, and they exhibited potent anticancer
activities. Treatment of 10 with silver trifluoroacetate in
dioxane and water gave an excellent yield of alcohol 15,
which was oxidized with IBX (o-iodoxybenzoic acid) in
DMSO’ to aldehyde 11 (62% yield). The displacement
product, 6-trifluoroacetoxy-1,4-anthracenedione, from 10
and silver trifluoroacetate, likely was hydrolyzed to 15
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Scheme 2.

under the reaction conditions. No desired product was
obtained when 10 was treated with potassium acetate in
ethanol (Scheme 3).

2.2. Synthesis of water-soluble analogs

Since all the above 6-substituted 1,4-anthracenediones
exhibited potent anticancer activities (vide infra), water-
soluble analogs were synthesized for anticancer evaluation in
animal models. Syntheses of various water-soluble analogs
containing a carboxylic acid group, (—)-quinic acid ester,
and amino sugar moiety are described in Scheme 4.
Oxidation of alcohol 15 with Jones reagent in acetone gave
a good yield of carboxylic acid 16. As described above,
bromide 10 can be converted to various esters (containing a
water-solubilized group) by reactions with silver salts of
carboxylic acids. Hence, displacement of bromide 10 with
the silver salt of (—)-quinic acid (17) in dioxane afforded
ester 18 (46% yield). Amination of aldehyde 11 with 1,3,4,6-
tetra-O-acetyl-B-p-glucosamine hydrochloride (19)10 i
pyridine and dichloromethane followed by sodium cyano-
borohydride in acetic acid and methanol produced amine 21.
Attempts to remove the acetoxy protecting groups of 21
under basic or acidic conditions were unsuccessful;
unidentifiable materials were formed. However, the hydro-
chloric acid salt of amine 21, 22, is soluble in water.

Among the above water-soluble analogs, 16 was inactive
when tested up to 4 pM, and 18 and 22 inhibited HL-60 cell

viability with disappointing ICs values in the micromolar
range (Table 1). However, water-insoluble intermediate
amine 21 is much more potent with an ICsq value of 200 nM
in the HL-60 system. The decreased antitumor activity of
these water-soluble molecules may be due to their inability
to readily cross-hydrophobic cell membranes. A water-
soluble phosphate ester pro-drug was therefore investigated.

2.3. Synthesis of a phosphate ester pro-drug

Since alcohol 15 exhibited potent anticancer activities
(Table 1), a pro-drug of it, such as phosphate 23, would be
water soluble for administration to animals and release
active quinone 15 upon reaction with basic or acidic
phosphatases.!' Treatment of bromide 10 with silver
di--butyl phosphate'? in chloroform under reflux gave a
48% yield of di-z-butyl phosphate 24 (Scheme 5). Removal
of the t-butyl phosphate groups with trifluoroacetic acid in
dichloromethane followed by neutralization with sodium
carbonate furnished pro-drug phosphate salt 23, which is
soluble in water.

2.4. Anticancer activities

Table 1 summarizes ICsy values of L1210 and HL-60
leukemic cells at day 4 of various 1,4-anthraquinones and
1,4-dihydroxyanthraquinones. In general, the ICs, values of
1,4-anthraquinones are in the 26-462 nM range for L1210
and 79-1260 nM range for HL-60 cells, with the exception
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of 6, 7, carboxylic acid 16, and acetyl glucosamine HCI salt
22. Because the ability of the latter compounds to cross-
cellular membranes might decrease as their water solubility
increases, they would be less likely to interact with
intracellular molecular targets and organelles to trigger
apoptosis. Under similar treatment conditions, the ICsq
value of daunomycin, a known anticancer drug, is 30 nM
against L1210 cells."® Based on the mitochondrial ability of
these cells to metabolize the MTS [3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium]: PMS (phenazine methosulfate) reagent at day
4, compounds 2, 10 and 15 are significantly more cytotoxic
than the parental 1 structure in the L1210 and HL-60 tumor
cell systems in vitro (Table 1).

Synthetic analogs of 1,4-anthracenedione (1) mimic the
antitumor effects of the anthracycline quinone antibiotic
daunomycin in the nanomolar range in vitro but have the
additional advantage of blocking the cellular transport of
purine and pyrimidine nucleosides and retaining their
efficacy in multidrug-resistant (MDR) tumor cells.*'*
Compounds 2, 10, and 15 induce cytochrome c release,
caspase-9, -3 and -8 activities, poly(ADP-ribose) polymer-
ase-1 cleavage and internucleosomal DNA fragmentation in
wild-type and MDR HL-60 cells by a mechanism which is
partially mediated by caspase-2 activation but does not
involve Fas signaling.'” Interestingly, these 1,4-anthra-
cenedione analogs, which can also trigger cytochrome c
release without caspase activation, might directly target
mitochondria in cell and cell-free systems to induce a rapid
loss of mitochondrial membrane potential under exper-
imental conditions where daunomycin fails to do so.'® This
wider spectrum of molecular targets might make such
anthracenedione analogs valuable in developing a novel
synthetic class of quinone antitumor drugs effective in
polychemotherapy.

The ability of 10 to inhibit L1210 (ICs¢: 26 nM) and HL-60
(IC50: 79 nM) tumor cell viability in our system at day 4 of
this study has been verified in the 60 human tumor cell line
panel of the National Cancer Institute’s in vitro antitumor
screen, in which a sulforhodamine B protein assay is used to
estimate cell viability and growth after 2 days of continuous
drug exposure. With this well-established methodology, the
cytostatic/cytotoxic activity of 10 can be demonstrated in all
60 human tumor cell lines. Moreover, although this drug is
generally more potent against ascetic than solid tumors, the
selectivity pattern indicates that a wide spectrum of tumor
cells is sensitive to 10 inhibition. Interestingly, the
concentrations of 10 required to inhibit tumor cell growth
by 50% (Glsp) at 48 h are <10 nM in HL-60 and MOLT-4
and 37.1 nM in SR leukemia. For solid tumors, 10 is the
most effective against SN12C renal cancer (Glsg: 379 nM),
HCT-116 colon cancer (Glsq: 606 nM) and MDA-MB-231/

24

(84% yield)
o) o)
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ATCC breast cancer (Glsy: 735 nM). Other solid tumor
systems responding well to 10 inhibition include the LOX
IMVI melanoma (Glso: 1.28 uM), the A549/ATCC non-
small cell lung cancer (Glso: 1.62 uM), the DU-145 (Gls(:
1.63 uM) and PC-3 (Glsq: 1.64 pM) prostate cancers, and
the OVCAR-3 ovarian cancer (Glso: 2.16 uM). Naturally,
the concentrations of 10 required for total growth inhibition
(TGI) and to induce a net loss of 50% of the initial cell
concentration (LCsqg) are somewhat higher than the
respective Glsg values in this NCI’s in vitro cell line screen
(data not shown).

3. Conclusion

A number of potent antitumor 1,4-anthracenediones were
synthesized from a double Friedel-Crafts reaction of
substituted phthalic anhydride with hydroquinone, regio-
selective benzylic bromination, and subsequent functional
group interconversions. Compound 10, for instance, inhibits
the proliferation and viability of various ascetic and solid
tumors in the 60 human tumor cell line panel of the National
Cancer Institute. Compounds 2, 10, and 15 are nearly
equipotent to daunomycin against L1210 and HL-60 tumor
cell viability and have the advantage of blocking nucleoside
transport, inducing mitochrondrial depolarization, and
retaining their efficacy in multidrug-resistant sublines.
These activities suggest that the molecular targets and
mechanism of action of these quinone antitumor drugs may
be different from that of daunomycin. From a limited
structure-activity relationship, it appears that 1,4-dihydroxy-
anthraquinones are inactive, and modification of the A-ring
of 1,4-anthracenediones decreases antitumor activity.
Anticancer evaluation in animal models and a selective
targeting of tumor cells'® by a conjugation of 1,4-
anthracenedione with folic acid are being investigated.

4. Experimental

4.1. General methods

NMR spectra were obtained at 400 MHz for 'H and
100 MHz for "*C in deuteriochloroform unless otherwise
indicated. Infrared spectra are reported in wavenumbers
(cm ™). FAB spectra were taken by using Xe beam (8 kV)
and m-nitrobenzyl alcohol as matrix. Quinizarine, methyl-
amine in THF (2 M solution), 4,5-dichlorophthalic anhy-
dride (5), 4-methylphthalic anhydride (8), aluminum
trichloride, and #-butyl hydroperoxide were commercially
available. 1,4-Anthracenedione (1) was prepared as
described.*™!” Davisil silica gel, grade 643 (200-425
mesh), was used for the flash column chromatographic
separation.
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4.1.1. 6,7-Dichloro-1,4-dihydroxy-9,10-anthraquinone
(3).5*¢ A mixture of 12.0g (90 mmol) of aluminum
trichloride and 2.60 g (44 mmol) of sodium chloride was
heated under argon at 180 °C for 3 min. To it, a mixture of
2.39 g (11 mmol) of 4,5-dichlorophthalic anhydride (5),
1.29 ¢ (11.9 mmol) of p-dihydroquinone, and 5.00 g
(38 mmol) of aluminum trichloride was added at once
under argon. The mixture was stirred vigorously and heated
at 220 °C for 1.5 h, cooled to 25 °C, and poured into 100 mL
of ice and water. The mixture was neutralized with 6 N HCIl,
and the suspended red solids were collected by filtration.
The solids were dried under vacuum, crystallized from
ethanol to give 3.06 g (90% yield) of 3.7 Mp 290-291 °C;
'"H NMR 6 8.42 (s, 2H), 7.36 (s, 2H). The solubility of the
compound is too low to obtain '*C NMR spectrum in
CDCl;, DMSO-dg, or CD3;0D.

4.1.2. 6,7-Dichloro-1,4-anthracenedione (4). To a solution
of 3.72 g (12 mmol) of 3 in 200 mL of methanol at 0 °C
under argon, was added 4.60 g (0.12 mol) of sodium
borohydride. The mixture was stirred at 25 °C for 12 h. To
the reaction mixture, another 2.30 g (60 mmol) of sodium
borohydride was added, and the reaction mixture was stirred
for additional 3 h. The mixture was poured into a cold (0 °C)
120 mL of 6 N HCI, and yellow solids were collected by
filtration. The solids were crystallized from ether to give
2.72 g (82% yield) of 4. Mp>300 °C; '"H NMR 6 8.54 (s,
2H), 8.19 (s, 2H), 7.10 (s, 2H); *C NMR (DMSO-d¢) 6
184.0, 140.1, 133.4, 1324, 131.2, 129.3, 127.3. HRMS
calced for C4H,C1,0, (M +H) 276.9824, found 277.0170.

4.1.3. 2-(Methylamino)-6,7-dichloro-1,4-anthracene-
dione (6). To a cold (0 °C) solution of 0.10 g (0.36 mmol)
of 4 in 4 mL of dichloromethane and 2 mL of THF under
argon, was added methylamine by inserting a needle
connected from a methylamine gas cylinder for 10 min.
The introduction of methylamine gas was disconnected, and
the mixture was concentrated to dryness. The crude product
was column chromatographed on silica gel using a gradient
mixture of hexane and methylene chloride as an eluent to
give 82.6mg (75% yield) of 6. Mp>300°C; '"H NMR
(DMSO-dg) 6 8.62 (s, 1H), 8.60 (s, 1H), 8.57 (s, 1H), 8.49
(s, 1H), 7.81 (q, /=5 Hz, 1H, NH), 5.73 (s, 1H, C3-H), 2.81
(d, J=5Hz, 3H, NMe); '*C NMR 6 185.3 (2 C), 163.6,
156.2,136.3 (4 C), 134.3, 128.2, 126.0, 125.6, 114.9, 101 .4,
32.9. HRMS calcd for C;sH;oCl,NO, (M+H) 306.0085,
found 306.0229.

4.1.4. 2-(Methylamino)-1,4-anthracenedione (7). To a
solution of 0.10 g (0.48 mmol) of 1 in 5 mL of THF under
argon at 0 °C, 0.24 mL (0.48 mmol) of methylamine (2 M in
THF) was added via syringe. The solution was stirred at
0°C for 1h, concentrated to dryness under vacuum, and
column chromatographed on silica gel using a gradient
mixture of hexane, methylene chloride and ether as an
eluent to give 91 mg (80% yield) of 7. Mp 240-241 °C; IR
(nujol) » 3350 (m, NH), 1680, 1600; "H NMR 6 8.62 (s, 2H),
8.02 (m, 2H), 7.66 (m, 2H), 6.22 (q, J=6.5 Hz, 1H, NH),
6.00 (s, 1H), 3.01 (d, J=6.5Hz, 3H, Me); *C NMR
(DMSO-dg) 6 180.9, 180.7, 150.4, 135.0, 133.5, 130.1,
129.7 (2 ©), 129.6, 128.7, 128.3, 127.6, 126.5, 101.2, 28.9.
HRMS calcd for C;sH;,NO, (M+H) 238.0869, found
238.0655.

4.1.5. 6-Methyl-1,4-dihydroxyanthraquinone (9). To a
hot (180 °C) mixture of 37.1 g (0.28 mol) of AICl; and
7.25 g (0.12 mol) of NaCl under argon was added a mixture
of 5.00 g (31 mmol) of 4-methylphthalic anhydride (8),
3.74 g (34 mmol) of hydroquinone, and 15.0 g (0.11 mol) of
AlClj; in one portion. The mixture was stirred and heated at
220 °C for 2 h, cooled to 25 °C, poured into 300 mL of ice-
water, and acidified with 12 N HCI. The precipitated solids
were collected by filtration, washed with water, and dried
under vacuo to give 6.28 g (80% yield) of 9.° "H NMR 6
12.94 (s, 1H, OH), 12.90 (s, 1H, OH), 8.22 (d, /=8 Hz, 1H,
C8-H), 8.12 (s, 1H, C5-H), 7.63 (d, J=8 Hz, 1H, C7-H),
7.29 (s, 2H, C2, 3-H), 2.55 (s, 3H); ?’CNMR 6 187.4, 187.1,
158.0, 157.9, 146.1, 135.6, 133.6, 131.4, 129.5, 129.3,
127.5, 127.4, 113.1, 113.0, 22.2.

4.1.6. 6-Methyl-1,4-anthracenedione (2). To a solution of
3.00 g (12 mmol) of 9 in 50 mL of methanol at 0 °C under
argon, was added 1.80 g (47 mmol) of sodium borohydride.
The mixture was stirred at 25 °C for 12 h and acidified with
6 N HCI. The resulting yellow solids were collected by
filtration, dried, and column chromatographed on silica gel
using a mixture of hexane—ether—CH,Cl, (60:5:1) as an
eluent to give 2.57 g (98% vyield) of 2.2 "H NMR 6 8.58 (s,
1H), 8.53 (s, 1H), 7.97 (d, /=8 Hz, 1H), 7.83 (s, 1H), 7.53
(d, J=8 Hz, 1H), 7.05 (s, 2H), 2.58 (s, 3H); °C NMR ¢
185.0, 184.9, 140.4, 140.3, 140.1, 135.3, 133.3, 132.2,
130.2, 129.4, 128.9, 128.7, 128.4, 128.0, 22.2.

4.1.7. 6-Bromomethyl-1,4-anthracenedione (10), 6-for-
myl-1,4-anthracenedione (11), 2-bromo-6-methyl-1,
4-anthracenedione (12), and 2-bromo-7-methyl-1,4-
anthracenedione (13). To a solution of 0.70 g (3.2 mmol)
of 2 and 1.00 g (4.5 mmol) of CuBr; in 14 mL of acetic
anhydride at 60 °C under argon, was added 1.1 mL
(9.5 mmol) of +~-BuOOH (90%) dropwise through a drop-
ping funnel. The solution was stirred at 80 °C for 2 h, cooled
to 25 °C, diluted with 200 mL of water, and extracted with
dichloromethane three times. The combined extract was
washed with brine, dried (MgSQ,), concentrated, and
column chromatographed on silica gel using a gradient
mixture of hexane and ethyl acetate as an eluent to give
0.72 g (75% yield) of 10, 0.12 g (10% yield) of 11, and
48 mg (5% yield) of a mixture of 12 and 13 (1:1).
Compound 10. Mp 183-184 °C; 'H NMR 6 8.59 (s, 1H),
8.58 (s, 1H), 8.06 (d, J=8.4 Hz, 1H), 8.04 (d, /J=1.8 Hz,
1H), 7.72 (dd, J=8.4, 1.8 Hz, 1H), 7.08 (s, 2H), 4.67
(s, 2H); >*C NMR 6 184.7 (2 C, C=0), 140.3, 140.2, 139.4,
135.0, 134.6, 131.2, 130.7, 129.9, 129.1 (2 C), 128.9, 128.7,
32.8. Anal. Calcd for C;5sHgBrO,-0.025H,0: C, 58.37; H,
3.21. Found: C, 58.28; H, 2.92. Compounds 12 and 13
(inseparable). '"H NMR 6 8.65 (s, 1H), 8.61 (s, 1H), 8.56
(s, 1H), 8.51 (s, 1H), 7.97 (d, /=8 Hz, 2H), 7.83 (bs, 2H),
7.59 (s, 2H), 7.55 (d, J=8 Hz, 2H), 2.59 (s, 6H); ">*C NMR 6
185.3 (2 C,C=0), 155.6, 142.2, 142.0, 132.6, 130.7, 130.2,
129.5 (2 C), 129.0, 107.8, 98.9, 22.2. Anal. Calcd for
C,sHoBrO,: C, 59.83; H, 3.01. Found: C, 59.73; H, 2.86.

4.1.8. 6-Hydroxymethyl-1,4-anthracenedione (15). A
mixture of 0.14 g (0.47 mmol) of bromide 10 and 0.12 g
(0.70 mmol) of silver trifluoroacetate in 4 mL of 1,4-
dioxane-water (4:1) was stirred under argon at 25 °C for
2 h, diluted with 10 mL of acetone, and filtered through
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Celite. The filtrate was concentrated and column chromato-
graphed on silica gel using a mixture of hexane—ethyl
acetate (1:1) as an eluent to give 0.108 g (98% yield) of
alcohol 15. Mp 178-179 °C (crystallized from toluene); 'H
NMR o 8.58 (s, 1H), 8.56 (s, 1H), 8.03 (d, J/=8.4 Hz, 1H),
8.02 (d,/J=1.4 Hz, 1H), 7.68 (dd, J =8.4, 1.4 Hz, 1H), 7.06
(s, 2H), 4.94 (s, 2H); '>°C NMR (DMSO-de) ¢ 184.3 (2 C,
C=0), 144.6, 140.0, 139.9, 134.3, 133.4, 130.0, 128.8,
128.2, 127.9, 127.7 (2 C), 126.3, 62.6. Anal. Calcd For
C;5H;005-0.02H,0: C, 74.14; H, 4.37. Found: C, 74.33; H,
4.50.

4.1.9. 6-Formyl-1,4-anthracenedione (11). A solution of
0.25 g (1.1 mmol) of alcohol 15 and 1.32 g (5 mmol) of
IBX? in 5 mL of DMSO was stirred under argon at 25 °C for
12 h. The mixture was diluted with water and dichloro-
methane, filtered through Celite, and the filtrate was
extracted twice with dichloromethane. The combined
organic layers were washed with brine, dried (MgSQOy),
concentrated, and column chromatographed on silica gel
using a mixture of hexane and diethyl ether (2:1) as
an eluent to give 0.15 g (62% yield) of aldehyde 11. Mp
185-186 °C; '"H NMR 6 10.25 (s, 1H, CHO), 8.81 (s, 1H),
8.69 (s, 1H), 8.56 (d, J=1.6 Hz, 1H), 8.19 (d, J=8.0 Hz,
1H), 8.17 (dd, J=8.0, 1.6 Hz, 1H), 7.14 (s, 2H); '*C NMR 6
191.5 (CHO), 184.5 (2 C, C=0), 140.3 (2 C), 138.0, 136.7,
135.7,134.6, 131.5, 130.7, 130.3, 129.5, 128.8, 126.5. Anal.
Calcd For C;sHgO5: C, 76.27; H, 3.41. Found: C, 75.87;
H, 3.74.

4.1.10. 5,8-Dioxo0-5,8-dihydroanthracene-2-carboxylic
acid (16). To a solution of 0.12 g (0.5 mmol) of alcohol
15 in 10 mL of acetone under argon, was added a solution of
0.5 mL (1.35 mmol) of Jones reagent (prepared from 27 g of
chromium trioxide and 23 mL of concentrated H,SO, in
77 mL of water). The mixture was stirred at 25 °C for 3 h,
filtered through Celite, concentrated to dryness, and column
chromatographed on silica gel using a mixture of diethyl
ether and ethanol (9:1) as an eluent to give 0.10 g (82%
yield) of carboxylic acid 16. "H NMR (DMSO-de) 6 8.91
(s, 1H), 8.81 (s, 1H), 8.69 (s, 1H), 8.37 (d, /=8.4 Hz, 1H),
8.17 (d, J=8.4 Hz, 1H), 7.20 (s, 2H); '*C NMR (DMSO-dy)
0 184.3, 184.1, 166.8, 140.1, 140.0, 136.1, 133.6, 132.3,
131.3, 130.5, 129.7, 129.5, 128.8, 128.5, 127.7. Anal. Calcd
For C;5HgO,4-0.03H,0: C, 69.35; H, 3.43. Found: C, 69.13;
H, 3.75.

4.1.11. 5,8-Dioxo-5,8-dihydro-2-anthracenylmethyl
(1R,3R,4R,5R)-1,3,4,5-tetrahydroxycyclohexanecarbox-
ylate (18). A mixture of 50 mg (0.17 mmol) of bromide 10
and 90 mg (0.30 mmol) of silver (—)-quinate (17) [prepared
from 0.10 g of (—)-quinic acid and 60 mg of Ag,0O in 3 mL
of ethanol] in 1 mL of 1,4-dioxane was stirred under argon
for 24 h. The mixture was filtered through Celite, concen-
trated, and column chromatographed on silica gel using a
gradient mixture of hexane, ethyl acetate, methanol, and
water as an eluent to give 32 mg (46% yield) of ester 18:
[a]F = —41.7° (¢ 0.005, MeOH); 'H NMR (DMSO-dg) ¢
8.62 (s, 1H), 8.58 (s, 1H), 8.28 (d, /=28.8 Hz, 1H), 8.26
(d, J=1.6 Hz, 1H), 7.77 (dd, J=8.8, 1.6 Hz, 1H), 7.16
(s, 2H), 5.61 (s, 1H, OH), 5.29 (d, /J=13.2 Hz, 1H), 5.32
(d, J=13.2Hz, 1H), 472 (d, J=3.6 Hz, 1H OH), 4.56

(d, J=4.4 Hz, 1H, OH), 4.51 (d, J=6.4 Hz, 1H, OH), 3.93
(m, 1H), 3.81 (m, 1H), 3.40 (m, 1H), 2.10-1.70 (m, 4H); '*C
NMR (DMSO-dg) 6 184.4 (2 C, C=0), 173.4 (CO,), 140.1
(20),138.3,134.1, 133.7, 130.3, 129.0, 128.5, 128.2, 128.0
(20), 127.9,73.8,72.9, 67.5, 67.3, 65.0, 37.6 ((2 C). Anal.
Calcd For C,,H,,05:0.02H,0: C, 62.81; H, 5.01. Found:
C, 62.78; H, 4.84.

4.1.12. N-[(1,4-Dioxo-1,4-dihydroanthracenyl)methyli-
dene]-2-amino-2-deoxy-1,3,4,6-tetra-0-acetyl-B-p-gluco-
pyranose (20). A mixture of 21 mg (89 pumol) of aldehyde
11, 33 mg (95 umol) of 1,3,4,6-tetra-O-acetyl-B-p-glucosa-
mine hydrochloride (19),'° 50 pL of pyridine, and 0.20 g of
4 A molecular sieves in 3 mL of dichloromethane was
stirred under argon at 25 °C for 24 h, filtered through Celite,
and column chromatographed on silica gel using a mixture
of hexane and diethyl ether (1:1) as an eluent to give 30 mg
(60% yield) of 20. Mp 192-193 °C; [a]&F = + 125° (¢ 0.007,
MeOH); 'H NMR 6 8.68 (s, 1H), 8.63 (s, 1H), 8.45 (s, 1H),
8.23 (s, 1H, N=CH), 8.17 (d, J=8.4 Hz, 1H), 8.08 (d, /=
8.4 Hz, 1H), 7.10 (s, 2H), 6.02 (d, /=8 Hz, 1H), 5.51 (t, J=
9.6 Hz, 1H), 5.19 (t, J=9.6 Hz, 1H), 4.40 (dd, J=12,
4.4 Hz, 1H), 4.16 (dd, J=12, 2 Hz, 1H), 4.02 (m, 1H), 3.61
(dd, J=9.6, 8.4 Hz, 1H), 2.12 (s, 3H), 2.05 (s, 3H), 2.03
(s, 3H), 1.89 (s, 3H); '>*C NMR 6 184.3, 184.2, 170.6, 169.8,
169.5, 168.6, 163.9, 140.0, 139.9, 136.3, 136.1, 134.5,
132.3, 130.8, 129.4, 129.2, 128.9, 128.5, 127.3, 92.9, 73.0
(2 0),72.8,67.9, 61.7, 20.7, 20.6, 20.5, 20.4. HRMS calcd
for C29H28NO“ (M+H) 5661657, found 566.1430.

4.1.13. N-[(1,4-Dioxo-1,4-dihydroanthracenyl)methyl]-2-
amino-2-deoxy-1,3,4,6-tetra-0O-acetyl-p-p-glucopyra-
nose (21). To a solution of 25 mg (44 pmol) of imine 20 in
0.1 mL of acetic acid and 1 mL of methanol under argon,
was added 11 mg (0.17 mmol) of sodium cyanoborohy-
dride. The solution was stirred at 25 °C for 3 h, diluted with
water, and extracted twice with dichloromethane. The
combined organic layers were washed with brine, dried
(MgSOQ,), concentrated, and column chromatographed on
silica gel using a mixture of hexane and ethyl acetate (1:1)
as an eluent to give 14 mg (55% yield) of amine 21. Mp
120 °C (dec.); [a]EF = +175° (¢ 0.004, MeOH); 'H NMR 6
8.54 (s, 1H), 8.52 (s, 1H), 7.99 (d, /=8 Hz, 1H), 7.89 (s,
1H), 7.59 (d, J=8 Hz, 1H), 7.05 (s, 2H), 5.69 (d, J=8.8 Hz,
1H), 5.06 (t, J=9.6 Hz, 1H), 4.31 (dd, J=12.4, 4 Hz, 1H),
4.13 (m, 1H), 4.10 (d, J=14.4 Hz, 1H, CH,N), 4.04 (d, J=
14.4 Hz, 1H, CH,N), 3.83 (m, 1H), 3.00 (t, /=8.8 Hz, 1H),
2.07 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H); °C
NMR 6 184.6, 184.5, 170.8, 170.5, 169.5, 169.0, 141.9,
139.9, 139.8, 134.7, 134.0, 130.3, 130.0, 129.2, 128.5,
128.4, 128.3, 128.2, 94.8, 73.8, 72.4, 68.1, 61.6, 60.3, 51.7,
21.0, 20.8, 20.6, 20.5. HRMS calcd for C,oH3oNOy;
(M+H) 568.1819, found 568.1831.

To a solution of 5.0 mg (8.8 pmol) of amine 21 in 1 mL of
methanol, was added 35 pL (0.14 mmol) of HCI (4 M in
dioxane). The solution was stirred for 10 min. and
concentrated to dryness to give 5.3 mg (100% yield) of
hydrochloric salt 22.

4.1.14. (1,4-Dioxo-1,4-dihydroanthracenyl)methyl di-¢-
butyl phosphate (24). A mixture of 0.10 g (0.33 mmol) of
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bromide 10 and 0.33 g (0.59 mmol) of silver di-z-butyl
phosphate'? in 15 mL of chloroform was reflux under argon
for 6 h, filtered through Celite, concentrated, and column
chromatographed on silica gel using a gradient mixture of
hexane, ethyl acetate, and methanol as an eluent to give
68 mg (48% yield) of 24. Mp 126128 °C; '"H NMR 6 8.61
(s, 2H), 8.07 (d, J=8.6 Hz, 1H), 8.05 (s, 1H), 7.71 (d, J=
8.6 Hz, 1H), 7.08 (s, 2H), 5.22 (d, Jyp=7.4 Hz, 2H, OCH,),
1.51 (s, 18H); *C NMR 6 184.8 (2C), 140.2 (2C), 138.9,
138.7, 134.9, 134.6, 130.6, 129.0 (2C), 128.8 (2C), 128.2,
83.1 (d, Jcp=7.2 Hz, 2C), 67.8 (d, Jcp=5.7 Hz, OCH,),
30.1 (d, Jcp=4.2Hz, 6C). Anal. Caled For
C,3H,7,04P-0.03H,0: C, 62.31; H, 6.46. Found: C, 62.49;
6,006.

4.1.15. Disodium (1,4-dioxo-1,4-dihydroanthracenyl)-
methyl phosphate (23). A solution of 20 mg (47 pmol) of
phosphate 24 and 0.12 mL (0.47 mmol) of 4 M HCI (in 1,4-
dioxane) in 1 mL of 1,4-dioxane was stirred at 25 °C for 1 h,
78 mg (0.93 mmol) of NaHCO; was added, and the mixture
was concentrated to dryness. To the solids, 2 mL of ethanol
was added, and resulting mixture was stirred for 5 min,
filtered, and the filtrate was concentrated to give 14 mg
(84% yield) of 23. '"H NMR (D,0) 6 8.63 (s, 1H), 8.57
(s, 1H), 8.25 (d, J=10 Hz, 1H), 8.19 (s, 1H), 7.78 (d, J=
10 Hz, 1H), 7.16 (s, 2H), 4.92 (d, Jup=16.8 Hz, 2H, CH,P);
3C NMR (D,0) 6 182.3 (2 C), 152.3, 143.9, 139.4, 139.3,
138.0, 129.4, 128.0, 127.9 (2 C), 127.5, 117.7 (2 C), 88.5.

4.2. Cell viability assay

Suspension cultures of murine L1210 lymphocytic leukemia
or human HL-60 promyelocytic leukemia cells (ATCC,
Manassas, VA) were maintained in RPMI 1640 medium
supplemented with 8.25% fetal bovine calf serum (Atlanta
Biologicals, Norcross, GA) and penicillin (100 IU/ml)-
streptomycin (100 pg/ml), incubated at 37°C in a
humidified atmosphere containing 5% CO,, and grown in
48-well Costar cell culture plates for 4 days in the presence
or absence (control) of drugs.*'*'> The viability of drug-
treated tumor cells was assessed from their mitochondrial
ability to bioreduce the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazo-
lium (MTS) reagent (Promega, Madison, WI) in the
presence of phenazine methosulfate (PMS; Sigma,
St. Louis, MO) into a water-soluble formazan product
which absorbs at 490 nm.'® After 4 days in culture, cell
samples (about 10%0.5 ml/well for controls) were further
incubated at 37 °C for 3 h in the dark in the presence of
0.1 ml of MTS-PMS (2:0.1) reagent and their relative
metabolic activity was estimated by recording the absor-
bance at 490 nm, using a Cambridge model 750 automatic
microplate reader (Packard, Downers Grove, IL). Blank
values for culture medium supplemented with MTS-PMS
reagent in the absence of cells were substracted from the
results.*'>!® Cell viability results were expressed as % of
the net absorbance of MTS/formazan after bioreduction by
vehicle-treated control tumor cells after 4 days in culture,
and ICs, values were calculated from linear regression of
the slopes of the log-transformed concentration-dependent
survival curves.
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Abstract—Convenient routes from (Z)-3-aryl-3-chloroenals to (2E,4Z)-5-aryl-5-chloro-2,4-pentadienoates and (2E)-5-aryl-2-penten-4-
ynoates are described. The stereochemical assignments are based on NMR spectral data.
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1. Introduction

Vinamidinium salts, chloropropenium salts, and B-chloro-
enals have served effectively as three carbon synthons' in
the synthesis of a wide variety of heterocyclic systems
including pyrroles,” pyrazoles,” pyrimidines,* and pyri-
dines.” This resulting chemistry has been successfully
applied to the synthesis of a number of natural products
including Ningalin B® and Lukianol A’ as well as
compounds of pharmaceutical interest.® This paper explores
the extension of the three carbon B-chloroenal synthons to
analogous five carbon synthons.

Over the years there has been interest in polyenes and
enynes as a consequence of the physiological behavior
exhibited by representatives of these systems.””'> They have
also been shown in many cases to serve as effective
synthons in the construction of a wide variety of interesting
molecules.'®' Welker has recently reported transition
metal-mediated Diels—Alder reactions involving the zinc-
mediated hydrocobaltation of enynes.”” As a result, a
number of synthetic approaches to the synthesis of
conjugated dienes and enynes have been reported. For
example, Wiley described the stereochemistry of several of
these unsaturated systems including 3-methyl-5-arylpent-2-

Keywords: Chloroenals; Chlorodienoates; Enynoic acids.
* Corresponding author. Tel.: +1 804 289-8247: fax: +1 804 287 1897;
e-mail: sclough@richmond.edu

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.028

en-4-ynoic acids.”' A highly stereoselective method for the
synthesis of (Z)-2-en-4-ynoic acid derivatives involving
cross coupling of propiolic acid derivatives with terminal
alkynes in the presence of a palladium (0) catalyst has been
describe by Lu, Huang, and Ma.*?

2. Results and discussion

We report here convenient syntheses of (2E,4Z)-5-aryl-5-
chloro-2,4-pentadienoic acid derivatives and (E)-5-aryl-2-
penten-4-ynoic acids that were discovered in the course of
our exploration of the chemistry of 5-aryl-5-halo-2,4-
pentadienoates. We have found that the Wadsworth—
Emmons®® reactions with triethyl phosphonoacetate
(TEPA) and (Z)-3-aryl-3-chloropropenals (1a-f),>* using
procedures Spattemed after those reported by Villieras and
Rambaud,” yield alkyl (2E,4Z)-5-aryl-5-halo-2,4-penta-
dienoates (2a—f) with a high degree of stereoselectivity
(Scheme 1) The stereochemistry of the B-chloroenals has
been well established as the (Z) isomer in all cases,'? and the
stereochemistry is unchanged in the course of the reaction.
The stereochemistry of the Wadsworth—Emmons product is
shown to be (2E,4Z) based on the coupling constants
observed (see Table 1) and NOESY experiments which
indicated the proton at the 2/-position on the aromatic ring
and the vinyl hydrogen at C-3 were in close proximity.

Hydrolysis of the esters under basic conditions (room
temperature with 1.1 equiv of aqueous sodium hydroxide)
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Cl O cl 0
TEPA JV\/U\
)\/U\ N NS /\
Ar H K,CO, Ar o)
H,0
1a-f 2 a-f

a Ar = phenyl

b. Ar = p-methylphenyl

¢. Ar = p-methoxyphenyl

d. Ar = p-chlorophenyl

e. Ar = p-fluorophenyl

f. Ar =3’4’-methylenedioxyphenyl

Scheme 1.

Table 1. Coupling constants of vinyl hydrogens (Hz)

Cl Hb O
X
Ar OR
Hc Ha

2  R=ethyl

3 R=H
Compound Ar Jap Hz)  Jpe (Hz) % Yield
2a Phenyl 15.5 10.9 86
2b p-Methylphenyl 15.5 10.7 87
2¢ p-Methoxyphenyl 15.3 11.3 83
2d p-Chlorophenyl 15.6 10.8 91
2e p-Fluorophenyl 15.4 10.7 74
2f 3’,4’-Methylenedioxyphenyl ~ 15.5 10.9 96
3a Phenyl 159 10.9 57
3b p-Tolyl 15.5 10.9 60
3c p-Methoxy 15.5 10.9 63
3d p-Chlorophenyl 154 10.9 52
3e p-Fluoro 15.2 10.8 76

followed by protonation provides a route to the
(2E,A4Z)-5-aryl-5-halo-2,4-pentadienoic acids (3a—e) with
no change in the stereochemistry of the conjugated system
(Scheme 2).The stereochemical assignments were clearly
indicated by the coupling constants (Table 1) which are very
much in accord with coupling constants reported for similar
systems”® and from NOESY experiments.

W NaOH
Ar o

HOH

When harsher hydrolysis conditions were employed we
observed some dehydrohalogenation occurring resulting in
the formation of small amounts of 5-aryl-2-penten-4-ynoic
acids. This suggested to us that perhaps use of a stronger
base might provide a clean route to these compounds.

Treatment of the halo esters 2a—e with 6 equiv of sodium
hydride in DMF at room temperature followed by protona-
tion resulted in a smooth and rapid dehydrohalogenation and
dealkylation to (E)-5-aryl-2-penten-4-ynoic acid (4) in every
case explored with the exception of the 5-(p-fluorophenyl)-
derivative which yielded clean 3e (Scheme 2). The geometry
was again clear from the coupling constants of the vinyl
hydrogens (Table 2).

This suggested to us that in aqueous base at room
temperature the hydroxide was acting as a nucleophile to
saponify the ester but was not a strong enough base to
promote the dehydrohalogenation of the resulting carboxy-
lates. Sodium hydride in DMF was a strong enough base
such that the dehydrohalogenation reactions of 2a-d
proceeded rapidly at room temperature to give the enynoic
esters, which then underwent a subsequent dealkylation to
form the sodium salt of the carboxylic acid in every case
except the p-fluorophenyl derivative (2e). In this case
formation of the carboxylate anion 3e is apparently faster
than dehydrohalogenation. Dehydrohalogenation of the
carboxylate anion is more difficult, and thus the enynoic
acid is not formed under such reaction conditions. Although
the chlorodienoic acids do not dehydrohalogenate when
treated with NaH in DMF at room temperature, the enynoic
acids (4a—e) are formed when the chlorodienoic acids
(3a—e) are refluxed with sodium hydride in DMF.

3. Conclusions

We have shown that the versatile B-chloroenals can be
converted in high yield using Wadsworth—-Emmons chem-
istry to ethyl 5-aryl-5-chloro-2,4-pentadieoates with a high
degree of stereochemical control. These esters can sub-
sequently be converted to the corresponding 5-aryl-5-
chlorodienoic acids with aqueous base under mild
conditions. Furthermore, they can be dehydrohalogenated
and dealkylated under remarkably mild conditions to form

NaH/DMF

a-d

Scheme 2.

NaH/DMF
€| Reflux

OH

N\

Ar
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Table 2. Coupling constants of vinyl hydrogens (Hz)

Hb O
NS
OH
=
Ar Ha
4
Compound Ar Ja (Hz) % Yield
4a Phenyl 15.9 87
4b p-Methylphenyl 15.9 87
4c p-Methoxyphenyl 15.8 98
4d p-Chlorophenyl 15.4 82
4e p-Fluorophenyl 16.1 67

5-aryl-2-penten-4-ynoic acids, thus providing convenient
new routes to these important classes of compounds.

4. Experimental

4.1. General

The 300 MHz NMR data was collected with a GE Omega
300 MHz instrument. The 500 MHz NMR data was
collected on a Bruker 500. The IR data was collected
using a Nicolet Avatar fitted with a HATR accessory. The
low resolution mass spectral data was obtained using a
Shimadzu Model QP 5050 GC-MS equipped with a direct
insert sampling device. HRMS data was provided by the
Nebraska Center for Mass Spectrometry at the University of
Nebraska-Lincoln. The purity of the esters was estimated at
better than 95% based on gas chromatographic analysis. The
purity of the acids was estimated at better than 95% based
on the >*C NMR data. Solvents and reagents were used as
received from the manufacturer (Aldrich Chemicals and
Fisher Scientific).

4.1.1. Ethyl (2E.4Z)-5-chloro-5-phenyl-2,4-pentadieno-
ate (2a). A mixture of triethyl phosphonoacetate (5.93 g,
0.027 mol), (Z)-3-chloro-3-phenyl-2-propenal 1la (3.69 g,
0.022 mol), potassium carbonate (8.0 g, 0.058 mol), and
6 mL of water was stirred at room temperature for 46 h.
Water (10 mL) was added and the mixture was washed
twice with ethyl acetate (25 mL). After drying (MgSO,), the
organic solvent was evaporated using a rotary evaporator
yielding 4.46 g (86%) of 2a as an oil. A Kugelrohr
distillation provided an analytical sample: bp 140-145 °C
at 0.25 mm Hg; mp 22-26 °C; IR (HATR) 2975, 1703, and
1137 cm ™~ '; "TH NMR (90 MHz, CDCl;) 6 1.30 (J=7.2 Hz,
3), 423 (g, J=7.2Hz, 2), 6.07 (d, J=15.5Hz, 1), 6.84
(d, /=109 Hz, 1), and 7.83 ppm (dd, /=15.5, 10.9 Hz, 1);
3C NMR (125.8 MHz, CDCly) 6 14.3, 60.4, 123.2, 124.2,
126.7, 128.5, 129.9, 136.8, 139.4, 140.3, and 166.4 ppm;
MS miz 238 (4), 236 (12), 203 (11), 201 (74), 191 (19), 173
(100), 155 (14), 145 (7), 127 (52), 117 (20), and 102 (15);
HRMS (EI, M+) caled for C;3H;30,Cl 236.0604, found
236.0607.

4.1.2. Ethyl (2E,4Z)-5-chloro-5-(p-methylphenyl)-2,4-
pentadienoate (2b). This compound was prepared from
1b in 87% yield using the procedure described above for

the synthesis of 2a: bp 155-160 °C at 0.25 mm Hg; mp
41-43 °C; IR (HATR) 2974, 1697, 1615, 1130 cm™ '; 'H
NMR (500 MHz, CDCl;) 6 1.35 (s, J=7.2 Hz, 3), 2.40
(s, 3), 427 (q, J=7.2 Hz, 2), 6.09 (d, J=15.5 Hz, 1), 6.85
(d, J=10.7Hz, 1), 7.22 (d, J=7.2Hz, 2), 7.60 (d, J=
7.2 Hz, 2), and 7.86 ppm (dd, J=15.5, 10.7 Hz, 1); °C
NMR (125.8 MHz, CDCl3) 6 14.3, 21.3, 60.5, 122.4, 123.6,
126.7, 129.3, 134.1, 139.7, 140.3, 140.6, and 166.7; MS m/z
250 (13), 252 (4), 215 (100), 205 (15), 187 (87), 141 (33),
119 (50). HRMS (EI, M +) calcd for C,4H;50,Cl 250.0761,
found 250.0764.

4.1.3. Ethyl (2E,4Z)-5-chloro-5-(p-methoxyphenyl)-2,4-
pentadienoate (2c). This compound was prepared from 1¢
in 84% yield using the procedure described above for the
synthesis of 2a: bp 205 °C at 2.25 mm Hg; mp 52-55 °C; IR
(HATR) 2983, 2839, and 1701 cm ™~ '; "H NMR (500 MHz,
CDCl3) 6 1.35 (t, J=7.2 Hz, 3), 3.87 (s,3), 428 (q, J=
7.2 Hz, 2), 6.08 (d, J=15.3 Hz, 1), 6.80 (d, /=11.3 Hz, 1),
6.93 (d, J=8.2 Hz, 2), 7.66 (d, J=8.2 Hz, 2), and 7.85 ppm
(dd, J=15.3, 11.3 Hz, 1); '*C NMR (125.8 MHz, CDCl3) 6
14.2, 55.4, 60.5, 113.9, 121.4, 123.1, 128.2, 129.4, 139.9,
140.3, 161.0, and 166.8 ppm; MS m/z 266 (8), 232 (15), 231
(100), 203 (63), 158 (24), 135 (85), and 115 (31); HRMS
(EL, M +) caled for C;4H;503Cl1 266.0710, found 266.0704.

4.1.4. Ethyl (2E,4Z)-5-chloro-5-(p-chlorophenyl)-2,4-
pentadienoate (2d). This compound was prepared from
1d in 92% yield using the procedure described above for
the synthesis of 2a: bp 160-165 °C at 0.45 mm Hg; mp
65-68 °C; IR (HATR) 3060, 2975, 2897, and 1700 cm™
'H NMR (500 MHz, CDCl5) 6 1.35 (t, J=7.1 Hz, 3), 4.28
(q, J=7.1Hz, 2), 6.13 (d, J=15.6Hz, 1), 6.86 (d, J=
10.8 Hz, 1), 7.39 (d, J=7.2 Hz, 2), 7.64 (d, J=7.2 Hz, 2),
and 7.82 ppm (dd, J=15.6, 10.8 Hz, 1); '*C NMR
(125.8 MHz, CDCl3) ¢ 14.3, 60.6, 123.6, 124.6, 128.0,
128.8, 135.0, 136.0, 139.0, 139.2, and 166.5 ppm; MS m/z
270 (10), 235 (79), 225 (18), 207 (100), 189 (11), 162 (32),
139 (19), 126 (26), and 115 (11); HRMS (EL, M +) calcd for
C13H,,0,Cl, 270.0214, found 270.0214.

4.1.5. Ethyl (2E,4Z)-5-chloro-5-(p-fluorophenyl)-2,4-
pentadienoate (2e). This compound was prepared from le
in 74% yield using the procedure described above for the
synthesis of 2a: bp 139 °C at 1.25 mm Hg; IR (HATR)
2981, 1708, 1598 and 1235cm™'; '"H NMR (500 MHz,
CDCl3) 6 1.34 (t, J="7.2 Hz, 3),4.27 (q, J=7.2 Hz, 2), 6.11
(d, /J=15.4 Hz, 1),6.81 (d, /=10.7 Hz, 1), 7.10 (m, 3), 7.68
(m, 2), and 7.82 ppm (dd, J=15.4, 10.7 Hz, 1); '*C NMR
(125.8 MHz, CDCl;) ¢ 14.3, 60.6, 115.6 (d, J=22.0 Hz),
123.2 (d, /=0.7 Hz), 124.2, 128.7 (d, J=8.2 Hz), 133.2
(d, J=3.5Hz), 139.2, 1394, 163.6 (d, J=251.5 Hz), and
166.6 ppm; MS m/z 256 (4), 254 (12), 219 (79), 209 (19),
191 (100), 173 (13), 146 (46), 135 (16), 123 (29), 99 (5), 87
(7), and 73 (29); HRMS (EI, M +) calcd for C;3H;,0,CIF
254.0510, found 254.0511.

4.1.6. Ethyl (2E,4Z)-5-chloro-5-(3',4'-methylenedioxy-
phenyl)-2,4-pentadienoate (2f). This compound was pre-
pared from 1f in 96% yield using the procedure described
above for the synthesis of 2a: bp 164 °C at 0.8 mm Hg; IR
(HATR) 2899, 1706, 1614, and 1486 cm '; 'H NMR
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(500 MHz, CDCl3) 6 1.34 (t, J=7.1Hz, 3), 426 (q, J=
7.2 Hz, 2), 6.03 (s, 2), 6.07 (dd, J=0.8, 15.5 Hz, 1), 6.75
(dd, J=0.8, 109 Hz, 1), 6.83 (d, J=83Hz, 1), 7.16
(d, J=1.9 Hz, 1),7.25 (dd, J=1.9, 8.3 Hz, 1), and 7.82 ppm
(dd, J=15.5, 10.9 Hz, 1); '*C NMR (125.8 MHz, CDCl;) 6
14.3, 60.5, 101.7, 107.0, 108.2, 121.6, 122.1, 123.4, 131.2,
139.7, 1390.0, 148.1, 149.2, and 166.7 ppm; MS m/z 282
(6), 280(18), 245 (100), 235 (15), 217 (59), 207 (17), 172
(20), 149 (74), 131 (6), 117 (17), and 85 (14); HRMS
(EIL, M+) caled for C;4H;30,4CI 280.0502, found 280.0494.

4.1.7. (2E,4Z)-5-Chloro-5-phenyl-2,4-pentadienoic acid
(3a). A solution of ethyl (2FE,4Z)-5-chloro-5-phenyl-2,4-
pentadienoate 2a (0.5 g, 2.12 mmol) in a 1:1 mixture of
H,O/EtOH (100 mL) was treated with NaOH (0.093 mL,
2.23 mmol) and stirred at room temperature. After 48 h, the
reaction mixture was made slightly acidic with 5% HCI
(10 mL), extracted into ethyl acetate (2X75 mL), dried
(MgS0,), and concentrated in vacuo. The crude product
was recrystallized in chloroform (10 mL) and filtered to
give 0.25 g (57%) of 3a as a yellow powder: mp 161—
163 °C; IR (HATR) 3200-2500 (broad), 3390, 2350, 2334,
1678, and 1600 cm ™~ '; "H NMR (500 MHz, CDCl;) 6 6.29
(d,J=159Hz,1),7.29 (d, /=109 Hz, 1), 7.49 (m, 3), and
7.82 ppm (m, 3); '*C NMR (125.8 MHz, acetone-dg) 6
123.2, 124.4, 126.2, 128.2, 129.5, 136.2, 138.6, 138.7, and
166.1 ppm; MS m/z 208 (39), 191 (30), 173 (100), 162 (31),
127 (80), 115 (57), 105 (60), 86 (21), and 77 (64); HRMS
(EIL, M +) calcd for C;;HoClO, 208.0291,, found 208.0288.

4.1.8. (2E,4Z)-5-Chloro-5-(p-methylphenyl)-2,4-penta-
dienoic acid (3b). This compound was prepared from 2b
in 60% yield using the procedure described above for the
synthesis of 3a: mp 177-180 °C; IR (HATR) 3479, 3390,
3025, 2904, 1619, and 1541 cm™'; '"H NMR (300 MHz,
CDCl3) 6 2.414 (s, 3H), (6.110 (d, /J=15.6 Hz, 1), 6.896
(d, 1H, J=10.7 Hz, 1), 7.236 (d, 2H), 7.622 (d, 2H), 7.958
(dd,, J=15.6, 10.7 Hz, 1); '*C NMR (125.8 MHz, acetone-
de) 0 21.2, 123.6, 125.3, 127.5, 130.2, 134.9, 140.2, 140.3,
141.3, and 167.5 ppm; MS m/z 222(29), 187 (100), 141 (73),
131 (37), 119 (77), 115 (75), 91 (38) and 10 (50); HRMS
(EI, M +) calced for C1,H;;Cl10, 222.0448,, found 222.0446.

4.1.9. (2E,4Z)-5-Chloro-5-(p-methoxyphenyl)-2,4-penta-
dienoic acid (3c). This compound was prepared from 2¢ in
63% yield using the procedure described above for the
synthesis of 3a. The crude solid was recrystallized from
hexane: mp 163-165 °C; IR (HATR) 2951 (broad), 2838,
2528, 1669, 1588 cm ™ '; 'H NMR (500 MHz, CDCls) 6
3.78 (s, 3H), 6.09 (d, J=15.5 Hz, 1), 6.755 (d, J=10.9 Hz,
1), 6.86 (d, 2H), 7.58 (d, 2H), 7.87 (dd, J=15.3, 15.4 Hz,
1H); '>*C NMR (125.8 MHz, acetone-dg) 6 55.9, 115.0,
122.5, 124.7, 129.1, 129.8, 140.1, 140.4, 162.3, and
167.5 ppm; MS m/z 238 (16), 203 (100), 158 (27), 135
(67), 115 (30), 89 (14), 77 (11), and 63 (19); HRMS
(EL, M +) calcd for C,H;,Cl05 238.0397,, found 238.0404.

4.1.10. (2E,4Z)-5-Chloro-5-(p-chlorophenyl)-2,4-pentan-
dienoic acid (3d). This compound was prepared from 2d in
52% yield using the procedure described above for the
synthesis of 3a: mp 218-222 °C; IR (HATR) 3321-1947
(broad), 1674, 1600, 1577, and 1491 cm™'; 'H NMR
(500 MHz, CDCl3) 6 1.28 (s, 1), 6.11 (d, J=15.4 Hz, 1),

6.90 (d,J=109 Hz, 1),7.24 (d, J=8.0Hz, 2), 7.62 (d, J=
8.0Hz, 2) and 7.96 ppm (dd, /J=15.4, 10.9 Hz, 1); B¢
NMR (125.8 MHz, acetone-dg) 6 123.9, 125.0, 127.3, 128.4,
133.0, 135.0, 137.3, 138.5, and 166.0 ppm; MS m/z 242
(13), 207 (100), 196 (6), 189 (7), 162 (20), 139 (18),and 115
(28); HRMS (EI, M+) calcd for C;;HgO,Cl, 241.9901,
found 241.9896.

4.1.11. (2E,4Z)-5-Chloro-5-(p-fluorophenyl)-2,4-penta-
dienoic acid (3e). This compound was prepared from 2e
in 76% yield using the procedure described above for the
synthesis of 3a: mp 223-225° IR (HATR) 3370-2180
(broad), 1674, 1600, and 1425 cm™'; "H NMR (500 MHz,
CDCl3) 6 1.59 (s, 1), 6.14 (d, J=15.2 Hz, 1), 6.86 (d, J=
10.8 Hz, 1), 7.13 (m, 2), 7.71 (m, 3), and 7.93 ppm (dd, J=
10.8, 152 Hz, 1); °C NMR (125.8 MHz, acetone-ds) o
115.4 (d, J=23.9 Hz), 124.5, 130.7, 132.3 (d, /=8.3 Hz),
134.1, 134.2, 165.6 (d, J=165.6 Hz), and 165.7 ppm; MS
miz 226 (18), 191(100), 173 (11), 145 (40), 135 (24), 123
(33), 95 (10), and 73 (23); HRMS (EI, M+) caled for
C,1HgO,CIF 266.0197, found 266.0194.

4.1.12. (E)-5-Phenyl-pent-2-en-4-ynoic acid (4a) from 2a.
A slurry of sodium hydride (0.63 g, 0.026 mol) in dry N,N-
dimethylformamide (30 mL) was added to ethyl (2E,4Z)-5-
chloro-5-phenyl-2,4-pentadienoate (1.0 g, 0.00425 mol).
The resulting slurry was stirred at room temperature for
72 h. Water (200 mL) was carefully added followed by
50 mL of 18% HCI. The aqueous layer was extracted three
times with 30 mL of ethyl acetate. The organic layers were
combined and washed twice with water (25 mL), and dried
(MgS0,4). Removal of solvent using a rotary evaporator
afforded 0.64 g (87%) of a crude solid. Recrystallization
from hexane yielded an analytical sample of (E)-5-phenyl-
pent-2-en-4-ynoic acid: mp 129-132° IR (HATR)
3700-2200 (broad), 2197, 1665, 1614, and 1414 cm™';
"H NMR (500 MHz, CDCl5) 6 6.34 (d, J=15.9 Hz, 1), 7.11
(d, J=15.9 Hz, 1), 7.40 (m, 3), and 7.52 ppm (m, 2); "*C
NMR (125.8 MHz, acetone-dg) 086.7, 98.5, 123.0, 125.5,
129.6, 130.4, 131.5, 132.7, and 166.5 ppm; MS m/z 172
(100), 146 (20), 144 (13), 127 (30), 122 (24), 115 (64), 105
(68), 97 (17), and 77 (75); HRMS (EI, M+) caled for
C,1HgO, 172.0524, found 172.0522.

4.1.13. (E)-5-(p-Methylphenyl)-2-penten-4-ynoic acid
(4b) from 2b. This compound was prepared from 2b in
87% yield using the procedure described above for the
synthesis of 4a: mp 173-179 °C; IR (HATR) 3700-2200
(broad), 2182, 1680, 1593, and 1424cm™'; '"H NMR
(500 MHz, CDCl3) 6 2.4 (s, 3), 3.72 (s, 1), 6.31 (d, J=
159Hz, 1),7.09 (d, /=159 Hz, 1), 7.19 (d, J=7.5 Hz, 2),
and 7.41 ppm (d, J=7.5Hz, 2); >*C NMR (125.8 MHz,
acetone-dg) 0 21.5, 86.5, 92.9, 119.9, 125.8, 130.3, 131.0,
132.7, 140.8, and 166.5 ppm; MS m/z 187 (15), 186 (100),
171 (80), 157 (9), 139 (25), 129 (34), 115 (61), 90 (8), 75
(5), and 70(18); HRMS (EI, M+) caled for C;,H;¢,O,
186.0677, found 186.0681.

4.1.14. (E)-5-(p-Methoxyphenyl)-2-penten-4-ynoic acid
(4¢) from 2c. This compound was prepared from 2¢ in 98%
yield using the procedure described above for the synthesis
of 4a: mp 164-165 °C; IR (HATR) 3200-2300 (broad),
2187, 1675, 1588, and 1414 cm™'; "H NMR (500 MHz,
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CDCl5) 6 3.86 (s, 3), 6.28 (d, J=15.8 Hz, 1), 6.90 (d, J=
9.1 Hz, 2), 7.09 (d, J=15.8 Hz, 1), and 7.46 ppm (d, J=
9.1 Hz, 2); '*C NMR (125.8 MHz, acetone-d¢) 6 55.9,
115.0, 122.5, 124.7, 129.1, 129.8, 140.1, 140.4, 162.3, and
167.6 ppm; MS m/z 202 (100), 187 (10), 185 (7), 159 (28),
136 (25), 131 (28), 113 (15), 103 (17), 77 (24), and 45 (89);
HRMS (EI, M+) caled for C;,H;005 202.0630, found
202.0630.

4.1.15. (E)-5-(p-Chlorophenyl)-pent-2-en-4-ynoic acid
(4d) from 2d. This compound was prepared from 2d in
82% yield using the procedure described above for the
synthesis of 4a: mp 196-201 °C; IR (HATR) 3400-2200
(broad), 2197, and 1671 cm_l; 'H NMR (500 MHz,
CDCl3) 6 6.34 (d, J=15.4 Hz, 1), 7.07 (d, J=15.4 Hz, 1),
7.36 (d, J=8.7 Hz, 2), and 7.45 ppm (d, J=8.7 Hz, 2); *C
NMR (125.8 MHz, acetone-dg) 6 87.9, 97.0, 121.8, 125.2,
129.9, 132.0, 134.3, 136.0, and 166.4 ppm; MS m/z 208
(29), 206 (88), 189 (6), 171 (46), 160 (12), 149 (16), 136 (9),
126 (44) 115 (100), 99 (18), and 81 (20); HRMS (EI, M+)
caled for C;H;,0,Cl 206.0129, found 206.0135.

4.1.16. (E)-5-(p-Fluorophenyl)-pent-2-en-4-ynoic acid
(4e) from 2e. This compound was prepared from 2e in
67% yield using the procedure described above for the
synthesis of 4a: mp 148-153 °C; IR (HATR) 2912, 2194,
1669, 1615, and 1588 cm ™ '; "H NMR (500 MHz, CDCl3) 6
6.36 (d,/=16.5Hz, 1), 6.97 (d, /=15.8 Hz, 1), 7.24 (m, 3),
and 7.62 ppm (m, 2); *C NMR (125.8 MHz, acetone-dg) 0
85.8, 96.4, 115.9 (d, J=22.4 Hz), 118.5 (d, J=3.4 Hz),
124.4, 130.7, 134.2 (d, /=8.8 Hz), 163.1 (d, J=250.6 Hz),
and 165.6 ppm; MS m/z 190 (100), 173 (10), 162 (18), 144
(38), 134 (53), 133 (100), 125 (44), and 99 (19); HRMS
(EL, M+) calced for C;H;0,F 190.0403, found 190.0427.

4.1.17. Dehydrohalogenation of 3 to form 4. A mixture
resulting from adding a solution of the 5-aryl-5-chloro-2,4-
pentadienoic acid (0.22 mmol) in 40 mL DMF to sodium
hydride (0.90 mmol) was refluxed for 20 min. The reaction
mixture was cooled to room temperature, diluted with water,
made acidic with 10% HCI and extracted three times with
50 mL of ethyl acetate. The organic layer was then washed
once with water and dried over MgSO,4. Removal of the
solvent afforded the crude acid which was purified by
recrystallization from hexane (4a, 88%; 4b, 95%, 4c¢, 54%;
4d, 92%; 4e, 93%).
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Abstract—A practical and efficient synthesis of ketolide antibiotic cethromycin (ABT-773) (1) is described. An effective protection strategy
allows high yielding, regioselective C6-O-alkylation and subsequent stereoselective modification of the erythromycin nucleus. ABT-773 was
prepared in 10 steps from commercially available erythromycin A oxime.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Erythromycin A has been utilized as a safe and effective
treatment for bacterial infections of the upper and lower
respiratory tract for nearly half a century. However,
erythromycin A undergoes acid-mediated degradation in
the stomach, which results in diminished bioavailability and
the formation of by-products that cause undesirable
gastrointestinal side-effects.' The pursuit of semi-synthetic
analogs of erythromycin A that reduce or eliminate these
unwanted consequences while maintaining or enhancing
anti-microbial activity led to the identification of macrolide
antibiotics such as clarithromycin and azithromycin in the
late 1980s.

More recently, research has focused upon the discovery of
anti-microbials which possess activity toward macrolide-
resistant pathogens.” In the 1990s, a new class of macrolide
derivatives evolved, which overcome the resistance mechan-
isms of various bacterial organisms.” These compounds,
known as ketolides, exhibit improved potency and longer
post-antibiotic effects over their therapeutic precursors.
Structurally, the ketolides are most notably differentiated
from the macrolide family by the exchange of the glycosidic
cladinose moiety with a ketone function at C-3.

Structure—activity relationship studies have established that
modification of the C-6, C-11 and C-12 carbinol centers

Keywords: Macrolides; ABT-773; Cethromycin.
* Corresponding authors. Tel.: +1 847 938 6602; fax: + 1 847 938 2258;
e-mail addresses: dan.j.plata@abbott.com; rob.r.leanna@abbott.com

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.027

(Scheme 1) have a profound effect on the activity of the
agent.” With these key structural features recognized, a
series of ketolides was prepared at Abbott, from which
ABT-773 emerged as having superior potency against
macrolide-resistant respiratory tract pathogens, while main-
taining enhanced gastric stability and broad spectrum
activity. ¢

ABT-773, Cethromycin, 1

Erythromycin A

Scheme 1. Retrosynthesis of ABT-773.

2. Hydroxyl protection strategy

After the discovery of ABT-773, studies were directed
toward the development of an enabling synthetic route. The
challenge inherent in the design and implementation of an
efficient semi-synthetic route to ABT-773 centered upon the
selective manipulation of the hydroxyl groups of the
erythromycin nucleus. Specifically, the C-3 hydroxyl must
be liberated and oxidized, the C-6 hydroxyl alkylated and
the C-11,12 diol converted stereoselectively to a cyclic
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carbamate moiety. Furthermore, while it was desirable to
minimize protection/deprotection sequences, it was clear
that the reactive C-9 ketone and the C-2’ and C-4” hydroxyls
must be blocked in order to achieve these transformations
(Scheme 1).

Selective chemical modification of the multiple alcohol
functions of erythromycin A is complicated by the
propensity of its conformationally constrained 14-mem-
bered ring to form intramolecular hemiketals with the
electrophilic C-9 ketone.” Our initial, most direct routes to
ABT-773 were hampered by this phenomenon. For
example, as shown in Scheme 2, attempted silylation of
the C-2/, C-4" and C-11 hydroxyls of erythromycin A
afforded a quantitative yield of tri-silylated 9,12-hemiketal
2. Attempted alkylation of the C-6 hydroxyl of this molecule
with allyl bromide resulted in the formation of a ~25:1
mixture of C-9 and C-6 O-alkylation products 3 and 4. In a
second example (Scheme 3), a C-12-O-BOC-protected
v-hydroxy enone derivative (5) was treated under alkylating
conditions (vide infra) to afford an intractable mixture of
C-6 and C-9 ethers, 6 and 7.

NMe,

HO,

2 S
HOu, WO

KOtBu

4 (1.5%) 3 (40%)

Scheme 2. Attempted silylation/alkylation of erythromycin A.

mn
P
<
@
N

allyl t-butyl
carbonate'
Pd,dba,, dppb

Scheme 3. Attempted alkylation of C-6 hydroxyl.

Strategically, early-stage alkylation of the C-6 hydroxyl
would effectively circumvent the formation of deleterious
hemiketal by-products throughout the synthesis.® However,
as illustrated above, selective O-alkylation of the C-6
tertiary hydroxyl group is impossible without deactivation
of the electrophilic C-9 ketone and proper protection of the
more reactive hydroxyl functions.” Therefore, the identifi-
cation of a strategic blocking regime for the C-9 ketone and
the C-2’ and C-4" sugar hydroxyls was paramount to the
evolution of an efficient synthetic route to ABT-773.

3. Results and discussion

Suitably protected erythromycin A, 9-oximino ethers have
been utilized for selective C-6 O-methylation in the
synthesis of clarithromycin.'” Erythromycin A, 9-oxime
11 was chosen as a readily available starting material, which
conveniently possesses the desired C-9 carbonyl protection
required for our synthesis of ABT-773 (Scheme 4).loa A
variety of fully protected 9-oximino erythromycin deriva-
tives 8 were prepared, alkylated and subjected to deoxima-
tion conditions for the purpose of determining the most
effective protective group system to accommodate these
transformations.

The known derivative 8a'’ could be alkylated [3-(3-
quinolyl)-2-propenyl-1-tert-butyl carbonate 10, Pd(0),
THF, vide infra] in good yield using an excess of reagent,
but the silyl-protecting groups fared poorly in the subse-
quent acidic deoximation step (NaHSOs;, L-tartaric acid,
THF), affording the desired intermediate 9a in only 55%
yield (Table 1). 2'.4"-Dibenzoyl-protection of 8b was
superior to the disilyl-protection of 8a, affording 9b in
64% yield after deoximation, illustrating the subtle
importance of the nature of the C-4" hydroxyl protective
group. Encouraged by this result, alternate benzoate
protection arrays were studied. Not surprisingly, the
unprotected cladinose moiety of dibenzoate 8¢ complicated
the alkylation, which was reflected in the 45% yield of
product 9¢. The tribenzoate-protection scheme of 8d proved
to be optimum, affording intermediate 9d in superior overall
yield (70%). A notable trend in this series was the presence
of varying amounts of numerous impurities, which were
efficiently removed by recrystallization. However, the
identification of individual components of these complex
reaction mixtures was not pursued.

A distinct advantage of the benzoate derivatives was their
ease of preparation and tendency to be crystalline.
Protection of erythromycin A sugar hydroxyls as acetates
were also briefly investigated, but over-acylation was a
major drawback. In addition, the non-crystalline C-4"
acetates were more labile to hydrolytic conditions. Based
on these observations, the tribenzoate protecting group
scheme was pursued for the preparation of ABT-773.

Universal benzoate protection was achieved for the two
sugar hydroxyls and the oxime hydroxyl by treatment of 11
with excess benzoic anhydride, triethlyamine and DMAP,
which afforded tribenzoate 8d in 82% yield after crystal-
lization (Scheme 4). The oximino- and C-2’-hydroxyls
reacted rapidly and completely in the absence of DMAP, but
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NMe, z NMe,

BzO- N ~ BZO,/ RO~ N
. H
HO:, O HO:,
o
b,c

—_—
HO 0., 0 HO
4
‘OH fo} ” ‘OBz
OCH, OCH,
Erythromycin A oxime, 11 8d 12 R=Bz

15 R=H

ABT-773

Scheme 4. Total synthesis of ABT-773. Reagents and conditions: (a) Bz,0, NEt;, DMAP, THF, 82% (b) 10, Pd,(dba);, dppb, THF (c) 1 M NaOH, iPrOH,
0 °C, 94% (steps (b)—(c)) (d) L-TTA, NaHSO3, THF, H,0, 90 °C, 76% (e) 1,1’ carbonyldiimidazole, NaHMDS, THF, DMF (f) NH3 (g) KOtBu, 87% (steps (e)—
(2)) (h) 2 N HCI, EtOH, 100% (i) Me,S, N-chlorosuccinimide, NEt;, CH,Cl,, 97% (j) MeOH, reflux, 92%.

Table 1. Study of alkylation/deoximation sequence

%, ‘OR"
OMe

8a R=)\Q ,R=R"=TMS 9a R=R'=TMS
o™ 9b=9d R=R"=Bz
8b R= Q , R=R"=Bz
Lo

9c R'=Bz, R"=H
8c R=R'=Bz, R"=H
8d R=R'=R"=Bz

Sequence 10 (equiv) Yield alkylation (%) Yield deoximation (%) Overall yield (%)
8a—9a 2.5 92 60 55

8b—9b 25 92 70 64

8c—9c 1.5 80 56 45

8d—9d 1.15 99 71 70
benzoylation of the C-4" hydroxyl was extremely sluggish, removed by crystallization. NMR studies determined that
requiring addition of 1.0 equiv of DMAP for complete the fourth benzoylation occurred exclusively at the C-11
reaction. Formation of tetrabenzoylated product was mini- position; benzoylation at the C-6 or C-12 hydroxyls was not
mally competitive. The crude reaction mixture typically detected. Unreacted benzoic anhydride was difficult to

contained 2-3% of tetrabenzoate, which was efficiently remove either by extractive workup or by crystallization of
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the final product. However, it could be completely
scavenged by treatment of the reaction mixture with N,N-
dimethylethylenediamine. The resulting benzamide was
easily removed during the extractive workup. Undesired
reaction of N,N-dimethylethylenediamine with the C-9-
oxime benzoate was avoided by careful temperature control
and by monitoring the disappearance of benzoic anhydride
by HPLC.

With a suitably protected erythromycin intermediate in
hand, our investigations focused on C-6 O-alkylation with
the fully elaborated 3-(E-propenyl)quinoline (PQ) side-
chain. Alkylation of the C-6 hydroxyl of suitably protected
erythromycin A derivatives has historically been accom-
plished by treatment with alkyl halides in the presence of
strong base.*!' However, in the present context, this
procedure was complicated by over-alkylation, variable
yields and formation of by-products resulting from
protective group cleavage. It was recently discovered in
our laboratories that C-6 O-alkylation could be effected via
a modified procedure originally demonstrated in carbo-
hydrate chemistry.'? Thus, treatment of tribenzoate 8d
with 1.15 equiv of E-3(3-quinolyl)-2-propenyl-1-fert-butyl
carbonate (10), 0.5-1.0 mol% of tris(dibenzylideneacetone)-
dipalladium (Pd,dbas) and 1.0-2.0 mol% 1,4-bis diphenyl-
phosphinobutane (dppb) in refluxing anhydrous THF for
30 min afforded 12 exclusively, in nearly quantitative
conversion. As little as 0.1 mol% of Pd,dbas; consumed
starting materials and provided the desired product in
satisfactory yield, although the rate of reaction decreased
dramatically at this catalyst load.

Carbonate 10 was conveniently prepared in a three-step
sequence (Scheme 5). Heck coupling of 3-bromoquinoline
with ethyl acrylate afforded quinoline a,B-unsaturated ester
13 in high yield. Reduction of 13 with DIBAL provided
quinolinepropenol 14, which was transformed into the
t-butyl carbonate 10."*

Br
(:(j/ a ()\/j/\/CQEt b,c ©\/j/\/\oR
— = 7
N N N
13 14R=H
10 R = CO,tBu
Scheme 5. Synthesis of carbonate 10. Reagents and conditions: (a) ethyl

acrylate, Pd(OAc),, (n-Bu),NBr, NaHCO;, DMF (b) DIBAL, CH,Cl,
(c) BOC,0, (n-Bu)sN-HSO,.

The oxime-benzoate group of 12 was selectively cleaved by
treatment of the cooled alkylation reaction mixture with
NaOH in iPrOH/water, affording 15 in high yield.
Conditions for this transformation were carefully chosen
and optimized to minimize the formation of over-hydrolysis
by-products; utilization of isopropanol as a co-solvent
greatly diminished cleavage of the 2/- and 4”-benzoates
during the reaction. Following workup, oxime 15 was
obtained in 94% assay yield from the one-pot alkylation/
monodebenzoylation of erythromycin A oxime tribenzoate
8d.

While the C-9 oxime may represent an effective and
convenient means for the prevention of intramolecular

hemiketal formation, this benefit may be offset by the
requirement of a difficult unmasking protocol. In consider-
ation of the sensitive functionality present in the erythro-
mycin A nucleus, we acknowledged the challenge of the
deoximation of intermediate 15 to the corresponding ketone
and undertook a detailed investigation of the transformation.
Although many methods for the hydrolysis of oximes exist
in the literature,md‘f’14 most utilize harsh acidic conditions,
which are potentially incompatible with the functionality in
our specific example. Since no single method stood out as an
obvious starting point, we began the evaluation of a matrix
of reagents and conditions. As a result, we discovered an
effective protocol that afforded the desired product repro-
ducibly and in high yield. Thus, heating oxime 15 in a THF/
H>O solution of NaHSO;5; (3.3 equiv) and L-tartaric acid
(L-TTA, 3.6 equiv) to 90 °C afforded crystalline ketone 9d
in 76% yield and >95% purity. Minor variations in
stoichiometry, solvent or temperature resulted in variable
isolated yields primarily due to the formation of unidentified
polar and non-impurities.

Oxime 15 existed as a mixture of geometric isomers,
typically in greater than 95:5 E:Z ratio. In order to gain an
understanding of the relative reactivity of each isomer, the
major and minor oximes were isolated and independently
examined under the reaction conditions. In a reaction
mixture devoid of NaHSOs, either oxime isomer afforded an
equilibrium mixture of E and Z-isomers in a 6:1 ratio. A key
finding was that the major oxime isomer hydrolyzed more
rapidly than the minor oxime isomer and afforded a cleaner
reaction to the desired ketone. Consequently, the optimal
reaction conditions allow isomer interconversion and
provide a productive pathway for the minor oxime isomer,
ultimately resulting in an efficient, high-yielding route to
key intermediate 9d.

Stereoselective transformation of the C-11, C-12 diol
moiety to the cyclic carbamate 16 was accomplished by
modification of a known method'> which ultimately led to a
very efficient three-reaction, one-pot sequence. Installation
of the cyclic carbamate commenced with conversion of 9d
to the 10,11-dehydro, 12-acyl imidazolide 17 in 98% HPLC
assay yield by treatment with excess carbonyldiimidazole
(CDI) and NaHMDS in a mixture of THF/DMEF.
This transformation proceeds through two transient inter-
mediates, identified as shown in Figure 1.

Figure 1. Mechanism for the formation of cyclic carbamate 16.
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Formation of the cyclic carbonate occurs rapidly with the
first equivalent of CDI. The cyclic carbonate slowly
decomposes to the hydroxy enone with loss of carbon
dioxide and is quickly consumed by a second equivalent of
CDI to give the acyl imidazolide 17. Ammonolysis of the
acylimidazolide was achieved by cooling the reaction
mixture to —15°C and treatment with gaseous NHs.
Reaction temperatures below —5°C allowed sufficient
solubility of ammonia to promote ammonolysis at a
reasonable rate. The presence of DMF increases the
solubility of CDI in the initial step and of ammonia in the
second step, thus enhancing the reaction rate and yield for
both steps. HPLC assay yield of the acyclic carbamate 18
was 90-95% for the two steps. When the ammonolysis
reached completion, the mixture was warmed to ambient
temperature and treated with 1.4 equiv of KOsBu/THF
solution, which mediated the cyclization of 18 to a variable
mixture of C-10 epimeric cyclic carbamates. This mixture
smoothly equilibrated under the reaction conditions to a
98:2 mixture in favor of desired C-10 stereoisomer 16,
which was isolated in 87% yield from diol 9d after
crystallization.

Selective cleavage of the cladinose sugar was accomplished
by treating an ethanolic suspension of 16 with 2 N HCI for
12 h at 45°C. Higher reaction temperatures resulted in
lower yields. The cladinose-related by-products were
removed in the aqueous workup. Carbinol 19 may be
isolated by crystallization, but was routinely advanced into
the next step without purification.

Oxidation of C-3 carbinol 19 by the Corey—Kim procedure'®
afforded ketolide 20 in 97% yield from 16 after crystal-
lization (2 steps). Due to the sensitivity of the Corey—Kim
reagent to water, efficient drying of the starting carbinol
solution was critical. Alternative reaction solvents to
CH,CI, were investigated, however the solubility of alcohol
19 greatly limited the options. THF was identified as a
practical replacement solvent for CH,Cl,, although more
reagents were required and afforded product in lower yield.
Moreover, the use of THF in the reaction led to formation of
unacceptable amounts of N-demethylation (0.5%) and was
thus abandoned. Alternative oxidation methods were
investigated in order to avoid the use of dimethyl sulfide,
but the Corey—Kim method proved superior. For instance,
oxidation was attempted using the TPAP reagent,'” but the
reaction inexplicably stalled at approximately 50% com-
pletion, even after rigorous exclusion of water and using
stoichoimetric quantities of TPAP.

The final step in the synthesis of ABT-773 was removal of
the 2’-O-benzoate. It was observed during our investigations
that the 2’-benzoate group was surprisingly stable to a
variety of hydrolytic conditions. For example, minimal
benzoate hydrolysis was detected in the deoximation step
(acidic/aqueous), the cladinose removal (acidic/ethanol)
and oxime-benzoyl hydrolysis (basic/isopropanol). Inspec-
tion of the literature reveals that the removal of a C-2'-O-
acetyl protecting group from the desosamine hydroxyl of
erythromycin A by simple treatment with methanol is
precedented.'>'® This method was extended to the removal
of the C-2' benzoyl of intermediate 20. Thus, overnight
treatment of monobenzoate 20 in refluxing MeOH afforded

ABT-773 (1) in 92% yield. Separation of the methyl
benzoate by-product was accomplished by acidification of
the reaction mixture with dilute acid and extraction with
ethyl acetate. The product was isolated in >98% purity by
neutralization of the aqueous product-containing layer,
followed by extraction into ethyl acetate and crystallization
from ethyl acetate/heptane.

In summary, a practical route for the preparation of ABT-
773 (1) has been developed. The key to the success of this
synthetic route was the use of a highly effective and novel
tribenzoate protection protocol, which allowed regiospecific
alkylation of the sterically hindered C-6 hydroxyl group in
high yield. Complications arising from the formation of
intramolecular self-condensation by-products were avoided
which resulted in an efficient and robust process. ABT-773
was prepared in ten reaction steps (seven isolations) from
commercially available erythromycin A oxime.

4. Experimental
4.1. General

Melting points were measured with a capillary apparatus
and are uncorrected. Unless otherwise specified, character-
ization data was taken as follows. IR spectra were measured
from KBr pellets. '"H NMR spectra were taken in CDCl;
(300 MHz) with CHCI; (7.27 ppm) and/or tetramethylsilane
(0.0 ppm) used as an internal standard. '*C NMR spectra
were taken in CDCl; (75 MHz) with CDCl; (77.0 ppm) used
as an internal standard. Microanalyses were performed by
Robertson Microlit Laboratories. HPLC analyses were
performed on a Zorbax SB-C8 column, eluting with a
gradient of acetonitrile and water (0.1% H;PO,). All
reactions were performed under a positive pressure of
nitrogen. Solvent concentration was accomplished by rotary
evaporation ca. 20 mmHg with the bath temperature never
exceeding 50 °C. Commercial grade anhydrous solvents and
reagents were used without further purification unless
otherwise specified. KF measurements were performed on
Metrohm 728 instrument. Column chromatographies were
performed on EM Science grade 60 silica gel.

4.1.1. Erythromycin A oxime tribenzoate (8d). Solid
erythromycin A oxime (2.00 kg, 2.677 mol) was azeotropi-
cally dried by distillation of isopropyl acetate to a water
content of 5-10 mol% as measured by Karl-Fischer
titration. Isopropyl acetate was removed by distillation
and THF (22 L), DMAP (0.3282 kg, 2.67 mol), triethyl-
amine (1.198 kg, 11.84 mol) and benzoic anhydride (2.5 kg,
11.3 mol) were added and the mixture was stirred at 25 °C
for 40 h. The reaction was monitored by HPLC. Retention
times: DMAP: 1.8 min, benzoic acid: 4.4 min, dibenzoate:
9.9 min, regioisomeric dibenzoate: 10.7 min, tribenzoate:
13.0 min, benzoic anhydride: 13.7 min, tetrabenzoate:
14.3 min. At reaction completion, a 4.3:92:2.7 ratio of di-
to tri- to tetrabenzoates were present. The reaction mixture
was chilled to 0-5°C and N,N-dimethylethylenediamine
(0.427 kg, 4.9 mol) was added at a rate to maintain an
internal temperature of <10°C. After addition was
complete, the mixture was stirred for 1 h at +5 °C until
no benzoic anhydride remained. The reaction mixture was
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diluted with MTBE (20 L) and washed with 5% aq KH,PO,
solution (2X20 L), satd ag NaHCO5 solution (20 L), and
satd aq NaCl solution (10L). The organic layer was
concentrated and diluted with 12 L of isopropanol causing
the product to crystallize. The mixture was cooled to —5 °C
and stirred for 1.5 h. The product was filtered and dried in a
vacuum oven at 50 °C to yield 2.32 kg (82%) of 8d as a
white crystalline solid: mp=149-152 °C; IR (film, cm ™)
1722, 1450, 1379, 1339, 1262; "H NMR (CDCl5) 6 8.00 (m,
6H), 7.62-7.56 (m, 3H), 7.50-7.45 (m, 6H), 5.15 (dd, 2.4,
10.7 Hz, 1H), 5.10 (dd, /=3.6, 10.4 Hz, 1H), 5.02 (d, /=
4.9 Hz, 1H), 4.93 (d, /=7.6 Hz, 1H), 491 (d, /=9.8 Hz,
1H), 4.44-4.39 (m, 2H), 3.87 (dd, J=1.3, 9.2 Hz, 1H),
3.86-3.79 (m, 3H), 3.52 (s, 3H), 3.46 (d, /=6.7 Hz, 1H),
3.22 (bs, 1H), 2.97 (bs, 1H), 2.81-2.76 (m, 2H), 2.46 (d, J=
15.3 Hz, 1H), 2.34 (s, 6H), 1.96-1.92 (m, 1H), 1.87 (m, 1H),
1.76 (m, 1H), 1.73 (dd, J=5.2, 15.3 Hz, 1H), 1.55 (m, 2H),
1.41 (m, 1H), 1.38 (s, 3H), 1.37 (m, 1H), 1.31 (d, J=7.0 Hz,
3H), 1.21 (s, 3H), 1.18 (d, J=6.9 Hz, 3H), 1.17 (m, 3H),
1.10 (s, 6H), 0.90 (d, J=5.1 Hz, 3H), 0.82 (t, J=7.3 Hz,
3H), 0.75 (d, J=7.7 Hz, 3H); '*C NMR (CDCl;) 6 179.4,
175.1, 166.1, 165.4, 163.8, 133.3, 133.2, 132.7, 130.7,
129.9, 129.6 (4C), 129.5 (2C), 129.0, 128.5 (2C), 128.4
(20), 128.2 (2C), 100.2, 95.7, 83.6, 79.2, 78.8, 77.0, 74.7,
74.3,73.0,72.3,69.8,67.7,63.7,63.5, 49.6, 44.5, 40.9 (20),
39.0, 37.3, 35.3, 34.6, 31.8, 28.6, 26.4, 21.3, 21.2, 21.1,
18.5, 18.2, 16.5, 15.7, 14.9, 10.6, 9.3. MS (ESI) m/z 1061
(MH+). Anal. Calcd for CsgHggN,O6: C, 65.64; H, 7.60;
N, 2.64; O, 24.12; Found: C,65.37; H, 7.42; N, 2.52; O,
24.38.

4.1.2. Quinoline-3-propenoic acid, ethyl ester (13).
3-Bromoquinoline (300 g, 1.44 mol), ethyl acrylate (173 g,
1.73 mol), palladium (II) acetate (32.3 g, 144 mmol),
t-butylammonium bromide (478 g, 1.44 mol), sodium
bicarbonate (483.9 g, 5.76 mol), and DMF (anhydrous,
3 L) were combined and heated to 90 °C for approximately
30 min, when 3-bromoquinoline was no longer detected by
HPLC analysis. The reaction mixture was cooled to ambient
temperature, and ethyl acetate (2.65L) was added. The
resulting mixture was washed with H,O (2 X 1500 mL). The
combined aqueous layers were then back extracted with 1:1
toluene/EtOAc (4 X 1 L). The organic layers were combined
and washed with satd NaCl solution (3X61L) then
evaporated to give 217.4 g (65%) of 13: mp=_87-88 °C;
IR (KBr, cm ™ ') 3053, 2976, 1716, 1635, 1312, 1297, 1263,
1175, 1165; "H NMR(CDCl3) 6 9.06 (d, J=2.2 Hz, 1H),
8.19 (d, J=2.2 Hz, 1H), 8.08 (dd, J=8.5, 1.1 Hz, 1H),7.81
(d, /=15.8 Hz, 1H), 7.82 (dd, /=8.5, 1.5 Hz, 1H), 7.72
(ddd, J=8.5, 7.0, 1.5Hz, 1H),7.55 (ddd, J=8.5, 7.0,
1.1 Hz, 1H), 6.63 (d, J=15.8 Hz, 1H), 4.29 (q, J=7.2 Hz,
2H), 1.35 (t, J=7.2 Hz, 3H); '*C NMR (CDCls), 6 166.4,
149.2, 148.5, 141.1, 135.4, 130.5, 1294, 128.2, 127.6,
127.4, 127.4, 120.2, 60.7, 14.3. MS C4H,3NO, m/z ESI™
[M+H] 228. Anal. Calcd for C14H;3NO,: C,73.99; H, 5.77;
N, 6.16; Found: C, 73.97; H, 5.70; N, 6.05.

4.1.3. 3-(3-Quinolyl)-2-propen-1-0l (14). Quinoline-3-
propenoic acid, ethyl ester (13, 141 g, 0.621 mol) was
dissolved in anhydrous methylene chloride (2.0L) and
cooled to —57 °C. Diisobutylaluminum hydride (1.55L,
1.55mol, 1.0 M in methylene chloride) was added in a
slow stream, keeping the temperature below —40 °C. The

mixture was stirred for 30 min, until starting ester was
consumed by HPLC. The reaction mixture was cooled to
—78°C, and methanol (434 mL) was added dropwise,
maintaining the temperature below —40 °C. The mixture
was then warmed to ambient temperature, 10% sodium
potassium tartrate solution (2 L) was added portionwise and
the stirred 1 h. The layers were separated, the organic layer
was washed with aq saturated NaCl (2 L) solution and dried
over MgSQ,. Evaporation gave 71 g (62%) of 14 as a
pinkish solid: mp=112-114 °C; IR (KBr, cm™ l) 3230,
2908, 2837, 1575, 1498, 1417, 1339, 1227, 1099, 990, 965,
927, 792, 747; 'H NMR (CDCl5) 6 8.94 (d, J=2 Hz, 1H),
8.05(d,J=8,1Hz, 1H), 7.97 (d, /=2 Hz, 1H),7.72 (d, J=
2 Hz, 1H), 7.65 (m, 1H), 7.48 (m, 1H), 6.72 (appt dd, 1H),
6.55 (dt, J=16, 6, 1 Hz, 1H,), 4.39 (dd, J=6, 1 Hz, 2H),
3.36 (brs, 1H); '*C NMR (CDCls), 6 149.0, 146.9, 132.5,
131.8,129.7, 129.2, 128.7, 127.9, 127.7, 126.9, 126.6, 62.9.
MS C;,H;;NO m/z ESI* [M+H] 186. Anal. Calcd for
C,H{{NO: C, 77.91; H, 5.99; N, 7.56; Found: C, 77.55; H,
5.96; N, 7.40.

4.1.4. 3-(3-Quinolyl)-2-propenyl-1-tert-butyl carbonate
(10).  3-(3-Quinolyl)-2-propen-1-ol (14, 1154 g,
623 mmol), di-tert-butyl dicarbonate (163.2 g, 748 mmol),
and #-butylammonium hydrogen sulfate (6.35 g, 18.7 mmol)
were dissolved in methylene chloride (721 mL), cooled to
0-5°C and sodium hydroxide (92.7 g, 2.32 mol) in H,O
(293 mL) was added. The reaction was warmed to ambient
temperature and was stirred for 17 h until starting alcohol
was consumed by HPLC. The reaction mixture was diluted
with methylene chloride (300 mL) and water (300 mL) and
agitated. The aqueous layer was extracted with an additional
200 mL methylene chloride. The combined organic layers
were washed with saturated aq NaCl solution (1 L), dried
with Na,SO,, filtered and evaporated to give 285.8 g of
crude material which was purified by silica gel chroma-
tography (20:80 ethyl acetate/hexanes) to give 136.7 g
(81%) of 10 as a beige solid; IR (KBr, cmfl) 2978, 1737,
1367, 12717, 1256, 1161, 970, 860; 'H NMR (CDCls) 6 8.93
(d, J=2.2 Hz, 1H), 8.02 (d, J=8.5 Hz, 1H), 7.97 (s, 1H),
7.70 (d, J=8.1 Hz, 1H), 7.61 (ddd, J=8.5, 6.6, 1.5 Hz, 1H),
7.46 (t, J=7.8 Hz, 1H), 6.80 (d, /=16 Hz, 1H), 6.46 (ddd,
J=16, 6.3, 6.3 Hz, 1H), 4.73 (dd, /=6.3, 1.5 Hz, 2H), 1.47
(s, 9H); °C NMR (CDCl3) § 153.1, 149.0, 147.5, 132.8,
130.5, 129.4, 129.2, 128.9, 127.7 (2C), 126.8, 125.3, 82.3,
66.9, 27.6 (3C). MS C,;H;oNO; m/z 285 APCI*[M+H]
286, DC/NH3' [M+H] 286, ESIT[M+H] 286. Anal
Calcd for C;7HoNO5: C, 71.56; H, 6.71; N, 4.91; Found: C,
71.36; H, 6.64; N, 4.72.

4.1.5. 6-0-3-(3-Quinolyl) propenyl erythromycin A
oxime 2/,4"-dibenzoate (15). Erythromycin A oxime
tribenzoate (8d, 1000 g, 0.942 mol) was dissolved in THF
(5L). The mixture was azeotropically dried by two
successive distillations of THF until a water content of
<2mol% was obtained as measured by Karl-Fischer
titration. The resulting foam was redissolved in THF (4 L)
and deoxygenated. Solid 3-(3-quinolyl)-2-propen-1-ol (PQ),
tert-butyl carbonate (309 g, 1.08 mol), Pd,(dba); (8.61 g,
0.0094 mol), and dppb (8.02 g, 0.018 mol) were added. The
reaction mixture was heated to reflux (65 °C) for approxi-
mately 30 min until starting material was consumed as
measured by HPLC analysis. Retention times: PQ
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carbonate: 11.6 min, starting macrolide: 12.1 min, product:
13.7 min. The reaction mixture containing intermediate 12
was chilled to + 15 °C. Isopropyl alcohol (4 L) was added
followed by 1 N NaOH (234 mL). The reaction mixture
was stirred for 2 h until cleavage of the oxime benzoate was
complete by HPLC analysis. The reaction mixture was
poured into MTBE (12 L) and satd aq NaHCO5 solution
(8 L) and the layers were separated. The organics were
washed with satd aq NaCl solution (8 L), the layers were
separated and the solvents were removed to yield 1292 g of
15 as a crude foam. This material was assayed by HPLC at
997 g (94% yield) and carried on without further purifi-
cation. For intermediate 12; IR (film, cm_') 1728, 1453,
1339, 1265; 'H NMR (CDCl3) 6 8.98 (d, J=2.1 Hz, 1H),
8.18 (d, /=1.8 Hz, 1H), 8.07-8.01 (m, 7H), 7.80 (dd, J=
1.0, 8.0 Hz, 1H), 7.63-7.58 (m, 4H), 7.55-7.45 (m, 7H),
6.51 (ddd, J=4.5, 8.2, 15.7 Hz, 1H), 6.20 (d, J=15.7 Hz,
1H), 5.31 (dd, J=2.4, 10.7 Hz, 1H), 5.11 (dd, J=7.6,
10.4 Hz, 1H), 5.05-5.01 (m, 2H), 4.93 (d, /=9.5 Hz, 1H),
4.53-4.47 (m, 1H), 4.36-4.30 (m, 1H), 4.14 (dd, J=3.0,
8.9 Hz, 1H), 3.97-3.91 (m, 1H), 3.86-3.77 (m, 3H), 3.76
(dd, J=1.5, 9.8 Hz, 1H), 3.70 (m, 1H), 3.56 (s, 3H), 3.24
(bs, 1H), 3.01-2.90 (m, 2H), 2.74 (q, J=7.3 Hz, 1H), 2.50
(d, J=15.3 Hz, 1H), 2.35 (s, 6H), 2.04-1.91 (m, 2H), 1.78-
1.71 (m, 2H), 1.63-1.57 (m, 2H), 1.56 (s, 3H), 1.45-1.35
(m, 2H), 1.24 (d, /=7.0 Hz, 3H), 1.22 (s, 3H), 1.21 (d, /=
4.3 Hz, 3H), 1.20 (s, 3H), 1.15 (d, J=7.0 Hz, 3H), 1.10
(s, 3H), 0.95 (d, J=7.1 Hz, 3H), 0.85 (t, /J=7.6 Hz, 3H),
0.80 (d, J=7.6 Hz, 3H); '>*C NMR (CDCl;) 6 177.2, 174.8,
166.1, 165.5, 162.8, 150.4, 147.4, 133.4, 133.1, 132.7,
132.6, 130.9, 130.1, 129.9, 129.6 (4C), 129.4, 129.3 (2C),
129.1, 128.8, 128.7 (2C), 128.6 (2C), 128.4 (2C), 128.3,
128.2 (20), 128.1, 126.2, 99.8, 96.3, 79.2, 79.1, 78.8, 78.7,
76.9, 74.1, 73.0, 72.7, 69.7, 67.4, 65.0, 63.8, 63.7, 49.5,
44.4,40.9 (2C), 37.9,36.8,35.4,34.4,31.7,28.7,21.5,21.4
(20), 21.2, 18.9, 18.6, 16.5, 16.0, 15.3, 10.7, 9.5. MS (ESI)
mlz 1228 (MH +). Anal. Calcd for C;oHggN30,4: C, 68.44;
H, 7.30; N, 3.42; O, 20.84; Found: C,68.64; H, 7.56; N,
3.28; 0, 20.45. For intermediate 15; IR (film, cm ™~ ") 1725,
1598, 1487, 1379, 1342, 1264; '"H NMR (CDCl;) 6 10.59
(bs, 1H), 8.80 (d, /=2.0 Hz, 1H), 8.05 -8.01 (m, 5H), 7.72
(d, J=1.8 Hz, 1H), 7.63-7.55 (m, 3H), 7.50-7.42 (m, 5H),
7.40 (t, J=8.2Hz, 1H), 6.36 (ddd, /=4.9, 7.0, 16.1 Hz,
1H), 6.17 (d, J=16.1 Hz, 1H), 5.25 (dd, J=2.1, 10.7 Hz,
1H), 5.12 (dd, /=8.3, 10.7 Hz, 1H), 5.01 (d, J=6.6 Hz,
1H), 4.98 (d, J=4.9 Hz, 1H), 4.93 (d, /=9.8 Hz, 1H), 4.69
(s, 1H), 4.58-4.53 (m, 1H), 4.12 (dd, J=3.8, 11.3 Hz, 1H),
4.02 (dd, /=17.0, 11.3 Hz, 1H), 3.98 -3.92 (m, 1H), 3.89—
3.84 (m, 1H), 3.78 (d, J=5.8 Hz, 1H), 3.71, (m, 1H), 3.67
(dd, J=1.2, 9.8 Hz, 1H), 3.55 (bs, 4H), 3.02— 2.96 (m, 1H),
2.85 (m, 1H), 2.60 (q, J=7.0 Hz, 1H), 2.47 (d, J=15.0 Hz,
1H), 2.35 (s, 6H), 2.04-1.99 (m,1H), 1.94-1.89 (m, 1H),
1.78-1.74 (m, 1H), 1.71 (dd, J=5.2, 15.2 Hz, 1H), 1.56 (s,
3H), 1.54-1.50 (m, 1H), 1.43-1.37 (m, 3H), 1.24 (d, J=
6.1 Hz, 3H), 1.21 (s, 3H), 1.16 (d, /=7.0 Hz, 3H), 1.14 (d,
J=7.0 Hz, 3H), 1.06 (s, 3H), 1.05 (d, J=7.0 Hz, 3H), 0.99
(d, J=5.8 Hz, 3H), 0.79 (t, J=7.3 Hz, 3H), 0.77 (d, J=
7.3 Hz, 3H); '°C (CDCls) ¢ 174.7, 169.0, 166.2, 165.5,
149.4, 146.3, 133.3, 132.6, 132.5, 131.1, 131.0, 130.6,
130.0, 129.7 (4C), 128.5, 128.4 (2C), 128.3, 128.2 (20),
128.1, 127.8, 126.3, 126.2, 100.0, 96.2, 79.5, 79.4, 78.9
(20), 76.8, 74.0, 73.0, 72.7, 70.6, 67.3, 64.7, 63.8, 63.7,
49.5,44.4,40.9 (20), 38.2, 36.6,35.4, 32.8, 31.8, 25.5 (2C),

21.4 (20), 21.2, 19.0, 18.6, 16.5, 16.0, 15.2, 10.7, 9.5. MS
(ESI) miz 1124 (MH+) Anal. Calcd for C63H85N3015: C,
67.30; H, 7.62; N, 3.74; O, 21.34; Found: C,67.02; H, 7.61;
N, 3.59; O, 20.99.

4.1.6. 6-0-3-(3-Quinolyl)propenyl erythromycin A 2',4"-
dibenzoate (9d). Crude 6-0-3-(3-quinolyl) propenyl
erythromycin A oxime dibenzoate (15, 800g at 78%
potency, 628 g, 0.559 mol), L-tartaric acid (280 g,
1.87 mol), NaHSO; (212 g, 2.04 mol), H,O (3.4L) and
THF (1.2 L) were charged to a pressure vessel. The mixture
was heated to 90 °C over 30 min and held at 85-90 °C for an
additional 90 min with good agitation. The reaction was
monitored by HPLC analysis until complete. Retention
times: minor oxime: 11.5 min; major oxime: 12.4 min; 9-
ketone: 12.9 min. The reaction mixture was diluted with
EtOAc (4 L)/MTBE (2 L) and washed with 25% aq K,CO3
solution (3.6 L). The product layer was concentrated and
absolute EtOH (8 L) was added. The resulting slurry was
cooled to 5 °C, filtered, and dried in a vacuum oven at 40 °C
to give 485 g (76%) of 9d as a white crystalline solid: mp=
214-216 °C; IR (film, cm ™~ ") 1722, 1694, 1265, 1126, 1070;
'"H NMR (CDCl3) 6 9.13 (d, J=2.1 Hz, 1H), 8.27 (d, J=
1.8 Hz, 1H), 8.06-8.02 (m, 5H), 7.79 (dd, J=1.0, 8.6 Hz,
1H), 7.63-7.58 (m, 3H), 7.52-7.44 (m, 5H), 6.63 (d, J=
16.2 Hz, 1H), 6.59-6.52 (m, 1H), 5.16 (dd, J/=2.4, 11.0 Hz,
1H), 5.12-5.08 (m, 1H), 5.05 (d, /=4.9 Hz, 1H), 5.02 (d,
J=7.6 Hz, 1H),4.95 (d,/=9.4 Hz, 1H), 4.52-4.47 (m, 1H),
4.19 (dd, J=4.0, 10.8 Hz, 1H), 4.02 (dd, J=7.6, 11.0 Hz,
1H), 3.98-3.92 (m, 1H), 3.81 (d, J=5.7 Hz, 1H), 3.77 (dd,
J=1.9,9.7 Hz, 1H), 3.67 (s, 1H), 3.56 (s, 3H), 3.54 (bs, 1H),
3.05-3.00 (m, 2H), 2.99 (q, /=6.4 Hz, 1H), 2.91-2.85 (m,
1H), 2.64-2.659 (m, 1H), 2.50 (d, J=15.0 Hz, 1H), 2.36 (s,
6H), 2.02-1.96 (m, 1H), 1.92-1.87 (m, 1H), 1.79-1.75 (m,
3H), 1.57 (d, /=14.0 Hz, 1H), 1.49 (s, 3H), 1.43-1.37 (m,
2H), 1.24 (d, J=4.0Hz, 3H), 1.23 (s, 3H), 1.22 (d, J=
4.3 Hz, 3H), 1.14 (d, /=7.0 Hz, 3H), 1.04 (s, 3H), 1.03 (d,
J=6.8 Hz, 3H), 0.95 (d, /=6.1 Hz, 3H), 0.84 (t, J="7.4 Hz,
3H), 0.79 (d, J=7.6 Hz, 3H);"°C (CDCls) 6 220.2, 175.1,
166.1, 165.4, 150.2, 147.4, 133.4, 132.8, 132.7, 130.8,
130.2, 129.8, 129.6 (5C), 129.1, 128.8, 128.7, 128.4 (20),
128.3 (20), 128.2, 127.9, 126.4, 99.9, 96.2, 80.0, 79.2, 78.8,
78.7, 76.5, 74.2, 73.0, 72.5, 68.7, 67.4, 64.9, 63.8, 63.7,
49.5,45.5,44.4,40.9 (2C), 38.1,37.7,37.4,35.4,31.8,21.3
(20), 21.2,21.1, 18.6, 18.3, 16.3, 16.0, 12.2, 10.7, 9.5. MS
(ESI) miz 1109 (MH+) Anal. Calcd for C63H84N2015: C,
68.21; H, 7.63; N, 2.53; O, 21.63; Found: C,67.98; H, 7.50;
N, 2.39; O, 21.88.

4.1.7. 6-0-3-(3-Quinolyl)propenyl-11,12-carbamoyl
erythromycin A 2',4"-dibenzoate (16). Ketone 9d
(892 g, 0.778 mol) was suspended in a mixture of THF
(3.5L) and DMF (1.25 L). Solid 1,1’-carbonyldiimidazole
(496 g, 3.05 mol) was added, followed by a solution of
NaHMDS (1.0 M in THF, 1071 mL, 1.071 mol, 1.3 equiv)
over 65 min. The reaction was stirred at ambient tempera-
ture for 18 h until HPLC analysis shows complete
consumption of the intermediate 11,12 cyclic carbonate.
Retention times: starting diol 9d: 9.8 min, 11,12 cyclic
carbonate: 9.9 min, 12-acyl imidazolide 17: 11.5 min. The
stirring 12-acylimidazolide solution was cooled to —15 °C
and ammonia gas (927 g) was added via a sub-surface inlet.
The reaction temperature was kept below —5 °C for 1.5 h



10178 D. J. Plata et al. / Tetrahedron 60 (2004) 10171-10180

until HPLC showed less than 1 PA% of 12-acylimidazolide
by HPLC. Retention times: hydroxyenone: 10.8 min,
acyclic carbamate: 9.5 min. The temperature of the reaction
mixture was increased to room temperature. A solution of
potassium tert-butoxide (1 M in THF, 918 mL, 0.918 mol)
was added and stirred for 1.5 h. Retention times: desired
product: 8.9 min, C-10 methyl epimer: 9.8 min. The
reaction mixture was poured into isopropyl acetate
(13.5L) and 5% aq KH,PO, (13.5 L), agitated, and the
layers separated. The organic layer was washed with 5% aq
KH,PO, solution (13.5L), satd ag NaHCO;3 solution
(13.5L), and satd aq NaCl solution (10 L). The organic
solution was concentrated and the product crystallized.
Isopropanol (4 L) was added and the mixture was stirred at
45 °C for 30 min, then chilled to 4 °C and stirred at this
temperature for 2 h. The product was collected by filtration
and dried at 55 °C in a vacuum oven to give 793 g (87%) of
16 as a white crystalline solid: mp=166.5-168 °C; IR (film,
em™ ') 1771.3, 1722, 1453, 1265, 1169, 1107; 'H NMR
(CDCl3) 09.06 (d, J=2.1 Hz, 1H), 8.23 (d, J=1.9 Hz, 1H),
8.07-8.03 (m, 5H), 7.81 (d, /=8.2 Hz, 1H), 7.62-7.58 (m,
3H), 7.55-7.45 (m, 5H), 6.63 (d, /=16.2 Hz, 1H), 6.40
(ddd, J=6.4, 7.6, 16.9 Hz, 1H), 5.54 (s, 1H), 5.09 (dd, J=
7.7, 10.7 Hz, 1H), 5.05 (d, /J=4.9 Hz, 1H), 499 (d, J=
9.7Hz, 1H), 4.97 (m, 1H), 4.88 (dd, J=3.0, 9.5 Hz, 1H),
4.51 (m, 1H), 4.14 (dd, /=6.1, 11.0 Hz, 1H), 3.99 (dd, J=
7.6, 11.0 Hz, 1H), 3.93 (m, 1H), 3.85 (dd, /=1.5, 8.8 Hz,
1H), 3.75 (d, J=6.1 Hz, 1H), 3.71 (s,1H), 3.56 (s, 3H), 3.01
(m, 1H), 2.88 (q, /=7.0 Hz, 1H), 2.81 (m, 1H), 2.61 (m,
1H), 2.51 (d, J=15.0 Hz, 1H), 2.36 (6H, s), 1.86-1.72 (m,
5H), 1.58 (dd, J=1.5, 15.0 Hz, 1H), 1.47 (s, 3H), 1.40-1.36
(m, 2H), 1.31 (s, 3H), 1.24-1.21 (m, 9H), 1.14 (d, J=
7.3 Hz, 3H), 1.08 (d, J=6.7 Hz, 3H), 0.95 (d, /J=6.1 Hz,
3H), 0.78 (d, J=7.7 Hz, 3H), 0.72 (t, J=7.5 Hz, 3H); *C
NMR (CDCly) 6 217.9, 175.8, 166.1, 165.3, 157.9, 149.9,
147.6, 133.4, 132.7, 132.4, 130.7, 129.9, 129.8, 129.7 (3C),
129.6 (2C), 129.1, 129.0, 128.4 (2C), 128.3 (3C), 128.1,
128.0, 126.6, 100.0, 96.0, 83.7, 79.6, 79.4, 78.7, 78.0, 76.0,
73.0,72.4,67.5,64.9, 63.7 (2C), 57.7, 49.6, 45.2, 44.6, 40.8
(20), 39.2,38.1,37.3,35.2,31.9,22.3,21.2 (2C), 21.0, 18.5,
18.4,15.5,13.7,13.4, 10.6, 9.4. MS (ESI) m/z 1134 (MH+).
Anal. Calcd for C64H83N3015+0.5% Hzo: C, 6716, H,
7.41; N, 3.67; O, 21.69; Found: C, 67.18; H, 7.24; N, 3.45;
0, 21.71.

4.1.8. 6-0-3-(3-quinolyl)propenyl-11,12-carbamoyl-3-
hydroxy erythromycin A 2’-benzoate (19). Carbamate
16 (750 g, 0.639 mol) was diluted with EtOH (3.64 L) and
2 N HCI (3.64 L) and heated to 45 °C for 16 h. The reaction
was monitored by HPLC until starting material was
consumed by HPLC. Retention times: desired product
5.2 min, starting carbamate: 9.9 min. The reaction mixture
was poured into 10 L of MTBE and 10 L of water, agitated,
and the layers separated. The aqueous, product-containing
layer was diluted with 6 L of isopropyl acetate and treated
with 30% aq K,COj solution (5 L) with good mixing. The
layers were separated. The organic layer was separated and
concentrated to give 766 g of crude product. This material
was assayed by HPLC at 558 g (94% yield of 19) and
carried on without further purification: mp=224-226 °C;
IR (film, cm ™) 1771.3, 1727, 1456, 1274, 1159, 1119; 'H
NMR (CDCl3) ¢ 9.06 (d, J=2.1 Hz, 1H), 822 (d, J=
1.8 Hz, 1H), 8.09 (dd, J=1.5, 7.0 Hz, 2H), 8.07 (d, J=

6.7 Hz, 1H), 7.82 (d, J=6.7 Hz, 1H), 7.65 (s, 1H), 7.57 (t,
J=17.0Hz, 1H), 7.51 (t, J=7.0 Hz, 1H), 7.46-7.44 (m, 2H),
6.65 (d, J=16.2 Hz, 1H), 6.37 (dt, /=16, 6.1 Hz, 1H), 5.47
(s, 1H), 5.11 (dd, J=2.7, 10.4 Hz, 1H), 5.04 (dd, J=7.6,
10.4 Hz, 1H), 4.88 (d, /J=7.6 Hz, 1H), 3.99-3.95 (m, 2H),
3.82 (d, J=1.8 Hz, 1H), 3.72 (s, 1H), 3.57-3.53 (m, 2H),
3.41-3.37 (m, 1H), 2.91 (dt, J=4.0, 12.0 Hz, 1H), 2.85 (q,
J=6.4 Hz, 1H), 2.69-2.63 (m, 1H), 2.59-2.53 (m, 1H), 2.29
(s, 6H), 2.01-1.98 (m, 1H), 1.86-1.80 (m, 1H), 1.77-1.71
(m, 2H), 1.46-1.42 (m, 2H), 1.39 (s, 3H), 1.40-1.36 (m,
1H), 1.32 (s, 3H), 1.25 (d, J=6.7 Hz, 3H), 1.08 (m, 9H),
0.81-0.75 (m, 6H); 3C NMR (CDCl;) 6 217.5, 175.3,
165.4, 158.1, 149.5, 147.3, 132.8, 132.7, 130.6, 129.8 (30),
129.3, 129.2, 128.9, 128.7, 128.2 (3C), 128.1, 126.9, 99.3,
83.8, 80.6, 79.0, 77.4, 75.5, 72.1, 68.8, 64.0, 63.2, 58.1,
45.5,43.9,40.8 (20), 38.4,37.2,36.0, 32.1, 22.3, 21.0, 20.1,
18.3,15.3, 13.8, 13.3, 10.4, 7.9. MS (ESI) m/z 872 (MH +).
Anal. Calcd for C49HgsN30q: Theory: C, 67.49; H, 7.51; N,
4.82: Found: C, 67.11; H, 7.38; N, 4.60.

4.1.9. 6-0-3-(3-quinolyl)propenyl-11,12-carbamoyl-3-
keto erythromycin A 2'-benzoate (ABT-773-2'benzoate,
20). Dimethyl sulfide (63.68 g, 1.026 mol) was added to a
mixture of N-chlorosuccinimide (117.2 g, 880.4 mmol) and
CH,Cl, (740 mL) while maintaining the internal tempera-
ture at —15°C. Crude alcohol (19, 558 ¢ by assay,
614 mmol) was dissolved in 1.91 L of CH,Cl, and added,
followed by triethylamine (70.6 g, 698 mmol). The mixture
was stirred at — 10 °C for 3 h and poured into 6.7 L EtOAc
and 2.7 L of 0.5 N aqueous NaOH. The organic layer was
washed with 5% (w/w) aqueous NaCl (3.3 L) and 27%
(w/w) aqueous NaCl (3.3 L). The organic solution was
concentrated and diluted with 1:1 hexane/MTBE (3 L).
After stirring for 30 min at 45 °C, the mixture was cooled to
room temperature. The product was filtered and dried to
give 537.8 g (97%) of 20 as a white crystalline solid: mp=
150-152°C; IR (film, cm ") 1771.3, 1743, 1719, 1697,
1456, 1267.7, 1172, 1104; "H NMR (CDCl3) 6 9.02 (d, J=
2.1 Hz, 1H), 8.15 (d, /J=2.1 Hz, 1H), 8.06 (d, /J=28.4 Hz,
1H), 8.02 (dd, J=1.6, 7.6 Hz, 2H), 7.82 (d, J="7.6 Hz, 1H),
7.64 (t, J=17.6 Hz, 1H), 7.56 (t, /="7.6 Hz, 1H), 7.50 (t, J=
7.6 Hz, 1H), 7.44 (t, J=7.6 Hz, 2H), 6.56 (d, /J=6.56 Hz,
1H), 6.16 (dt, J=16, 6.7 Hz, 1H), 5.49 (s, 1H), 5.03 (dd, /=
7.6, 10.6 Hz, 1H), 4.93 (d, J=3.2,9.4 Hz, 1H), 4.59 (d, /=
7.6 Hz, 1H), 4.29 (d, J=4.3 Hz, 1H), 3.86-3.80 (m, 3H),
3.69 (dd, /=6.7, 12.5 Hz 1H), 3.63 (m, 1H), 3.12-3.04 (m,
1H), 2.89-2.85 (m, 2H), 2.62-2.59 (m, 1H), 2.26 (s, 6H),
1.85 (ddd, /=34, 7.6, 14.5 Hz, 1H), 1.75-1.82 (m, 1H),
1.63 (dd, J=11.7, 14.7 Hz, 1H), 1.54 (dd, J=2.5, 14.7 Hz,
1H), 1.48-142 (m, 2H), 1.44 (s, 3H), 1.39 (s, 3H), 1.36 (d,
J=16.9 Hz, 3H), 1.21 (d, J=6.1Hz, 3H), 1.12 (d, J=
7.0 Hz, 3H), 1.09 (d, /=6.7 Hz, 3H), 1.01 (d, J=7.9 Hz,
3H), 0.76 (t, J=7.4 Hz, 3H); >*C NMR (CDCl;) 6 217.3,
205.4, 169.6, 165.2, 157.6, 149.6, 147.6, 132.8, 132.5,
130.5, 129.9, 129.7, 129.6, 129.2, 129.0 (2C), 128.5, 128.3
(20), 128.0 (20), 126.7, 100.7, 83.4, 78.8, 77.5, 75.6, 72.0,
69.2,64.2,63.5,58.1,50.8,45.7,45.0, 40.7 (2C), 38.7,37.2,
31.5,22.5, 20.9, 20.1, 18.0, 14.4, 13.8, 13.6 (2C), 10.6. MS
(ESI) m/z 870 (MH+) Anal. Calcd for C49H63N30111
Theory: C, 67.64; H, 7.30; N, 4.83; Found: C, 67.37; H,
7.21; N, 4.53.

4.1.10. ABT-773 (1). ABT-773-2'-benzoate 20 (495.0 g,
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0.568 mol) was heated in methanol (1.5 L) for 16 h. The
reaction was monitored by HPLC. Retention times: desired
product 11.1 min, starting material 14.2 min, methyl
benzoate 14.6 min. After cooling to room temperature, the
reaction mixture was concentrated to approximately 1L,
diluted with 97:3 EtOAc/heptane (3 L), 0.5 N HCI (1.35 L),
and agitated. The bottom product-containing layer was
separated, diluted with EtOAc (2.5 L), and treated with 15%
aq K,COj; solution (1.4 L). The top product-containing layer
was separated and concentrated to approximately 1.2 L and
allowed to crystallize. The resulting suspension was
concentrated and diluted with heptane to achieve a 10:1
mixture of heptane:ethyl acetate. The product was filtered,
washed with 10:1 heptane:EtOAc (3 X300 mL), and dried
to give 402 g (92%) of ABT-773 (1) as a white crystalline
solid: mp=211-213 °C; IR (film, cm™") 1769.7, 1746.7,
1714, 1701, 1457, 1108, 1049; '"H NMR (CDCl;) 6 9.02
(d, /=23 Hz, 1H), 8.17 (d, J=2.1 Hz, 1H), 8.05 (d, /=
8.4 Hz, 1H), 7.82 (d, J=28.1 Hz, 1H), 7.63 (t, /=6.9 Hz,
1H), 7.50 (t, J=6.9 Hz, 1H), 6.5 (d, J=16.0 Hz, 1H), 6.21—
6.16 (m, 1H), 5.48 (s, 1H), 4.94 (dd, /=32, 9.1 Hz, 1H),
4.40 (d, J=4.7 Hz, 1H), 4.36 (d, /=7.3 Hz, 1H), 3.96 (q,
J=6.7Hz, 1H), 3.91 (s, 1H), 3.84 (dd, J=6.5, 11.9 Hz,
1H), 3.71 (dd, /=7.2, 11.9 Hz, 1H), 3.57-3.53 (m, 1H),
3.50 (bs, 1H), 3.22-3.16 (m, 2H), 2.96 (q, /=6.5 Hz, 1H),
2.67-2.61 (m, 1H), 2.52-2.44 (m, 1H), 2.26 (s, 6H), 1.90-
1.84 (m, 1H), 1.81 (d, /=11.9 Hz, 1H), 1.69 (dd, J=1.2,
14.5 Hz, 1H), 1.66 (ddd, J=1.8, 2.0, 12.6 Hz, 1H), 1.54—
1.51 (m, 1H), 1.48 (s, 3H), 1.43 (s, 3H), 1.40 (d, /=28 Hz,
3H), 1.39 (d, /=6.9 Hz, 3H), 1.21 (q, J=11.0 Hz, 1H), 1.17
(d, J=6.1 Hz, 3H), 1.13 (d, J=7.5Hz, 3H), 1.11 (d, J=
6.9 Hz, 3H), 0.79 (t, J=7.5 Hz, 3H); '*C NMR (CDCls) 6
217.3, 205.3, 169.6, 157.6, 149.7, 147.6, 132.4, 129.9,
129.6, 129.1, 129.0, 128.5, 128.0 (2C), 126.7, 102.9, 83.5,
78.7, 71.5, 76.4, 70.2, 69.5, 65.8, 64.3, 58.1, 50.8, 46.2,
45.0,40.2 (2C), 39.0, 37.3, 28.3, 22.6, 21.1, 20.1, 18.0, 14.4,
14.1, 13.6 (2C), 10.6. MS (ESI) m/z 766 (MH+). Anal.
Calcd for C4,Hs59N30,o: Theory: C, 65.86; H, 7.76; N, 5.49;
Found: C, 65.69; H, 7.60; N, 4.34.
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Abstract—A general synthetic method of carotenoid natural products has been developed, in which the systematic chain extension and
termination processes were applied. The syntheses of the chain extension and termination units were greatly improved by the use of the
common intermediate, 1-bromo-4-chloro-3-methyl-2-butene (8), in a short and highly efficient way. The C,, chain initiation B-cyclogeranyl
sulfone (3) was coupled with the Cs chain extension unit to give the C,5 chain-extended allylic sulfone after chemoselective sulfide oxidation.
This chain-extended C 5 allylic sulfone underwent the Julia olefination reaction with the Cs and the C;( chain termination units to give retinol

(1) and B-carotene (2), respectively.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Carotenoids are biologically, medicinally, and commer-
cially important natural products, which include retinol
(vitamin A), retinoic acid, B-carotene, canthaxanthin, and
astaxanthin etc.' Retinol is an essential nutrient for higher
animals required for cell growth and differentiation,
fertilization, and visual action. Retinoic acid shows broad
treatment effects on skin disorders including acne and even
on emphysema.” B-Carotene and astaxanthin have wide
industrial applications especially in animal feeds and the
coloration of foodstuffs. These carotenoids belong to the
isoprenoid family according to their biogenetic origin,
which are enzymatically assembled by repeated uses of
isopentenyl pyrophosphate (IPP) or dimethylallyl pyropho-
sphate (DMAP) as building blocks.' Chemical syntheses of
these carotene compounds,3 therefore, can be generalized in
a systematic way by utilizing ‘the Cs building blocks,” as
chemical mimics for IPP or DMAP. The Julia sulfone
olefination protocol” is the best method to construct these
highly unstable carotenoid structures through the much
more stable allylic sulfone intermediates that can be
transformed to the fully conjugated polyene chains in the
final stage. Retrosynthetic analyses of the two representative
carotenoid compounds, retinol (1) and [-carotene (2)
utilizing the sulfone chemistry disintegrate these carotenoid

Keywords: Carotenoid; Olefination; Retinol; B-Carotene; Total synthesis.
* Corresponding author. Tel.: +82 31 330 6185; fax: +82 31 335 7248;
e-mail: sangkoo@mju.ac kr

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.002

structures systematically into the chain initiation allylic
sulfone 3, the chain extension Cs unit 4, and the chain
termination Cs and C, units, 5 and 6, respectively (Scheme
1). We herein report the details of our systematic studies on

SO,Ph SPh
+ H\) + H\/\OAC
X X
3 4 5
\J\/EQ)\/\
| AN NS OH

Retinol (1)

&)\v N JQ
| YT

B-Carotene (2)

AN =
3 + 4 ,)\/\S/\/H . 4 . 3
X X
6

Scheme 1. Disconnection approaches to retinol (1) and B-carotene (2).
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the efficient syntheses of each unit, the chain extension
process, and the total syntheses of retinol (1) and
B-carotene (2).

2. Results and discussion

B-Cyclogeranyl sulfone (3)° which can be readily prepared
by the electrophilic cyclization of geranyl sulfone was used
as a chain initiation unit for our carotenoid synthesis. The
Cs chain extension unit was so designed as to give the
1,5-arrangement of the methyl substituents, which is
the general substitution pattern of the carotenoid com-
pounds, and to give the chain-extended allylic sulfones
again after the Julia coupling reaction with the chain-
initiating allylic sulfone 3. 4-Halo-3-methyl-2-butenyl
sulfide 4 instead of the corresponding sulfone compound
was selected in order to facilitate the Julia coupling reaction
with B-cyclogeranyl sulfone 3, where the undesirable
dehydrohalogenation reaction could be prevented.® The
resulting chain-extended allylic sulfide can be oxidized to
the corresponding allylic sulfone. The chain-extended
allylic sulfone then undergoes olefination process with the
Cs and the C;q chain termination units 5 and 6 to give retinol
(1) and B-carotene (2), respectively. Bis(haloallylic) sulfide
6 has proven to be a stable substitute for highly unstable
1,8-dihalo-2,7-dimethyl-2,4,6-octatriene as the C;y chain
termination unit for B-carotene and lycopene syntheses.®’

It was envisioned that the chain extension unit 4° and the
chain termination units 5° and 6° might be obtained in a
highly efficient and convenient way from the common
intermediate 8 in proviso that the ambidextrous allylic
halide 8 could show different electrophilic reactivity
(Scheme 2). In fact, the nucleophiles of PhS~ (PhSH,
K,COs in acetone), AcO~ (AcOK in DMF) and S*>~ (Na,S
in CH;0OH) discriminated allylic bromide from allylic
chloride of 1-bromo-4-chloro-3-methyl-2-butene (8) to
directly give rise to the Cs chain extension unit, phenyl
4-chloro-3-methyl-2-butenyl sulfide (4)'° in 89% yield and
the Cs and the C;q chain termination units, 4-chloro-3-
methyl-2-butenyl acetate (5)' and bis(4-chloro-3-methyl-
2-butenyl) sulfide (6) in 94 and 81% yields, respectively.

NCS oH
T
DMF-H,0
40°C 7,78%

PBI’3
CuCl (0.02 equiv)

PhSH, K,CO5 C'\)\ﬂsr Na,$ (0.5 equiv)
acetone 8, 84% CH30H, 0 °C
I\)\/\ KOAc \)\A /\)\/
O A gen ol el A~ gt

4, 89% 0°C 6, 81%

CI\)\AOAC

5, 94%

Scheme 2. Syntheses of the chain-extension unit 4 and the chain-
termination units 5 and 6.

The ambidextrous allylic halide 8 was prepared from readily
available isoprene in two steps: chlorohydrin formation
using N-chlorosuccinimide in H,O-DMF (78% yield),
followed by PBrs-promoted bromination of the resulting
chlorohydrin 7 under CuCl catalyst (84% yield), where the
allylic-transposed bromination product 8 was exclusively
obtained with a high E:Z ratio of 10:1."

The chain extension unit 4 that was proposed as a chemical
mimic for IPP or DMAP was then utilized in the chain
extension process. The Julia coupling reaction of B-cyclo-
geranyl sulfone (3) with the Cs chain extension unit 4
produced the chain-extended allylic sulfides 9 (Scheme 3).ll
This coupling reaction works well (87% yield) with n-BuLi
as a base. Chemoselective sulfur oxidation of 9 proceeded
smoothly with 2.5 equiv H,O, under LiNbMoOjg catalyst'?
to give the C;5 disulfone compound 10 (90% yield), where
no epoxidation at the tetra-substituted double bond in the
cyclohexene ring was observed contrary to the case of
the conventional electrophilic oxidant such as MCPBA. The
white crystalline disulfone compound 10 was easily purified
by washing with diethyl ether.

SOPh op SO,Ph

_ SO,Ph
B ’5?3“ X LiNbMoOg X
2.4 H,0,
9,87% 10, 90%

Scheme 3. Chain extension process to obtain the C,5 disulfone compound
10.

The Julia olefination reaction of the chain-extended allylic
sulfone 10 with the Cs chain termination unit § produced
retinol (1). The coupling reaction of the C,5 disulfone 10
and the Cs unit 5 under ~-BuOK/DMF condition provided
the C,o compound 11 in 85% yield (Scheme 4). Deprotona-
tion at the a-carbons to the benzenesulfonyl groups of the
disulfone 10 can be completed by the use of 2 equiv of a
strong base such as r~-BuOK or n-BuLi, where the coupling
reaction proceeded only at the less-substituted secondary
carbanion. The dehydrosulfonation reaction of the Cy
coupling product 11 using NaOH as a base in EtOH then
produced all-(E)-retinol (1) in 82% yield after chromato-
graphic separation of a small amount (less than 10%) of
13-(Z)-retinol.'® It is beneficial to use NaOH as a base in
EtOH and to operate the reaction initially at room
temperature and then at the reflux temperature of EtOH to
facilitate the hydrolysis of acetate first, and then promote
dehydrosulfonation reaction in order to minimize the
possibility of the base-promoted elimination of
acetate producing anhydro vitamin A. Base-promoted

1. t-BuOK, DMF SOPh  SOPh
-20°C
OAc
2.5
11, 85%
NaOH, EtOH

———— Retinol (1)
reflux 82%

Scheme 4. Retinol synthesis.
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dehydrosulfonation reaction 4produces a E-double bond in
the Julia sulfone olefination.’ Dehydrosulfonation at C(7,8)
in the compound 11 proceeded rapidly even at room
temperature presumably due to steric congestion, however,
dehydrosulfonation at C(11,12) requires a stronger con-
dition of boiling EtOH.

The Julia olefination reaction of the chain-extended allylic
sulfone 10 with the C;g chain termination unit 6 in
combination with the Ramberg-Bécklund reaction produced
B-carotene (2). The coupling reaction of the C,5 disulfone
10 (2 equiv) with the C;( unit 6 (1 equiv) provided the Cyo
compound 12 (Scheme 5). To complete the deprotonation
and the coupling reaction at the secondary a-carbon to the
benzenesulfonyl group in compound 10, 2 equiv n-BuLi
was used as a base to give the optimized yield of 82%.
Chemoselective oxidation of the bisallylic sulfide 12 to the
corresponding bisallylic sulfone 13 proceeded by H,O,
(2.5 equiv) under LiNbMoOg catalyst (0.05 equiv) in 80%
yield,"* where MeCN was used as a solvent to improve the
solubility of the compound 12 containing tetra-benzenesul-
fonyl groups. The Ramberg-Bécklund reaction of bisallylic
sulfone 13 under Meyers condition'> produced the Cg
compound 14 containing the central triene moiety. It was
necessary to apply the dehydrosulfonation reaction to the
crude product 14 without purification because the Cyo
compound 14 was not stable under air, and furthermore,
some of the premature dehydrosulfonation products at C(7)
were also observed at the Ramberg-Bécklund reaction stage.
Dehydrosulfonation reaction of the crude product 14 under
excess NaOEt in refluxing EtOH, which presumably
allowed thermal isomerization of the (Z)-isomers, then
produced all-(E)-B-carotene (2) in 71% overall yield after
two steps from the bisallylic sulfone 13.

1. n-BuLi LiNbMoOg
0 H,O
10 O—C> /Kﬂ &/L —2=2, J\/\ /\)\
26 R S R CHCN R 2 R
00
12, 82% 13, 80%
SO,Ph  SO,Ph KOH
R= Z t-BuOH
| CCly
NaOEt, EtOH
B-Carotene (2) +————— o "Xy R
71% from 13 reflux 14

Scheme 5. B-Carotene synthesis.

3. Conclusion

We have developed a general and systematic synthetic
method of carotenoid natural products. This biomimetic
approach highlights the use of the Cs chain extension unit 4
and the Cs and the C( chain termination units 5 and 6 that
are prepared from the common intermediate 8 in a highly
efficient way. The usefulness and general applicability of
our systematic approach have been demonstrated in the
synthesis of retinol (1) and B-carotene (2). This approach for
carotenoid syntheses can be applied to the systematic
syntheses of other isoprenoid natural products including
terpenoids and steroids, which have the same biogenetic
origin as the carotenoid compounds.

4. Experimental

4.1. General information

'"H (300 MHz) and '>C NMR (75.5 MHz) spectra were
recorded in deuterated chloroform (CDCl3). Solvents for
extraction and chromatography were reagent grade and used
as received. The column chromatography was performed by
the method of Still with silica gel 60, 230—-400 mesh ASTM
supplied by Merck. Solvents used as reaction media were
dried over pre-dried molecular sieve (4 A) by microwave
oven. All reactions were performed under a dry argon
atmosphere in oven-dried glassware except for those used
H,O as a reaction medium.

4.2. Bis(4-chloro-3-methyl-2-butenyl) sulfide (6)

To a stirred solution of 1-bromo-4-chloro-3-methyl-2-
butene (8) (15.6 g, 80.7 mmol) in THF (100 mL) at 0 °C
was added Na,S (6.76 g, 40.3 mmol). The reaction mixture
was stirred at that temperature for 6 h, and H,O was added.
The mixture was extracted with ether, washed with H,O,
dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. The crude product was purified
by SiO, flash column chromatography to give 6 [7.83 g,
32.7 mmol; (E,E):(E,Z)=5:1] in 81% yield.

4.2.1. Data for (E,E)-6.” "H NMR 6 1.78 (s, 6H), 3.10 (d,
J=17.6 Hz, 4H), 4.03 (s, 4H), 5.62 (t, J=7.6 Hz, 2H) ppm.
Data for (E,Z)-6: "H NMR 6 1.78 (s, 3H), 1.83 (s, 3H), 3.10
(d, J=7.6 Hz, 2H), 3.12 (d, J=8.1 Hz, 2H), 4.01 (s, 2H),
4.03 (s, 2H), 5.44 (t, J=38.1 Hz, 1H), 5.62 (t, J=7.6 Hz, 1H)
ppm.

4.3. 3-Methyl-5-(2,6,6-trimethyl-1-cyclohexenyl)-1,5-
dibenzenesulfonyl-2-pentene (10)

To a stirred solution of 3 (2.78 g, 10.00 mmol) in THF
(50 mL) at 0°C was added 1.6 M solution of n-BuLi in
hexane (7.5 mL, 12.00 mmol). The mixture was stirred for
1h, and a solution of 4 (2.55¢g, 12.00 mmol) in THF
(10 mL) was added. The mixture was stirred at 0 °C for
1.5 h, quenched with 1 M HCI (20 mL), and extracted with
ether. The organic layer was washed with 1 M HCI and
H,O, dried over anhydrous Na,SQ,, filtered, and concen-
trated under reduced pressure. The crude product was
purified by silica gel column chromatography to give 9"
(2.96 g, 8.71 mmol) in 87% yield.

To a stirred solution of 9 (2.94 g, 6.50 mmol) in CH;0OH
(30 mL) and benzene (10 mL) at 0°C were added
LiNbMoOg (94 mg, 0.30 mmol) and 30% H,O, solution
(1.84 g, 16.25 mmol). The reaction mixture was warmed up
and stirred at 25°C for 6 h, and most of solvent was
removed under reduced pressure. The crude material was
diluted with CHCI; (50 mL), washed with H,O, dried over
anhydrous Na,SQOy, filtered, and concentrated under reduced
pressure. The crude product was purified by silica gel flash
column chromatography to give 10 (2.83 g, 5.80 mmol) in
90% yield. The product was further purified by recrystalli-
zation with ether to give the (E)-10 (2.55 g, 5.23 mmol) in
72% yield.
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4.3.1. Data for (E)-10. "H NMR 6 0.76 (s, 3H), 0.98 (s, 3H),
1.11 (s, 3H), 1.33-1.60 (m, 4H), 1.95-2.18 (m, 2H), 1.99 (s,
3H), 2.57 (d of ABq, Jag=14.6 Hz, J;=6.2 Hz, 1H), 3.10
(d of ABq, Jag=14.6 Hz, J4=7.1 Hz, 1H), 3.64 (d of ABq,
JAB: 154 HZ, Jd:78 HZ, 1H), 3.70 (d of ABq, JAB:
15.4 Hz, J4="7.8 Hz, 1H), 3.87 (dd, J=7.1, 6.2 Hz, 1H),
5.23 (dt, J4=1.0 Hz, J,=7.8 Hz, 1H), 7.43-7.70 (m, 6H),
7.76-7.93 (m, 4H) ppm; >°C NMR ¢ 15.7, 18.9, 23.3, 28 4,
28.9,34.5, 36.0, 39.6, 41.1, 55.9, 65.2, 114.7, 128.2, 128.5,
128.8, 129.1, 130.5, 133.2, 133.7, 138.2, 138.7, 141.6 ppm;
IR (KBr) 1448, 1385, 1144, 1084 cm™'; HRMS (CI ™)
calcd for C»7H3504S, 487.1977, found 487.1990.

4.4. 1-Acetoxy-5,9-dibenzenesulfonyl-3,7-dimethyl-9-
(2,6,6-trimethyl-1-cyclohexenyl)-2,6-nonadiene (11)

To a stirred solution of 10 (0.50 g, 1.03 mmol) in DMF
(20 mL) at —20 °C was added -BuOK (0.29 g, 2.47 mmol).
The mixture was stirred at that temperature for 1 h, and a
solution of Cs chloroacetate 5 (0.25 g, 1.54 mmol) in
DMF (5 mL) was added. The resulting mixture was stirred
at —20 °C for 3 h, and 2 M HCl solution (10 mL) was added
to quench the reaction. The mixture was extracted with
ether, washed with H,O, dried over anhydrous Na,SOy,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel flash column chroma-
tography to give 11 (0.54 g, 0.88 mmol) in 85% yield, which
was a 2:1 mixture of diastereomers

4.4.1. Data for the major isomer of 11. '"H NMR 6 0.68 (s,
3H), 0.80 (s, 3H), 1.12 (s, 3H), 1.27-1.68 (m, 4H), 1.57 (s,
3H), 1.95-2.09 (m, 2H), 1.96 (s, 3H), 2.01 (s, 3H), 2.24 (dd,
J=14.3, 11.3 Hz, 1H), 2.62 (dd, J=15.0, 5.9 Hz, 1H), 2.87
(brd, J=14.3 Hz, 1H), 3.05 (dd, /=15.0, 5.9 Hz, 1H), 3.78
(t, J=59 Hz, 1H), 3.91 (ddd, J=11.3, 10.3, 3.3 Hz, 1H),
4.38-4.55 (m, 2H), 4.95 (d, J=10.3 Hz, 1H), 5.28 (t, J=
6.7 Hz, 1H), 7.47-7.70 (m, 6H), 7.75-7.95 (m, 4H) ppm;
BC NMR 6 15.9, 16.3, 18.9, 20.9, 23.5, 28.7, 28.7, 34.5,
35.6, 38.4, 39.5, 41.6, 60.9, 63.0, 65.6, 120.8, 122.3, 128.8,
129.0, 129.0, 129.4, 131.5, 133.4, 133.8, 136.2, 137.3,
138.0, 140.9, 142.1, 170.9 ppm; IR (KBr) 2934, 1737, 1446,
1304, 1233, 1145cm™~'; HRMS (FAB™) caled for
C22H3302 (C34H450682_2C6H6802) 3292481, found
329.2485.

4.5. Retinol (1)*

To a stirred solution of 11 (7.53 g, 12.27 mmol) in 99.9%
EtOH (100 mL) was added NaOH (4.91 g, 0.12 mol). The
mixture was stirred at room temperature for 1 h and then
heated to reflux for 15 h. The reaction mixture was cooled to
room temperature, and most of the solvent was removed
under reduced pressure. The mixture was carefully treated
with H,O and 3 M HCI (40 mL) solution, extracted with
CHCl;, washed with H,O, dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. The crude
product which contained a small amount (less than 10%) of
13-(Z)-retinol was purified by silica gel flash column
chromatography to give all-(E)-retinol (1) (2.88 g,
10.06 mmol) in 82% yield.

4.6. Bis[3,7-dimethyl-5,9-dibenzenesulfonyl-9-(2,6,6-
trimethyl-1-cyclohexenyl)-2,6-nonadienyl] sulfide (12)

To a stirred solution of 10 (4.00 g, 8.21 mmol) in THF
(50 mL) at 0 °C was added 1.6 M solution of n-BuLi in
hexane (11.3 mL, 18.1 mmol). The mixture was stirred at
that temperature for 20 min, and a solution of 6 (1.18 g,
4.11 mmol) in THF (15 mL) was added. The resulting
mixture was stirred at 0 °C for 1 h, quenched with 1 M HCI
solution, extracted with ether, washed with H,O, dried over
anhydrous Na,SQy, filtered and concentrated under reduced
pressure. The crude product was purified by silica gel flash
column chromatography to give 12 (3.85 g, 6.75 mmol) in
82% yield. This coupling product was composed of a
mixture of diastereomers, which were not easily separable.

4.6.1. Data for the major diastereomer of 12. '"H NMR &
0.77 (s, 6H), 0.82 (s, 6H), 1.16 (s, 6H), 1.23-1.43 (m, 4H),
1.43-1.52 (m, 4H), 1.50 (s, 6H), 1.86-2.12 (m, 4H), 1.97 (s,
6H), 2.03-2.32 (m, 2H), 2.44-3.00 (m, 6H), 2.90-3.20 (m,
4H), 3.72-3.99 (m, 4H), 4.83-5.00 (m, 2H), 5.12-5.27 (m,
2H), 7.43-7.68 (m, 12H), 7.74-7.95 (m, 8H) ppm; '*C NMR
0 15.8, 18.7, 23.2, 28.5, 28.7, 34.4, 35.5, 35.7, 38.4, 39.4,
40.9, 414, 62.6, 654, 120.7, 124.3, 124.9, 128.6, 128.9,
129.0, 129.0, 131.3, 133.4, 133.7, 137.4, 137.7, 140.9,
141.8 ppm; IR (KBr) 2931, 1447, 1304, 1144 cm ™~ '; HRMS
(FAB+) calcd for C52H7]S304 [C64H838508_2X
(CcHeSO,)] 855.4514, found 855.4511.

4.7. Bis[3,7-dimethyl-5,9-dibenzenesulfonyl-9-(2,6,6-
trimethyl-1-cyclohexenyl)-2,6-nonadienyl] sulfone (13)

To a stirred solution of 12 (1.61 g, 1.41 mmol) in MeCN
(20 mL) at 0 °C were added LiNbMoOg (20 mg, 0.07 mmol)
and a 35% aqueous solution of H,O, (0.34 g, 3.53 mmol).
The resulting mixture was stirred at 0 °C for 1 h and at room
temperature for 12 h. The mixture was then extracted with
CH,Cl,, washed with 1M HCI and H,O, dried over
anhydrous Na,SOy, filtered, and concentrated under reduced
pressure. The crude product was purified by silica gel
column chromatography to give 13 (1.36 g, 1.13 mmol) in
80% yield. This coupled product was composed of a mixture
of diastereomers, which were not easily separable.

4.7.1. Data for the major diastereomer of 13. 'H NMR 6
0.67 (s, 6H), 0.79 (s, 6H), 1.28 (s, 6H), 1.23-1.54 (m, 8H),
1.67 (s, 6H), 1.93-2.03 (m, 4H), 2.00 (s, 6H), 2.05-2.66 (m,
4H), 2.71-2.92 (m, 2H), 2.98-3.32 (m, 2H), 3.42-3.70 (m,
4H), 3.74-4.02 (m, 4H), 4.86-5.10 (m, 2H), 5.13-5.40 (m,
2H), 7.45-7.69 (m, 12H), 7.72-7.92 (m, 8H) ppm; *C NMR
0 15.8, 18.9, 23.4, 28.4, 28.7, 34.6, 35.7, 36.1, 38.4, 39.5,
41.5, 51.7, 62.3, 654, 113.8, 114.5, 120.4, 128.6, 129.0,
129.0, 129.2, 131.1, 133.5, 133.8, 137.2, 137.8, 140.8,
142.2 ppm; IR (KBr) 2931, 1447, 1305, 1144 cm ™~ '; HRMS
(FAB™) caled for CueHesS204 [CesHg3S5010—3 X
(Ce¢HgSO,)] 745.4324, found 745.4333.

4.8. B-Carotene (2)>7

To a stirred solution of 13 (0.98 g, 0.84 mmol, 1 equiv) in
CCly (15mL) and ~BuOH (10 mL) at 0°C was added
pulverized KOH (0.47 g, 8.36 mmol, 10 equiv). The result-
ing mixture was stirred at 0°C for 1h and at room
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temperature for 10 h, and carefully quenched with H,O. The
mixture was then neutralized with 1M HCI (10 mL),
extracted with CH,Cl,, dried over anhydrous Na,SOy,
filtered, and concentrated under reduced pressure. The crude
product (1.15 g) was not stable and directly used for the next
dehydrosulfonation reaction without purification.

A solution of the crude product 14 (1.15 g) in 99.9% EtOH
(20 mL) was added to a solution of NaOEt which was
prepared by adding Na (1.20 g, 52.14 mmol) to 99.9%
EtOH (50 mL). The resulting mixture was heated to reflux
for 12 h, and cooled to room temperature. Most of the
solvent was removed under reduced pressure. The crude
mixture was treated with 1 M HCI solution, extracted with
CHCl;, washed with H,O, dried over anhydrous Na,;SOy,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel flash column chroma-
tography to give all-(E)-B-carotene (2) (0.32 g, 0.60 mmol)
in 71% overall yield from 13.
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Abstract—The stereoselective conversion of (4R)-5-hydr(3xy-4-(4’ -methoxyphenyl)-2(E)-pentenoate 4 into the (45)-4-hydroxy-5-(4'-
methoxyphenyl)-2(E)-pentenoate 5 using the AgNO;/MS 4 A/MeNO, system was accomplished along with complete inversion at the Cy-
position, and the synthesis of the intermediate (45)-7 for the chiral synthesis of (—)-anisomycin 6 from (4S5)-7 based on osmium tetroxide-

catalyzed stereoselective hydroxylation was achieved.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

We previously reported that silica gel promotes the
y-lactonization and the concomitant 1,2-aryl migration of
4-aryl-5-tosyloxy pentanoate 1 to give y-lactone 2 along
with complete inversion in high yield.? In the case of this
reaction, an intramolecular attack of the ester carbonyl
group to the o-bridged phenonium ion A proceeded
selectively at the C4-position to provide the vy-lactone. If
the 4-aryl-5-tosyloxy-2(E)-pentenoate 3 is subjected to
solvolysis in the presence of a nucleophile, 1,2-aryl
migration followed by intermolecular nucleophilic substi-
tution along with inversion at the C,-position should occur
to afford the 5-aryl-4-substituted-2(E)-pentenoate deriva-
tives B. However, this type of reaction has not been reported
so far. In this paper, we wish to report both the possibility of
the above-mentioned reaction and its stereochemical course.
After the reaction was established, we describe the
stereoselective conversion of (4R)-5-hydroxy-4-(4'-
methoxyphenyl)-2(E)-pentenoate 4 into the (45)-4-
hydroxy-5-(4'-methoxyphenyl)-2(E)-pentenoate 5 and its
application to the formal total synthesis of (—)-anisomycin
6 via synthetic intermediate (45)-7.

The antibiotic (—)-anisomycin 6, isolated from the
fermentation broth of Streptomyces sp., was reported to
possess the 2R,3S5,4S absolute conﬁgulraltion.3 (—)-Aniso-
mycin 6 exhibits strong and selective activity against

*See Ref. 1.

Keywords: (—)-Anisomycin; 1,2-Aryl migration; Phenonium ion.
* Corresponding author. Tel.: +81-474-72-1805; fax: +81-474-76-6195;
e-mail: akita@phar.toho-u.ac.jp

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.012

pathogenic protozoa and fungi and has clinically been
used with success in the treatment of vaginitis due
to trichomonas vaginilis and of amoebic dysentery’
(Scheme 1).

2. 1,2-Aryl migration under solvolysis condition

At first, 1,2-aryl migration along with the intermolecular
nucleophilic substitution at the C4-position using (+ )-4 and
(£)-8 was examined. The reported substrate (+)-4* was
treated with Ts,O to give the corresponding tosylate (4 )-9
(96% yield) which was subjected to solvolysis in water-
saturated MeNO, to provide an inseparable mixture of (1 )-
5 and (%)-9. This mixture was subjected to enzymatic
hydrolysis using lipase OF-360 from Candida rugosa to
afford the desired (£)-5 (51% yield) together with the
starting (£)-9 (34% recovery). The structure of (£)-5 was
determined by NMR analysis and finally confirmed by
conversion of (4R)-4 into the synthetic intermediate (45)-7
for (—)-anisomycin 6 as described later in the text. The
second substrate (i)-84 was also converted to the tosylate
(£)-10 (80% yield) which was subjected to solvolysis
under the same conditions as for (4)-9 to afford the 1,2-
migration product (£)-12 (53% yield). The structure of
(£)-12 was confirmed by NMR analysis and the similar
spectrum of (+£)-12 to that of (1)-5. In the case of these
reactions, the reaction rate was found to be sluggish at 90 °C
for 2—4 d. It was apparent that there was no difference in
reactivity between the substrates (+)-9 and (+)-10
(Scheme 2).

Then, the leaving group in the substrate (+)-4 was
exchanged to a bromo group. Bromination of (1 )-4 gave
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the corresponding bromide (+)-13° (83% yield) which was
subjected to solvolysis in the same manner as in the case of
(+)-9 to afford (+)-5 (6% yield) and an inseparable
mixture (+)-13:(£)-14=1.5:1) of the starting (£ )-13 and
an aryl migration product (+)-14 (Scheme 3).

The structure of (£)-14 could be determined by NMR
analysis and the formation of (£)-14 could be presumed to
be attributed to the fact that the liberated bromo ion attacked
again at the C(4)-position of the ¢-bridged phenonium ion C
to provide (£)-14. In order to confirm this presumption,
conversion of the bromo group in (£)-14 to an oxygen
functional group was carried out. The above-mentioned
mixture was treated with AgNOs; in the presence of

(-)-anisomycin 6 OAc

molecular sieves (MS 4 10\) at room temperature for 12 h
to furnish the nitrate (4 )-15 in 63% overall yield from (% )-
13. In order to check an effect on the silver salt, six kinds of
silver salts were examined in H,O-saturated MeNO, and
the results are shown in Table 1.

In the cases of entries 1, 2, 3, 5 and 6, the desired (£ )-5 was
obtained in moderate yield. In the case of using silver
trifluoroacetate (entry 4) and silver nitrate (entry 7),
trifluoroacetate (4)-16 and nitrate (+)-15 were obtained
in addition to (1 )-5, respectively. In terms of the reaction
conditions and reagent usefulness, AgNO3 was found to be a
suitable reagent to trap the generated bromo ion. This result
focuses on the direct formation of (+)-15 from (+)-13.

OMe
MeO. -
LR [(+)5 + (+)9] . () P
+)- +)- +)-9 +
COOR
(34%) 1
X Ry=H +)-11
> coome 1 S
A E X=OH (i)'4 Ri=Me (i)-5 (51 /0)
X=OTs (4)-9 (96%)
. OH
OMe Z COOMe
X = oM
COOMe ® ()12 (53%)
X=OH (£)-8

X=0Ts ()-10 (80%)

Scheme 2. (a) Ts,O/pyridine; (b) H,O/MeNO,, 90 °C, 2 d; (c) lipase OF-360; (d) CH,N,; (e) (1) HyO/MeNO,, 90 °C, 4 d; (2) CH,N,.
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OMe
MeO.
b Br
+)-13 + +)-5 (6%
—>[() + /COOMe (£)-5 (6%)
(+)-14
X =
COOMe (£)-13: (3)-14=15:1 OMe
a I: X=0OH ()-4
X=Br  (+)-13 (83%) Cl
MeO.
= COOMe c Z COOMe

(+)-15 (63% from (+)-13)

#1838 ——————

(#)-15 (91%)

—_—
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Scheme 3. (a) CBr,/Ph;P/CH;CN; (b) H,O/MeNO,, 80°C, 1 d; (c) AgNO3/MeNO,, MS 4A, rt, 12h; (d) AgNO5/MeNO,, MS 4A, rt, 4h; (e)

Zn/NH4OAc/MeOH, 0 °C, 1 h.

(Scheme 3) The reaction of (+)-13 and AgNOs, MS 4 A in
MeNO, at room temperature for 4 h yielded (+)-15 (91%
yield) which was treated with Zn and NH,OAc in MeOH to
give the desired (1)-5 in 88% yield from (+)-13. This
reaction was explained as follows. When substrates
possessing a methoxyl group at least at the ortho and/or
para positions of the phenyl group are applied, this type
reaction should occur because electrophilicity of the
presumed phenonium ion is adequately high. This presump-
tion should be supported by the fact that tosylate 1
possessing a methoxyl group at least at the 2/, 4’ and 6’
positions of the phenyl ring afforded y-lactone 2 in good
yield.? From the above-mentioned experiment of this type
reaction, MeNO, was regarded as the best reaction solvent
and the presence of Agt was essential. Oxygen nucleo-
philes such as the hydroxyl, trifluoroacetoxyl and nitrate
groups were considered to be active, while nitrogen
nucleophiles such as the azide ion, primary or secondary
amines and phthalimide, and AgCN were inactive, to afford
the starting (£)-13.

3. Confirmation of the stereochemical course and formal
synthesis of (—)-anisomycin 6

In order to clarify the stereochemical course of the above-
mentioned reaction, the synthesis of (4R)-4 from (4R)-4,5-
epoxy-2(E)-pentenoate 17 is required because the reaction
of (£)-17 and anisole in the presence of BF;-Et,O was
reported to afford (1 )-4 as a main product.4 (Scheme 4) The
synthesis of (4R)-17 was carried out by way of the following
process from the commercially available (E)-unsaturated
ester (45)-18. By applying the reported procedure,’
subsequent treatment of (45)-18 with 80% aqueous AcOH
at 80 °C afforded the diol (4S)-19 in quantitative yield.
Bromination of (45)-19 with CBr,4 and triphenylphosphine
in CH,Cl, at reflux provided a mixture of bromohydrins
(45)-20 and (4R)-21. This mixture was subjected to
silylation followed by chromatographic separation to give
the desired (45)-20 (32% overall yield from (45)-18) and
(4R)-22 (15% overall yield from (45)-18). The bromohydrin
(45)-20 was treated with K,CO5; in MeOH to afford the

Table 1.
OMe
MeO.
Ro
Ag salt
=
HoO / MeNO, COOMe
Br: R>=0OH (2)-5
Zcoowe Rp=OCOCF +)-16
()-13 (ca. 0.4 g) 2= s @
R>=0ONO, (£)-15
Entry Ag salt (equiv) Temperature Time (h) Products (%)
1 Ag(CF;S05) (2.0) —20to 0°C 1 (£)-5 (42%)
2 AgClO, (2.0) 0°C—rt 1 (£)-5 (38%)
3 AgClOy (0.8) 0°C—1t 1 (£)-5 (61%)
4 Ag(CF;COO0) (2.0) rt 1 (£)-5+(%£)-16 (59%)*
5 Ag,CO; (2.0) 80 °C 15 (£)-5 (49%)
6 Ag,S0, (2.0) 80 °C 15 (£)-5 (32%)
7 AgNO; (2.0) 1t 21 (£)-5 (28%) + (£)-15 (47%)

* Yield after conversion of a mixture of (+)-5 and (+)-16 into (+)-5.
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Scheme 4. (a) 80% AcOH agq.; (b) CBry/Ph;P/CH,Cl,; (c) ’BuMFzSiCl/imidazo]e/DMF; (d) K,COs/MeOH; (e) PhCH,OH/BF; - Et,O/CH,Cl,; (f) AlCl3/m-
xylene/CH,Cl,; (g) anisole/BF;-Et,O/CH,Cl,; (h) AgNO3/MS 4 A/MeNO; (i) Zn/NH,0Ac/MeOH,; (j) (1) OsO4/N-methylmorpholine N-oxide/acetone—H,0O,
(2) recrystallization; (k) MOM-Cl/diisoproethylpylamine/MeCN; (1) Dibal-H/benzene.

desired (45)-4,5-epoxy-2(E)-pentenoate 17 in 85% yield.
Optical purity of the present (45)-17 was estimated to be
93% ee by means of HPLC analysis. Conversion of (45)-17
into (4R)-17 without loss of optical purity was carried out by
modification of the reported procedure.” The reaction of
(45)-17 with benzyl alcohol in the presence of BF;-Et,O
gave (4R)-23 ([a]lp= —57.0 (c=0.52, CHCIl3) correspond-
ing to 93% ee) in 55% yield. Bromination of (4R)-23
provided (4R)-24 ([a]lp= —40.2 (¢c=0.52, CHCl3) corre-
sponding to 93% ee; 95% yield)) followed by deprotection
of the benzyl group using the AICly/m-xylene system’
afforded bromohydrin (4R)-20 ([a]p —2.50 (¢=0.52,
CHCl3) in 87% yield. An alkaline treatment of (4R)-20
yielded the desired (4R)-17 ([a]p 29.1 (¢=0.51,
CHCI;3) corresponding to 93% ee) in 85% yield. The
reaction of (4R)-17 and anisole in the presence of BF;-Et,O
followed by enzymatic separation gave (4R)-4 ([a]p=
+2.00 (¢=0.51, CHCI3) corresponding to 93% ee; 47%
yield) and (4R)-8 ([a]lp= +17.7 (¢=0.50, CHCl3) corre-
sponding to 93% ee; 14% yield). The former (4R)-4 was
converted into the bromide (4R)-13 ([a]p= +3.00 (c=0.5,

CHCl3) in 92% yield in the same way as (4 )-13. Treatment
of (4R)-13 with AgNO; and MS 4 A in MeNO, furnished
the nitrate (45)-15 ([a]p=+15.9 (¢=0.51, CHCI;); 91%
yield) which was converted to the desired (45)-5 ([alp=
+1.00 (¢=0.5, CHCI;) corresponding to 93% ee) in 87%
yield in the same way as in the case of (4)-15. Osmium
tetroxide-catalyzed dihydroxylation followed by treatment
with N-methylmorpholine N-oxide gave the 3,4-anti-y-
lactone (45)-25 ([alp=—72.2 (c=0.41, MeOH)
corresponding to 93% ee; 78% yield) and the 3,4-syn-
diastereomer ([a]p 86.0 (c=0.11, MeOH); 2% yield).
This high diastereoselectivity (3,4-anti: 3,4-syn=139:1) was
understood by the reported explanation.® A transition state
D in which the carbon—oxygen bond is near the plane of the
conjugated double bond is compatible with the observed
stereochemical course of the hydroxylation reaction. Pre-
sumably, this conformation results from a favorable
interaction between the p-orbital of the double bond and
an unshared pair on the y-oxygen. Consequently, osmium
tetroxide attacks from the less stereochemically hindered
B-side. Recrystallization of the 93% ee of (4S5)-25 afforded
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the enantiomerically pure (4S5)-25. Treatment of (45)-25
with chloromethyl methyl ether (MOM-CI) furnished the di-
MOM ether (45)-26 ([a]lp= —19.7 (¢c=0.49, CHCl;); 78%
yield). Reduction of (45)-26 with Dibal-H gave the (45)-diol
7 ([a]lp=—39.3 (¢=0.51, MeOH)) in 81% yield, whose
spectral data were identical with those ([a]p= —22.7 (c=
16.21, MeOH) and 'H NMR) of the reported (4S5)-7.” The
synthesis of (—)-anisomycin 6 from (45)-7 is already
achieved.” From these experiments, conversion of the
bromide (4R)-13 into the nitrate (45)-15 from a stereo-
chemical point of view was found to occur along with
complete inversion at the Cy-position. In conclusion, the
stereoselective conversion of (4R)-5-hydroxy-4-(4'-
methoxypheny)-2(E)-pentenoate 4 into the (45)-4-
hydroxy—5—(4’-methgxyphenyl)-2(E)-penten0ate 5 using
the AgNO3;/MS 4 A/MeNO, system was accomplished
along with complete inversion at the C4-position, and the
synthesis of the intermediate (4S5)-7 for the chiral synthesis
of (—)-anisomycin 6 from (4S)-5 based on osmium
tetroxide-catalyzed stereoselective hydroxylation was
achieved.

4. Experimental
4.1. General

All melting points were measured on a Yanaco MP-3S
micro melting point apparatus and are uncorrected. 'H NMR
spectra were recorded by a JEOL EX 400 spectrometer
(Tokyo, Japan). Spectra were taken with 5-10% (w/v)
solution in CDCl; with Me,Si as an internal reference.
High-resolution mass spectra (HRMS) and the fast atom
bombardment mass spectra (FAB MS) were obtained with a
JEOL JMS-DX 303 (matrix; glycerol, m-nitrobenzyl
alcohol) spectrometer. IR spectra were recorded on a
JASCO FT/IR-300 spectrometer. The HPLC system was
composed of a detector (UV detector SSC-5200, Senshu),
pump (SSC-3210, Senshu) and integrator (chromatocorder
SIC 21). HPLC analysis conditions were as follows;
column: CHIRALCEL AS, eluent: n-hexane/EtOH=
100:1, Detection: UV at 254 nm, Flow rate; 1 mL/min. All
evaporations were performed under reduced pressure. For
column chromatography, silica gel (Kieselgel 60) was
employed.

4.1.1. () Methyl 4-(4'-methoxyphenyl)-5-tosyloxy-2(E)-
pentenoate 9. A mixture of (£)-4 (2.774 g, 11.7 mmol),
p-toluenesulfonic anhydride (Ts,O, 4.60 g, 14.1 mmol),
pyridine (1.40 g, 17.7 mmol) in benzene (25 mL) was
stirred for 2 d at 50 °C. The generated precipitate was
filtered off with the aid of celite and the filtrate was washed
with 1 M aqueous HCI and 7% aqueous NaHCO;. The
organic layer was dried over MgSO, and evaporated to give
a residue, which was chromatographed on silica gel (80 g,
n-hexane/AcOEt=15:1) to afford (£)-9 (4.393 g, 96%) as a
colorless oil. (£)-9: IR (neat): 1722 cm ™~ '; "HNMR: 6 2.44
(3H, s), 3.71 (3H, s), 3.76 (1H, br.q, /=8 Hz), 3.79 (3H, s),
4.20 (2H, d, /=7 Hz), 5.79 (1H, dd, J=2, 16 Hz), 6.81 (2H,
d, /=8 Hz), 6.97 (1H, dd, /=8, 16 Hz), 7.00 (2H, d, J=
8 Hz), 7.30 (2H, d, /=8 Hz), 7.70 (2H, d, /=8 Hz). Anal.
Calcd for C,0H»,SOg: C, 61.52; H, 5.68. Found: C, 61.32;
H, 5.56. MS (FAB) m/z: 391 M™ +1).

4.1.2. (1) Methyl 4-(2'-methoxyphenyl)-5-tosyloxy-2(E)-
pentenoate 10. A mixture of (£)-8 (1.042 g, 4.41 mmol),
p-toluenesulfonic anhydride (Ts,O, 1.73 g, 5.3 mmol),
pyridine (2 mL) in benzene (15 mL) was stirred for 3 d at
50 °C. The reaction mixture was worked up in the same way
for (£)-9 to afford (1)-10 (1.38 g, 80%) as a colorless oil.
(£)-9: IR (neat): 1722 cm ™ '; "TH NMR: 6 2.44 (3H, 5), 3.71
(3H, s), 3.73 (3H, s), 4.16 (1H, q, J=10 Hz), 4.26 (1H, dd,
J=6, 10 Hz), 4.30 (1H, dd, /=7, 10 Hz), 5.80 (1H, dd, J=
2,16 Hz), 6.81 (1H, d, J=8 Hz), 6.87 (1H, t, /=8 Hz), 7.00
(1H, dd, /=2, 8 Hz), 7.02 (1H, dd, /=8, 16 Hz), 7.23 (1H,
dt, /=2, 8 Hz), 7.295 (2H, d, /=8 Hz), 7.69 (2H, d, J=
9 Hz). Anal. Calcd for C,o0H»,SOg: C, 61.52; H, 5.68.
Found: C, 61.09; H, 5.87. MS (FAB) m/z: 391 M ™ +1).

4.1.3. Solvolysis of (1)-9. A solution of (£)-9 (0.500 g,
1.28 mmol) in water-saturated nitromethane (50 mL) was
stirred for 2 d at 90 °C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO, and evaporated to give a residue. A
suspension of the above-mentioned residue and lipase OF-
360 from Candida rugosa (0.20 g) in phosphate buffer (pH
7.4, 150 mL) was stirred for 3 d at 33 °C. The reaction
mixture was extracted with ether and the organic layer was
dried over MgSO,. Evaporation of the organic solvent
gave a residue, which was chromatographed on silica gel
(20 g, n-hexane/AcOEt=5:1) to afford (1)-9 (0.170 g,
34% recovery). On the other hand, the water layer was
acidified with 1 M aqueous HCI and extracted with ether.
Evaporation of the organic solvent gave a residue (+)-11,
which was treated with CH,N,—ether solution to afford an
oil. It was chromatographed on silica gel (20 g, n-hexane/
AcOEt=5:1) to afford (£)-5 (0.153 g, 51%) as a colorless
oil. (#)-5: IR (neat): 3456, 1722 cm ™ '; '"H NMR: 6 2.12
(1H, br.s), 2.73 (1H, dd, /=38, 14 Hz), 2.88 (1H, dd, /=5,
14 Hz), 3.73 (3H, s), 3.78 (3H, s), 4.47 (1H, dq, J=2, 5 Hz),
6.05 (1H, dd, /=2, 16 Hz), 6.85 (2H, d, /=8 Hz), 6.99 (1H,
dd, /=5, 16 Hz), 7.13 (2H, d, J=8 Hz). Anal. Calcd for
C3H;604: C, 66.09; H, 6.83. Found: C, 65.95; H, 6.85. MS
(FAB) m/z: 237 M ™ +1).

4.1.4. Solvolysis of (1)-10. A solution of (£)-10 (0.251 g,
0.64 mmol) in water-saturated nitromethane (40 mL) was
stirred for 4 d at 90 °C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO, and evaporated to give a residue, which
was treated with CH,N,—ether solution to afford an oil. It
was chromatographed on silica gel (20 g, n-hexane/
AcOEt=>5:1) to afford (£)-12 (0.081 g, 53%) as a colorless
oil. ()-12: IR (neat): 3451, 1717 cm ™ '; '"H NMR: 6 2.49
(1H, br.s), 2.82 (1H, dd, J=8, 14 Hz), 3.01 (1H, dd, J=5,
14 Hz), 3.73 (3H, s), 3.84 (3H, s), 4.56 (1H, ddt, J=2, 5,
5 Hz), 6.06 (1H, dd, /=2, 16 Hz), 6.88 (1H, br.d, /=9 Hz),
6.92 (1H, t, /=8 Hz), 7.02 (1H, dd, /=5, 16 Hz), 7.13 (1H,
dd, /=2, 8 Hz), 7.24 (1H, t, /=8 Hz). Anal. Calcd for
C13H16O4: C, 6609, H, 6.83. Found: C, 6567, H, 6.80. MS
(FAB) m/z: 237 M ™ +1).

4.1.5. () Methyl-5-bromo-4-(4’-methoxyphenyl)-2(E)-
pentenoate 13. To a solution of (£ )-4 (2.012 g, 8.52 mmol)
in MeCN (40 mL) were added triphenyl phosphine (Ph;P;
10.06 g, 38.4 mmol) and N-bromosuccinimide (NBS;
6.83 g, 38.3 mmol) at 0 °C and the reaction mixture was
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stirred for 2 h at room temperature. The reaction mixture
was diluted with water and extracted with ether. The organic
layer was dried over MgSO, and evaporated to give a
residue, which was chromatographed on silica gel (80 g,
n-hexane/AcOEt=>5:1) to afford (£)-13 (2.104 g, 83%) as
a colorless oil. (#+)-13: IR (neat): 1723 cm ™ 1. TH NMR: 6
3.60 (2H, dd, /=2, 7 Hz), 3.73 (3H, s), 3.79 (3H, s), 3.80
(1H, br.q, J=7 Hz), 5.88 (1H, dd, J=2, 16 Hz), 6.88
(2H, d, /=9 Hz), 7.09 (1H, dd, /=8, 16 Hz), 7.11 (2H, d,
J=9Hz). Anal. Calcd for C3H;sBrOs: C, 52.19; H,
5.05. Found: C, 52.48; H, 4.64. MS (FAB) m/z: 299, 301
M*+1).

4.1.6. Solvolysis of (£)-13. A solution of (1)-13 (0.500 g,
1.67 mmol) in water-saturated nitromethane (20 mL) was
stirred for 12 h at 80 °C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO, and evaporated to give a residue, which
was chromatographed on silica gel (20 g) to afford a mixture
(0.382 g) of (£)-13 and (+£)-14 from n-hexane/AcOEt=
10:1eluent and (£)-5 (0.024 g, 6%) from n-hexane/
AcOEt=>5:1eluent. To a solution of this mixture (0.382 g)
in MeNO, (10 mL) were added molecular sieves (4 A;
0.5 g) and silver nitrate (AgNO3; 0.43 g, 2.53 mmol) and the
whole mixture was stirred for 12 h at room temperature. The
generated precipitate was filtered off with the aid of celite
and the filtrate was diluted with water and ether. The organic
layer was washed with brine and dried over MgSO,.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (20 g, n-hexane/
AcOEt=30:1) to afford (£)-15 (0.298 g, 63% overall
yield) as a colorless oil. (+)-15: IR (neat): 1726 cm ™ '; 'H
NMR: 2.93 (1H, dd, J=6, 14 Hz), 3.03 (1H, dd, J=7,
15 Hz), 3.75 (3H, s), 3.79 (3H, s), 5.58 (1H, dq, /=2, 6 Hz),
6.01 (1H, dd, /=2, 16 Hz), 6.84 (1H, dd, /=6, 16 Hz), 6.85
(2H, d, /=8 Hz), 7.12 (2H, d, /=8 Hz). Anal. Calcd for
C3HsNOg: C, 55.51; H, 5.38; N, 4.98. Found: C, 55.77; H,
5.32; N, 5.02. MS (FAB) m/z: 281 (M™).

4.1.7. Solvolysis of (£)-13 (Table 1).

1) To a solution of (£)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver trifrate
(Ag(CF3S03); 0.683 g, 2.66 mmol) and the whole
mixture was stirred for 1h at 0°C. The generated
precipitate was filtered off with the aid of celite and the
filtrate was diluted with water and ether. The organic
layer was washed with brine and dried over MgSQO,.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (10 g, n-hexane/
AcOEt=15:1) to afford (£)-5 (0.132 g, 42%).

2) To a solution of (£)-13 (0.403 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
perchlorate (AgClOy4; 0.555 g, 2.68 mmol) and the
whole mixture was stirred for 1 h at 0 °C. The reaction
mixture was worked up in the same way as 1) to afford
(£)-5(0.119 g, 38%).

3) To a solution of (£)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver
perchlorate (AgClOy4; 0.220 g, 1.06 mmol) and the
whole mixture was stirred for 1 h at 0 °C. The reaction
mixture was worked up in the same way as 1) to afford
(£)-5(0.193 g, 61%).

4) To a solution of (1)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
trifluoroacetate (Ag(CF;COO); 0.592 g, 2.68 mmol)
and the whole mixture was stirred for 1 h at room
temperature. The reaction mixture was worked up in the
same way as 1) to afford a mixture (0.42 g) of (£)-5 and
(£)-16. To a solution of the above mixture in MeOH
(8 mL) was added K,COsz; (90 mg) and the whole
mixture was stirred for 1.5 h at room temperature. The
reaction mixture was diluted with water and extracted
with ether. The organic layer was washed with brine and
dried over MgSO,. Evaporation of the organic solvent
gave a residue, which was chromatographed on silica
gel (10 g, n-hexane/AcOEt=15:1) to afford (%)-5
(0.188 g, 59%).

5) To a solution of (£)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
carbonate (Ag,COj3; 0.739 g, 2.68 mmol) and the
whole mixture was stirred for 15 h at 80 °C. The reaction
mixture was worked up in the same way as 1) to afford
(£)-5(0.155 g, 49%).

6) To a solution of (£)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver sulfate
(AgrS0y4; 0.835 g, 2.68 mmol) and the whole mixture
was stirred for 15 h at 80 °C. The reaction mixture was
worked up in the same way as 1) to afford (%)-5
(0.100 g, 32%).

7) To a solution of (£)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver nitrate
(AgNOj3; 0.451 g, 2.66 mmol) and the whole mixture
was stirred for 21 h at room temperature. The reaction
mixture was worked up in the same way as 1) to afford
(£)-15 (0.175 g, 47%) and (£)-5 (0.087 g, 28%).

4.1.8. Synthesis of (+) methyl-4-hydroxy-5-(4'-methoxy-
phenyl)-2(E)-pentenoate 5 from (1 )-13 via (£)-15. To a
solution of (£)-13 (1.43 g, 4.78 mmol) in nitromethane
(20 mL) were added molecular sieves (4 A; 2.0 g) and silver
nitrate (AgNOs; 1.62 g, 9.54 mmol) and the whole mixture
covered with aluminum foil was stirred for 4 h at room
temperature. The reaction mixture was worked up in the
same way as the previous (£)-15 to give (+)-15 (1.222 g,
91%). To a mixture of Zn-dust (0.7 g) and CH;COONH,4
(0.5 g) in MeOH (5 mL) was added a solution of (+)-15
(0.501 g, 1.78 mmol) in MeOH (5 mL) and the whole
mixture was stirred for 1h at 0 °C. After the generated
precipitate was filtered off with the aid of celite, the filtrate
was diluted with water and ether. The organic layer was
dried over MgSO, and evaporated to give a residue, which
was chromatographed on silica gel (20 g, n-hexane/
AcOEt=5:1) to afford (£)-5 (0.371 g, 88%) as a colorless
oil. The NMR data of the present (£ )-5 were identical with
those of the previous (£)-5.

4.1.9. Methyl (45)-(4,5)-epoxy-2(E)-pentenoate 17. (1) A
solution of commercially available (45)-18 (31.19 g,
0.17 mol) in 80% aqueous AcOH (200 mL) was stirred for
30 min at 80 °C. The reaction mixture was diluted with
toluene and condensed under reduced pressure to give a
crude diol (45)-19 (25.21 g, quantitative yield). (2) To a
solution of (45)-19 (25.21 g) in CH,Cl, (120 mL) were
added Ph;P (16.92 g, 0.0645 mol) and carbon tetrabromide
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(CBry; 21.39 g, 0.0645 mol) and the whole mixture was
refluxed for 1 h with stirring. The reaction mixture was
evaporated to afford a residue, which was chromatographed
on silica gel (150 g, n-hexane/AcOEt=10:1) to provide an
inseparable mixture (18.81 g) of (45)-20 and (4R)-21. (3) To
a solution of the above-mentioned mixture (18.81 g) in
DMF (120 mL) were added imidazole (18.38 g, 0.270 mol)
and fert-butyldimethylsilyl chloride (TBDMSCI; 5.42 g,
0.034 mol) at 0 °C and the whole mixture was stirred for 2 h
at 0 °C. The reaction mixture was diluted with brine and
extracted with ether. The organic layer was dried over
MgSO, and evaporated to provide a residue, which was
chromatographed on silica gel (200 g) to afford an oily (4R)-
22 (8.25 g, 15% overall yield from (45)-18) from n-hexane/
AcOEt=20:1 elute and an oily (45)-20 (11.11g, 32%
overall yield from (45)-18) from n-hexane/AcOEt=35:1
elute, respectively. (45)-20: IR (neat): 3451, 1716 cm ™ '; '"H
NMR: 6 2.72 (1H, d, J=7 Hz), 3.42 (1H, dd, /=7, 11 Hz),
3.57 (1H, dd, /=4, 11 Hz), 3.76 (3H, s), 4.51-4.58 (1H, m),
6.16 (1H, dd, /=2, 16 Hz), 6.88 (1H, dd, J=35, 16 Hz). MS
(FAB) m/z: 209.211 (M*+1). (4R)-22: IR (neat):
1725ecm™"; "H NMR: 6 0.06 (3H, s), 0.07 (3H, s), 0.88
(9H, s), 3.75 (3H, s), 3.83 (1H, dd, /=7, 11 Hz), 3.93 (1H,
dd, J=5, 11 Hz),4.47-4.53 (1H, m), 6.02 (1H, dd, J=1,
15 Hz), 6.93 (1H, dd, /=9, 15 Hz). MS (FAB) m/z: 323.325
M*1+1). (4) A mixture of molecular sieves (3 A 759
and K,CO5 (17.1 g, 0.124 mol) in MeOH (450 mL) was
stirred for 30 min at 0 °C, and (45)-20 (14.42 g, 0.069 mol)
in MeOH (50 mL) was slowly added to the above-
mentioned mixture. The reaction mixture was stirred for
2.5h at 0 °C and filtered with the aid of filter paper. The
MeOH was distilled under ordinary pressure and the
residue was chromatographed on silica gel (200 g,
n-hexane/AcOEt=20:1) to afford (45)-17 (7.51 g, 85%) as
a colorless oil. (45)-17: [« ] =+22.3 (¢=0.51, CHCly)
corresponding to 93% ee by means of HPLC analysis).
(4R)-17: tg=17.1 min, (45)-17: tg=20.0 min. The
NMR data of (45)-17 were identical with those of the
reported (+)-17.%°

4.1.10. Methyl (4R)-(4,5)-epoxy-2(E)-pentenoate 17. (1)
To a solution of (45)-17 (7.62 g, 0.0595 mol) in CH,Cl,
(80 mL) were added benzyl alcohol (PhCH,OH; 32.12 g,
0.298 mol) and BF5-Et,O (8 mL, 0.064 mol) at —20 °C and
the whole mixture was stirred for 1.5 h at 0 °C. The reaction
mixture was diluted with brine and extracted with CH,Cl,.
The organic layer was dried over MgSO, and evaporated to
provide a residue, which was chromatographed on silica gel
(200 g, n-hexane/AcOEt=5:1) to afford (4R)-23 (7.79%4 g,
56%) as a colorless oil. (4R)-23: [a]H = —57.0 (c=0.52,
CHCIl;3) corresponding to 93% ee): IR (neat): 3433,
1721 cm™~'; '"H NMR: 6 3.65 (1H, dd, /=8, 12 Hz), 3.73
(1H, br.dd, /=5, 12 Hz), 3.81 (3H, s), 4.16-4.21 (1H, m),
4.49 (1H, d, J=12Hz), 4.71 (1H, d, J=12 Hz), 6.18 (1H,
dd, J=2, 16 Hz), 6.92 (1H, dd, /=6, 16 Hz), 7.32-7.44
(5H, m). MS (FAB) Calcd For Ci3Hs04 m/z: 237.1127
(M™ +1). Found m/z: 237.1154. (2) To a solution of (4R)-
23 (3.00 g, 12.7 mmol) in CH,Cl, (50 mL) were added Ph;P
(6.66 g, 25.4 mmol) and carbon tetrabromide (CBry; 8.42 g,
25.4 mmol) at 0 °C and the whole mixture was stirred for 1 h
at room temperature. The reaction mixture was evaporated
to afford a residue, which was chromatographed on silica gel
(150 g, n-hexane/AcOEt=20:1) to provide (4R)-24

(3.596 g, 95%) as a colorless oil. (4R)-24: [a]p' = —40.2
(¢=0.52, CHCI;3) corresponding to 93% ee); IR (neat):
1722 cm™"; 'H NMR: 6 3.41 (1H, dd, J=7, 12 Hz), 3.46
(1H, dd, J=7, 12 Hz), 3.77 (3H, s), 4.21 (1H, dq, J=2,
7 Hz), 4.50 (1H, d, /=12 Hz), 4.63 (1H, d, J=12 Hz), 6.13
(1H, dd, J=2, 15 Hz), 6.86 (1H, dd, /=7, 15 Hz), 7.28-
7.40 (5H, m). Anal. Calcd for C;3H;sBrOs: C, 52.19; H,
5.05. Found: C, 51.65; H, 4.88. MS (FAB) m/z: 299.301
MT+1D.3) Toa suspension of AlCl; (8.92 g, 66.9 mmol)
in CH,Cl, (120 mL) was added a solution of (4R)-24
(10.167 g, 34 mmol) in m-xylene (25 mL) at —20 °C and
the whole mixture was stirred for 30 min at the same
temperature. The reaction mixture was poured into ice-
water and extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated to provide a residue,
which was chromatographed on silica gel (200 g, n-hexane/
AcOEt=5:1)to afford (4R)-20 (6.170 g, 87%) as a colorless
oil. (4R)-20: [a])3 = —2.50 (¢=0.52, CHCl;) correspond-
ing to 93% ee. The spectral data (IR and NMR) of (4R)-20
were identical with those of (45)-20. (4) A mixture of
molecular sieves (3 A; 3.0 g) and K,CO5 (8.98 g, 65 mmol)
in MeOH (350 mL) was stirred for 30 min at 0 °C, and (4R)-
20 (13.59 g, 65 mmol) in MeOH (50 mL) was slowly added
to the above-mentioned mixture. The reaction mixture was
stirred for 30 min at 0 °C and filtered with the aid of filter
paper. The MeOH was distilled under ordinary pressure
and the residue was chromatographed on silica gel (200 g,
n-hexane/AcOEt=20:1) to afford (4R)-17 (7.101 g, 85%) as
a colorless oil. (4R)-17: [a] =—29.1 (¢=0.51, CHCl5)
corresponding to 93% ee by means of HPLC analysis),
HPLC analysis conditions were the same as for (45)-17. The
NMR data of (4R)-17 were identical with those of the
reported (+)-17.%°

4.1.11. Methyl (4R)-5-hydroxy-4-(4'-methoxyphenyl)-
2(E)-pentenoate 4. (1) To a solution of (4R)-17 (3.71 g,
28.9 mmol) in CH,Cl, (50 mL) were added anisole
(PhOMe; 9.39 g, 86.8 mmol) and BF;3-Et,O (7 mL,
56 mmol) at —20 °C and the whole mixture was stirred
for 1 h at —20 °C. The reaction mixture was diluted with
brine and extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated to provide a residue,
which was chromatographed on silica gel (100 g) to afford
(4R)-8 (0.375g, 5% yield) from n-hexane/AcOEt=3:1
elute, and 1:3 mixture (2.620 g) of (4R)-8 and (4R)-4 from
n-hexane/AcOEt=3:1 elute, and (4R)-4 (1.504 g, 22%
yield) from n-hexane/AcOEt=2:1 elute, respectively. (2)
To a solution of a 1:3 mixture (2.620 g) of (4R)-8 and (4R)-4
in pyridine (5 mL) was added Ac,0 (2.26 g,22.1 mmol) and
the whole mixture was stirred for 24 h at room temperature.
The reaction mixture was diluted with brine and extracted
with ether. The organic layer was washed with 2 M aqueous
HCl, and 7% aqueous NaHCO; and dried over MgSO,.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (60 g, n-hexane/
AcOEt=10:1) to afford a mixture of the corresponding
acetates (2.81 g). (3) A suspension of the above-mentioned
mixture (2.81 g) and lipase Amano P from Pseudomonas sp.
(0.50 g) in phosphate buffer (pH 7.4; 300 mL) was stirred at
33 °C for 12 h. The reaction mixture was filtered, and the
precipitate was washed with ether. The combined organic
layer was dried over MgSO, and evaporated. The residue
was chromatographed on silica gel (60 g) to give an acetate
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(0.707 g, 9% yield from (4R)-17)) of (4R)-8 from n-hexane/
AcOEt=7:1 elute and (4R)-4 (1.737 g, total; 3.241¢g
(47% overall yield from (4R)-17)) as a homogeneous oil
from n-hexane/AcOEt=2:1 elute, respectively. (4R)-4:
[a]2D4= +2.00 (¢=0.51, CHCl3) corresponding to 93% ee
by means of HPLC analysis), The NMR data of (4R)-4 were
identical with those of the reported (£ )-4.> Acetate of (4R)-
8: [a]¥=+8.98 (¢=0.50, CHCl5) corresponding to 93%
ee by means of HPLC analysis): IR (neat): 1740 cm ™ '; 'H
NMR: §2.02 (3H, s), 3.72 (3H, s), 3.82 (3H, ), 4.23 (1H, br,
q,J=7.0Hz), 4.33 (1H, dd, J=11.0, 5.0 Hz), 4.40 (1H, dd,
J=11.0,9.0 Hz), 5.87 (1H, dd, /=16.0, 2.0 Hz), 6.88 (1H,
dd, /=8.0,2.0 Hz), 6.92 (1H, dt, /=8.0, 2.0 Hz), 7.11 (1H,
dd, /=38.0, 2.0 Hz), 7.16 (1H, dd, J=16.0, 7.0 Hz), 7.25
(1H, dt, J=8.0, 2.0 Hz). FAB MS m/z: 279 (M+ 1) "* Anal.
Found: C, 64.60; H, 6.50. Calcd for C;5sH,30s: C, 64.74; H,
6.52%.

4.1.12. Methyl (4S)-4-hydroxy-5-(4'-methoxyphenyl)-
2(E)-pentenoate 5. (1) To a solution of (4R)-4 (2.01 g,
8.51 mmol) in CH,Cl, (40 mL) were added triphenyl
phosphine (Ph3P; 4.46 g, 17 mmol) and carbon tetrabromide
(CBry; 8.46 g, 25.5 mmol) at 0 °C and the whole mixture
was stirred for 1.5h at room temperature. The reaction
mixture was evaporated to afford a residue, which was
chromatographed on silica gel (80 g, n-hexane/AcOEt=
30:1) to provide (4R)-13 (2.342 g, 92%) as a colorless oil.
(4R)-13: [a]%]z +3.00 (¢=0.50, CHCl5) corresponding to
93% ee by means of HPLC analysis), The NMR data of
(4R)-13 were identical with those of the reported (+)-13.
(2) To a solution of (4R)-13 (1.43 g, 4.8 mmol) in
nitromethane (20 mL) were added molecular sieves (4 A;
2.0 g) and silver nitrate (AgNO3; 1.62 g, 9.54 mmol) and the
whole mixture covered with aluminum foil was stirred for
24 h at room temperature. The reaction mixture was worked
up in the same way as the previous (1 )-15 to give (45)-15
(122 g, 91%). (45)-15: [a]d = +15.9 (¢=0.51, CHCl5)
corresponding to 93% ee by means of HPLC analysis), The
NMR data of (45)-15 were identical with those of the
reported (+)-15. (3) To a mixture of Zn-dust (1.14 g) and
CH;COONH, (1.14g) in MeOH (S mL) was added a
solution of (45)-15 (1.140 g, 4.06 mmol) in MeOH (7 mL)
and the whole mixture was stirred for 1h at 0°C. The
generated precipitate was filtered off with the aid of celite
and the filtrate was diluted with water and ether. The organic
layer was dried over MgSO,4 and evaporated to give a
residue, which was chromatographed on silica gel (40 g,
n-hexane/AcOEt=>5:1) to afford (45)-5 (0.833 g, 87%) as a
colorless oil. (45)-5: [a]p’=+1.00 (c=0.50, CHCl;)
corresponding to 93% ee by means of HPLC analysis),
The NMR data of (45)-5 were identical with those of the
previous (=+)-5.

4.1.13. (25,35,45)-4-Hydroxy-2,3-dimethoxymethyl-5-
(4'-methoxyphenyl)-pentanol 7. (1) To a solution of 50%
aqueous N-methylmorpholine N-oxide (0.58 mL,
2.49 mmol) and 2% aqueous osmium tetraoxide (OsOy;
3.16 mL, 10 mol%) in acetone (5 mL) was added a solution
of (45)-5 (0.588 g, 2.49 mmol) in acetone (5 mL) at 0 °C
and the whole mixture was stirred for 2 h at the same
temperature. The reaction mixture was diluted with 10%
aqueous Na,SO; (5 mL) at 0 °C and the whole mixture was

stirred for 30 min. The generated precipitate was filtered
with the aid of celite and the filtrate was condensed. The
residue was diluted with ether and treated with 10% aqueous
HCI. The organic layer was dried over MgSO, and
evaporated to give a residue, which was chromatographed
on silica gel (30g, n-hexane/AcOEt=1:1) to afford
diastereomeric lactone (25,3R,45)-25 (0.010 g, 2%) and
the desired (2R,35,45)-25 (0.463 g, 78%) in elution order.
Crystallization of (2R,3S,45)-25 from CHCl; gave a color-
less crystal. (2R,3S5,45)-25: mp 81-82°C, [alp'=—72.2
(c=0.41, MeOH) corresponding to >99% ee by means of
HPLC analysis): IR (KBr): 3298, 1756 cm ™~ '; '"H NMR: 6
2.82 (1H, dd, J=8, 15 Hz), 3.13 (1H, dd, /=3, 15 Hz), 3.74
(3H, s), 3.88 (1H, t, J=9 Hz), 4.25 (1H, dt, J=3, 8 Hz),
4.30 (1H, d, /=9 Hz), 6.84 (2H, d, /=9 Hz), 7.17 (2H, d,
J=9 Hz). Anal. Calcd for C{,H;405: C, 60.50; H, 5.92.
Found: C, 50.90; H, 5.90. MS (FAB) m/z: 239 M™* +1).
(25,3R,45)-25: [a]5=—86.0 (c=0.11, MeOH) corre-
sponding to 93% ee by means of HPLC analysis): IR
(KBr): 3429, 1758 cm ™~ '; 'H NMR: ¢ 2.90 (1H, dd, /=38,
15 Hz), 3.08 (1H, dd, /=5, 15 Hz), 3.76 (3H, s), 4.03 (1H,
d, J=5Hz), 4.19 (1H, t, J=5Hz), 4.72 (1H, dt, J=5,
8 Hz), 6.84 (2H, d, /=9 Hz), 7.20 (2H, d, /=9 Hz). Anal.
Calcd for C;,H;405: C, 60.50; H, 5.92. Found: C, 60.37; H,
5.91. MS (FAB) m/z: 239 (M +1). (2) To a solution of
(2R,35.,45)-25 (0.101 g, 0.42 mmol) and N,N-diisopropyl-
ethylamine (1.32 g, 9.29 mmol) in MeCN (1 mL) was added
chloromethylmethyl ether (CH;OCH,Cl; 0.68 g,
8.45 mmol) at 0 °C and the whole mixture was stirred for
24 h at room temperature. The reaction mixture was diluted
with brine and ether at 0 °C, the organic layer was dried over
MgSO,. Evaporation of the organic solvent gave a residue,
which was chromatographed on silica gel (10 g, n-hexane/
AcOEt=38:1) to afford (2R,35,45)-26 (0.107 g, 78%) as a
colorless oil. (2R,35,45)-26: [a]3'= —18.7 (¢=0.49,
CHCIl3) corresponding to >99% ee by means of HPLC
analysis): IR (neat): 1790 cmfl; 'H NMR: 6 2.94 (1H, dd,
J=17,14 Hz), 3.15 (1H, dd, J=4, 14 Hz), 3.40 (3H, s), 3.44
(3H, s),3.79 (3H, s),4.07 (1H, t, /=7 Hz), 4.42 (1H, dt, J=
4,7 Hz),4.47 (1H, d, J=7 Hz), 4.65 (1H, d, J=7 Hz), 4.73
(1H, d, J=7 Hz), 4.79 (1H, d, /=7 Hz), 5.02 (1H, d, J=
7 Hz), 6.85 (2H, d, J=8 Hz), 7.18 (2H, d, /=8 Hz). Anal.
Calcd for C;¢H»,07: C, 58.89; H, 6.80. Found: C, 58.96; H,
6.97. MS (FAB) m/z: 326 (M™*). (3) To a solution of
(2R,3S5,4S5)-26 (0.076 g, 0.23 mmol) in benzene (5 mL) was
added 1M diisobutylaluminum hydride (Dibal-H) in
toluene solution (1.41 mL, 1.41 mmol) at 0°C and the
whole mixture was stirred for 1 h at 0 °C. The reaction
mixture was diluted with brine and extracted with ether. The
organic layer was dried over MgSO, and evaporated to
give a residue, which was chromatographed on silica gel
(10 g, n-hexane/AcOEt=1:1) to afford (45)-7 (0.062 g,
81%) as a colorless oil. (45)-7: [a]p'=—39.3 (c=0.51,
MeOH) corresponding to >99% ee by means of HPLC
analysis): IR (neat): 3439 cm™ ' '"H NMR: 6 2.62 (1H, dd,
J=10, 14 Hz), 2.92 (1H, d, /=5 Hz), 3.00 (1H, dd, J=3,
14 Hz), 3.21 (1H, t, J=6 Hz), 3.41 (3H, s), 3.46 (3H, s),
3.65 (1H, dd, /=4, 7 Hz), 3.74-3.78 (2H, m), 3.79 (3H, s),
3.91-3.97 (2H, m), 4.71-4.77 (4H, m), 6.85 (2H, d, J=
9 Hz), 7.18 (2H, d, /=9 Hz). Anal. Calcd for C;sH»c07: C,
58.17; H, 7.93. Found: C, 57.75; H, 8.06. MS (FAB) m/z:
369 M +K).
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Abstract—Various phenols, methoxy aromatic compounds, 3- and 4-hydroxycoumarins and enols smoothly condense with 2-hydroxy-2,2'-
biindan-1,1’,3,3'-tetrone 1 in an acid medium producing 2-aryl/alkyl-2,2’-biindan-1,1’,3,3’-tetrones in high yields. The adducts of resorcinol,
1,3,5-trihydroxybenzene and a- and B-naphthols of 1 preferably remain in the intramolecular hemi-ketal form, confirmed by X-ray
diffraction studies. On the other hand para and meta substituted phenols condense with 1 in an acid medium to produce 6 or 7 substituted
2/ 4-spiro(1’,3’-indanedion)-indeno[3,2-b]chromenes in good yields.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction ninhydrin, the instability of the former in acid medium

prevents the study of its electrophilic chemistry towards

The mechanistic details of the formation of Ruhemann’s various phenols and enolic substrates.'* On the other hand,
Purple from the reaction of ninhydrin with amino acids is the partially reduced derivative of hydrindantin, viz.,

not fully understood, but it is accepted that the formation of 2-hydroxy-2,2’-biindan-1,1’,3,3'-tetrone 1 (Scheme 1),
2,2'-dihydroxy-2,2/-biindan-1,1’,3,3'-tetrone, popularly which can be easily generated by the acid catalyzed

known as hydrindantin, is a critical step in the whole condensation of ninhydrin with 1,3-indanedione,” is found
process.' Although hydrindantin is structurally similar to to be quite stable in acid medium and therefore creates an
0 0 o 0
| OH AcOH ’ .
+ —_—
OH stirring OH
.t
é 0 ' o) 0
Ninhydrin C|) 1
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Ninhydrin OH + 13
|
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Scheme 1.
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Table 1. Preparation of 2-aryl 2.2/-biindan-1,1’,3,3’-tetrones and chromenes by condensation of phenols with 1 in acid medium

Entry Substrates Products Reaction time (h) Yields (%)* Mp (°C)b
Scheme 2

1 Phenol 4a 6.0 73 272-273
2 o-Cresol 4b 5.0 69 248-250
3 Guaiacol 4c 5.0 62 243-245
4 o0-Chlorophenol 4d 7.0 72 236-237
5 Thymol 4e 5.0 68 228-230
6 2,6-Dihydroxyacetophenone 4f 4.0 70 320-322
7 Catechol 4g 24.0 55 264-265
8 Resorcinol Sa 24.0 65 256-258
9 Orcinol 5b 24.0 60 268-269
10 1,3,5-Trihydroxybenzene Sc 20.0 61 280-281
11 a-Naphthol 5d 35 70 264-265
12 B-Naphthol Se 35 72 255-256
Scheme 3

13 p-Cresol 9a 5.0 82 285-286
14 m-Cresol 9b 6.0 73 254-255
15 p-Methoxyphenol 9c 6.0 68 298-299
16 p-Chlorophenol 9d 6.0 72 276-278
17 p-Bromophenol 9e 8.0 76 304-306
18 m-Iodophenol of 8.0 65 330-332
19 p-Chloro-m-cresol 9g 5.0 70 321-322
20 Ethyl p-hydroxybenzoate 9h 30.0 62 225-226
21 Methyl p-hydroxybenzoate 9i 32.0 65 258-259

* Yields refer to pure isolated products.
® Mps are uncorrected.

opportunity to study its electrophilic chemistry towards
phenols, enols and aromatic substrates.

Various reports established that the C-2 position of
ninhydrin is reactive to nitrogen-, sulfur-, oxygen-, and
carbon-based nucleophiles.* Acid catalysed condensation of
ninhydrin with various phenols, enols and aromatic
substrates has been studied extensively.’™'® In all these
cases the protonation of the hydroxy group of ninhydrin is

RS
R4
AcOH/H2S0O4
1 + - =
Stirring, r. t
R2
3a-l

3and 4

followed by elimination of water to produce the C-2
carbocation 2a (Scheme 1) which then undergoes nucleo-
philic attack from various phenols, enols and aromatic
substrates.” Likewise 1 can potentially generate a C-2
carbocation 2b (Scheme 1) in acid medium. So far no efforts
have been made to examine the electrophilic chemistry of
1 towards various substrates. In this paper we have carried
out an extensive study to explore the electrophilic chemistry
of 1.

:R3:OH‘R1:R2:R4:R5:H

Scheme 2.

SQ@ +rT0o 200w

:R3=0H,R2=CH3, R1=R4=R5=H
:R3=0OH, R2=0OCH3, R1=R4=R5 =H
'R3=0H,R2=CI,R1=R4=R5=H

:R3=OH, R1=CHs, R4 = CH(CH3)2, R2=R5 =H

tR2=R3=0H,R1=R4=R5=H
:R1=R3=0H,R2=R4=R5=H (5a)

:R1=0H, R2, R3 = benzofusion, R4 = R5 = H (5d)

R1=R3=0H, R2=COCH3, R4=R5=H

R1=R3 = OH, R2 = R4 = H, RS = CH3 (5b)
R1= R3=R5=0H,R2=R4=H (5c)

R1=0H, R2=R3=H, R4, R5 = benzofusion (5e)



S. Das et al. / Tetrahedron 60 (2004) 10197-10205 10199

2. Results and discussion

In the present study it has been noted that 2-hydroxy-2,2'-
biindan-1,1’,3,3'-tetrone 1 like ninhydrin, condenses with
various phenols (Table 1, entries 1-5), polyhydroxy
benzenes (entries 6-10) as well as - and B-naphthols
(entries 11 and 12). This is done simply by stirring in a
solution of acetic acid and few drops of conc. H,SO, at
room temperature for a period varying from 2.5 to 24 h to
produce the adducts 2-aryl-2,2’-biindan-1,1’,3,3'-tetrones 4
in high yield (Scheme 2). In general, 1 is found to be slightly
less reactive than ninhydin in acid medium® because the
carbocation 2b generated from 1 is comparatively less stable
and more sterically crowded than that of the oxonium ion 2a
derived from ninhydrin (Scheme 1).92‘ As aresult, 1 needs a
few drops of conc. H,SO, as catalyst in the reaction, and
longer reaction time for adduct formation. The electrophilic
attack to phenols generally takes place at the para position
with respect to the hydroxy groups, producing the adducts
2-aryl-2,2'-biindan-1,1’,3,3'-tetrones 4a—e. 'H and '°C
NMR spectra for most of the adducts 4a—e display a
symmetrical pattern for two 1,3-dioxoindane moieties
indicating tetraketo structures with a plane of symmetry.

In the case of substrates like resorcinol, orcinol, 1,3,5-tri-
hydroxybenzene as well as o- and B-naphthols the
electrophilic attack of carbocation 2b takes place at the
ortho position with respect to the hydroxy groups. 'H and
13C NMR spectra of these adducts 4h-1 show an
unsymmetrical structure formation. This observation indi-
cates that they preferably remain in the intramolecular
hemi-ketal form S (Scheme 2). Further X-ray studies of the
adducts 5c¢ and Se derived by the condensation of 1 with
1,3,5-trihydroxybenzene and B-naphthol, respectively, con-
firm the hemi-ketal structures with the cis geometry of the
vicinal —OH and 1,3-indanedionyl moiety at the bridgehead
of the bicyclo[3.3.0] system (Figs. 1 and 2)."" In the case of
catechol, the newly formed C-C bond does not have any
ortho hydroxy group for the formation of a hemi-ketal, and
as a result it produces a symmetrical adduct 4g. 2,6-
Dihydroxyacetophenone (entry 6) also undergoes the
reaction as with other polyhydroxy benzenes (entries
7-10) to produce adduct 4f, in contrast to the earlier

0
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Figure 1. X-ray crystal structure of hemi-ketal Sc.

C26
C28
C29 022
029
019
C36 C38 1)1
C39%4 ;
C12 c17
O/(%; J—% C
C31 031 Q Q\COIG
T35 yC32 L’cﬁﬁ{cw
SCHAKAL O

Figure 2. X-ray crystal structure of hemi-ketal Se.

report’® that the acid catalyzed condensation with ninhydrin
generally fails if an electron-withdrawing group like —-NO,,
—CHO, —CO,Et etc. is attached to the benzene ring of the
phenolic substrate 3. It is found by NMR study that in spite
of having an ortho hydroxy group with respect to the newly
formed C—C bond in the adduct 4f, hemi-ketal formation
does not occur, probably due to the electron-withdrawing
effect of the acetyl group.

Interestingly it was observed that para or meta substituted
phenols 6a—i such as p-cresol, m-cresol, p-methoxyphenol,
p-bromophenol, m-iodophenol etc. condense with 1 in acid
medium to furnish 6 or 7 substituted 2',4-spiro(1’,3’-
indanedion)-indeno[3,2-b]chromenes'? 9a—i as yellow pre-
cipitates in fairly good yields (Table 1, Scheme 3). In these
reactions initially the arylated intermediates 2-aryl-2,2’-
biindan-1,1,3,3'-tetrones 7a—i are formed by the nucleo-
philic attack of phenols 6a-i to the carbocation 2b in the
acetic acid and conc. H,SO, mixture (Scheme 3).
Subsequently, the arylated intermediates 7a—i undergo an
intramolecular nucleophilic attack by the phenolic hydroxy
group to either of the carbonyl groups at C,+ or Cs/, followed
by dehydration to furnish chromenes 9a—i. The para or meta
substituted phenols 6a—i are required for the reaction which
ensure the initial formation of adducts only ortho to the
phenolic hydroxy group. The intermediates 7a—i and 8a—i
were not isolated. Ethyl and methyl p-hydroxy benzoates
6h,i are found to take a longer time for chromene formation
than the phenols 6a—-g due to the electron-withdrawing
effect of the ethyl and methyl carboxylate groups (Table 1).

All the chromenes 9a—i were thoroughly characterized by
'H and "*C NMR studies and confirmed for 9a by two
dimensional '*C-'H correlation studies. The solid state
structure of 9b was determined by single crystal X-ray
diffraction study. The result is shown in Figure 3.

It has also been observed that various methoxy aromatic
systems such as anisole, veratrole, 1,3-dimethoxy-, 1,4-di-
methoxy- and 1,2,3-trimethoxybenzene (Table 2, entries
22-26) react with 1 in acetic acid and few drops of conc.
H,SO, at room temperature to furnish the adduct 2-aryl-
2,2'-biindan-1,1’,3,3'-tetrones 10a—e in high yields
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Figure 3. Diamond-plot of chromene 9b with thermal ellipsoids (50%
probability) and atom numbering scheme.
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irring, r Ar |
o o
10a-e
a: Ar = p-OMe-CgH4
b: Ar = 3,4-diOMe-CgH3
c: Ar = 2,4-diOMe-CgH3

d: Ar = 2,5-diOMe-CgH3
e: Ar = 2,3,4-triOMe-CgH2

Scheme 4.

(Scheme 4). In the case of anisole, the preferred electro-
philic attack is at the para position with respect to the
methoxy group. 'H and '*C NMR spectra of the adducts
10a—e indicate the formation of symmetrical tetrone
structures. X-ray structure of the adduct 10e derived from
1 and 1,2,3-trimethoxybenzene shows the preferred confor-
mation of the molecule in the solid state (Fig. 4).11

Table 2. Preparation of 2-aryl/alkyl 2,2’-biindan-1,1’,3,3'-tetrones by condensation of methoxy aromatic systems and enols with 1 in acid medium

Entry Substrates Products Reaction time (hr) Yields (%)* Mp (°C)b
Scheme 4

22 Anisole 10a 3.0 75 239-240
23 1,2-Dimethoxybenzene 10b 4.0 72 225-226
24 1,3-Dimethoxybenzene 10c 2.5 75 230-231
25 1,4-Dimethoxybenzene 10d 4.0 70 217-218
26 1,2,3-Trimethoxybenzene 10e 4.5 67 221-222
Scheme 5

27 4-Hydroxycoumarin 11a 4.0 68 296-298
28 3-Hydroxycoumarin 11b 4.0 65 259-260
29 1,3-Indanedione 11c 5.0 62 Ref."?
30 1,3-Cyclohexadione 11d 4.5 60 288-290

? Yields refer to pure isolated products.
° Mps are uncorrected.
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Figure 4. X-ray crystal structure of 10e.

4- and 3-Hydroxycoumarins (Table 2, entries 27 and 28)
behave like enolic compounds and react with 1 in AcOH/
H,SO4 to produce adducts 11a and 11b when stirred for
about 4 h at room temperature (Scheme 5). 1,3-Indanedione
and 1,3-cyclohexadione, which preferably remain in enolic
form, also react with 1 to furnish the products 11¢ and 11d,
respectively. The biologically active trisindanedione 1l¢
was also synthesized previously from ninhydrin.'* The
adducts 11a—d display somewhat symmetrical 'H and '°C
NMR spectra for the two 1,3-dioxoindane parts, and thus
prefer to remain in the tetraketo form in contrast to adducts

O aee

AcOH/H2S0O4
1 + RH —>
Stirring, r. t
(0] (0]
11a-d
OH (0]
H 0 0
R= . : ;
(6] (6) O O
11a 11b 11c O 11d

Scheme 5.
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Figure 5. X-ray crystal structure of trisindanedione 11c.

4h-1 which stay mainly in the hemi-ketal form Sa-e
(Scheme 2). X-ray study of the adduct 11¢ derived from 1
and 1,3-indanedione shows a structure with a C, axis of
symmetry (Fig. 5)."!

In summary, efficient routes to 2-aryl/alkyl-2,2’-biindan-
1,1',3,3'-tetrones and some hemi-ketals of the bicyclo-
[3.3.0]octano system have been derived through facile
condensation of 2-hydroxy-2,2’-biindan-1,1’,3,3’-tetrone
with hydroxy- and methoxy aromatic systems as well as
with enols under acid catalysis. The study has also led to the
development of a new and facile method for the preparation
of 6 or 7 substituted 2’ 4-spiro(1’, 3’-indanedion)-indeno-
[3,2-b]chromenes from readily available ninhydrin.

3. Experimental

Melting points were determined in open capillary tubes. IR
spectra were examined in KBr disc on a Perkin—Elmer-782
spectrophotometer. Proton magnetic resonance spectra ('H
NMR) and carbon magnetic resonance spectra ( 3C NMR)
were recorded on Bruker AM 300L (300 MHz) or a Bruker
DRX-500 (500 MHz) spectrometers in the solvents indi-
cated. Chromatography was performed on Merck silica gel
60. TLC analyses were run on Merck silica gel (60F-254)
plates (0.25 mm), precoated with a fluorescent indicator.

3.1. Preparation of 2-hydroxy-2,2'-biindan-1,1’,3,3'-
tetrone 1

The substrate 1,3-indanedione (0.61 g, 4.2 mmol) was
added to a solution of ninhydrin (0.25 g, 1.4 mmol) in
acetic acid (10 mL). The mixture was stirred at room
temperature for 2 h. The white solid product 1 was filtered
out and washed thoroughly with acetic acid and then with
water. The product 1 was purified by silica-gel column
chromatography using CHClj; as the eluent (yield ~ 87%).

3.1.1. 2-Hydroxy-2,2/-biindan-1,1',3,3'-tetrone 1. White
solid, mp 189-191 °C, IR (KBr): (cm ') 3428, 1704, 1586,
1264; "H NMR (300.13 MHz, CDCl;) 6: 8.02—-7.83 (8H, m),
5.46 (1H, s), 3.97 (1H, s); ">C NMR (75.47 MHz, CDCL;) ¢:
197.3 (20), 196.2 (2C), 142.2 (2C), 141.2 (2C), 136.6 (d,
2C), 136.3 (d, 20), 124.3 (d, 20), 123.6 (d, 2C), 76.3, 53.4
(d). Anal. Calcd for C3H;(O5: C, 70.59; H, 3.29. Found: C,
70.64; H, 3.35%.

3.2. General procedure for preparation of 2-aryl/alkyl-
2,2/-biindan-1,1’,3,3'-tetrones (entries 1-30)

A mixture of 2-hydroxy-2,2’-biindan-1,1’,3,3'-tetrone 1
(0.43 g, 1.4 mmol) in acetic acid (8§ mL) was warmed to
make a clear solution. The appropriate substrates such as
phenols (3 and 6), methoxybenzenes (Ar-H), enols (R-H)
etc. (4.2 mmol) and 0.5-1.0 mL conc. H,SO, were then
added (for catechol, resorcinol, orcinol and 1,3,5-trihydroxy-
benzene addition of H,SO, is not necessary) at room
temperature and stirred for a certain period (Tables 1 and 2).
The solid products were filtered out and washed thoroughly
with acetic acid and then with water. The products were
purified by silica-gel column chromatography using ethyl
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acetate and pet-ether as eluent. The resulting solids were
further purified by crystallization from CHCls/pet-ether.

3.2.1. 2-(4-Hydroxyphenyl)-2,2'-biindan-1,1,3,3'-tet-
rone, 4a. White solid, mp 272-273 °C, IR (KBr): (cm™ )
3482, 1702, 1588, 1263, 771; '"H NMR (300.13 MHz,
acetone-dg) 0: 8.68 (1H, br. s), 7.99-7.85 (8H, m), 7.21 (2H,
d, J=8.8 Hz), 6.82 (2H, d, J=8.8 Hz), 4.56 (1H, s); "°C
NMR (75.47 MHz, acetone-dg) 6: 199.0 (2C), 197.6 (20),
158.3, 143.2 (2C), 142.5 (20), 137.1 (d, 2C), 136.6 (d, 2C),
129.8 (d, 20), 125.1, 124.5 (d, 2C), 123.6 (d, 2C), 116.5 (d,
2C), 65.1, 56.4 (d). Anal. Calcd for C,4H405: C, 75.39; H,
3.69. Found: C, 75.45; H, 3.74%.

3.2.2.  2-(3-Methyl-4-hydroxyphenyl)-2,2'-biindan-
1,1',3,3'-tetrone, 4b. White solid, mp 248-250°C, IR
(KBr): (cm™') 3292, 1705, 1592, 1264, 757; 'H NMR
(300.13 MHz, acetone-dg) 6: 8.55 (1H, s), 7.98-7.83 (8H,
m), 7.13 (1H, d, J=2.2 Hz), 6.98 (1H, dd, J=8.6, 2.2 Hz),
6.77 (1H, d, J=8.6 Hz), 4.55 (1H, s), 2.08 (3H, s); °C
NMR (75.47 MHz, acetone-dg) 6: 199.0 (2C), 197.6 (2C),
156.4, 143.2 (2C), 142.5 (2C), 137.1 (d, 2C), 136.6 (d, 2C),
131.0 (d), 127.2 (d), 125.6, 125.1, 124.5 (d, 2C), 123.6 (d,
20), 115.9 (d), 64.2, 56.5 (d), 16.4 (q). Anal. Calcd for
C,sH,4Os: C, 75.75: H, 4.07. Found: C, 75.81; H, 4.14%.

3.2.3. 2-(3-Methoxy-4-hydroxyphenyl)-2,2'-biindan-
1,1',3,3/-tetrone, 4c. White solid, mp 243-245°C, IR
(KBr): (cm~') 3528, 1709, 1515, 1263; 'H NMR
(300.13 MHz, CDCly) &: 7.99-7.96 (2H, m), 7.90-7.87
(2H, m), 7.85-7.79 (4H, m), 7.03 (1H, d, /J=1.7 Hz), 6.88—
6.81 (2H, m), 5.66 (1H, s), 4.21 (1H, s), 3.89 (3H, s). Anal.
Calcd for C,5H 606: C, 72.81; H, 3.91. Found: C, 72.90; H,
3.85%.

3.2.4. 2-(3-Chloro-4-hydroxyphenyl)-2,2’-biindan-
1,1',3,3-tetrone, 4d. White solid, mp 236-237 °C, IR
(KBr): (cm™ ') 3221, 1704, 1589, 1266, 761; '"H NMR
(300.13 MHz, CDCls) 6: 8.00-7.96 (2H, m), 7.90-7.79 (6H,
m), 7.42 (1H, d, J=2.3 Hz), 7.27 (1H, dd, /=8.7, 2.3 Hz),
6.99 (1H, d, J=8.7 Hz), 5.69 (1H, s), 4.18 (1H, s). Anal.
Calcd for C,4H305Cl: C, 69.15; H, 3.14; Cl, 8.52. Found:
C, 69.23; H, 3.21; Cl, 8.61%.

3.2.5. 2-(2-Methyl-4-hydroxy-5-isopropylphenyl)-2,2’-
biindan-1,1',3,3'-tetrone, 4e. Light yellow solid, mp 228
230 °C, IR (KBr): (cm™ l) 3310, 1703, 1590, 1259, 758; 'H
NMR (300.13 MHz, CDCl3) &: 7.99-7.96 (2H, m), 7.91—
7.86 (2H, m), 7.85-7.78 (5H, m), 6.84 (1H, s), 6.53 (1H, s),
4.65 (1H, s), 3.02-2.98 (1H, m), 2.53 (3H, s), 1.05 (6H, d,
J=11.1 Hz); 3C NMR (75.47 MHz, CDCly) 6: 198.5 (2C),
197.0 (20), 152.3, 142.3 (40), 137.2, 135.6 (d, 2C), 135.4
(d, 20), 132.0, 128.1, 123.8 (d, 2C), 123.2 (d, 2C), 120.0,
66.0, 54.6 (d), 27.2 (d), 22.3 (q, 2C), 22.1 (q). Anal. Calcd
for C,gH»,05: C, 76.70; H, 5.06. Found: C, 76.78; H, 5.13%.

3.2.6. 2-(2,4-Dihydroxy-3-acetylphenyl)-2,2'-biindan-
1,1',3,3'-tetrone, 4f. White solid, mp 320-322°C, IR
(KBr): (cm™ ") 3283, 1713, 1638, 1274, 1219; 'H NMR
(300.13 MHz, acetone-dg) 6: 7.99-7.66 (8H, m), 7.58 (1H,
d, J/=8.4 Hz), 6.57 (1H, d, J=8.4 Hz), 4.52 (1H, s), 2.59
(3H, s);'>C NMR (125 MHz, acetone-dg): 204.5, 198.0,
197.1, 165.0, 143.6, 142.1, 137.0, 136.4, 136.2, 132.9,

131.9, 125.5, 124.3, 123.5, 111.2, 65.0, 55.3, 32.3. Anal.
Calcd for C,cH;607: C, 70.91; H, 3.66. Found: C, 70.85; H,
3.73%.

3.2.7. 2-(3,4-Dihydroxyphenyl)-2,2’-biindan-1,1’,3,3'-
tetrone, 4g. Light greenish solid, mp 264-265 °C, IR
(KBr): (cm ™~ ') 3429, 1702, 1589, 1264, 1194, 769; '"H NMR
(500 MHz, acetone-dg) 0: 7.99-7.86 (8H, m), 6.92 (1H, d,
J=2.1Hz), 6.76 (1H, d, J=28.3 Hz), 6.67 (1H, dd, J=8.3,
2.1 Hz), 4.49 (1H, s). Anal. Calcd for C,4H40¢: C, 72.36;
H, 3.54. Found: C, 72.43; H, 3.61%.

3.2.8. 2-(2,4-Dihydroxyphenyl)-2,2’-biindan-1,1',3,3'-
tetrone, 4h (remains as hemiketal 5a). White solid, mp
256-258 °C, IR (KBr): (cm™ ') 3293, 1709, 1603, 1267,
1136, 767; '"H NMR (500 MHz, acetone-dg) 6:8.40 (1H, s),
7.87-7.76 (7TH, m), 7.64-7.61 (1H, m), 7.41 (1H, s), 7.27
(1H, d, J=8.3 Hz), 6.50 (1H, dd, J=8.3, 2.1 Hz), 6.21 (1H,
d, J=2.1 Hz), 440 (1H, s); '>*C NMR (125 MHz, acetone-
de) 0: 198.3, 197.6, 196.5, 160.1, 158.4, 150.7, 143.1, 141.8,
136.0, 135.9, 135.4, 135.2, 130.9, 125.4, 124.2, 123.7,
122.8, 122.7, 116.0, 113.3, 109.3, 97.6, 65.4, 55.0.
Anal.Calcd for C,4H1406: C, 72.36; H, 3.54. Found: C,
72.45; H, 3.64%.

3.2.9. 2-(2,4-Dihydroxy-6-methylphenyl)-2,2’-biindan-
1,1',3,3'-tetrone, 4i (remains as hemiketal 5b). White
solid, mp 268-269 °C, IR (KBr): (cm_l) 3429, 1704, 1587,
1265, 1214; '"H NMR (500 MHz, acetone-dg) o0: 8.27 (1H,
s), 7.85-7.74 (TH, m), 7.64-7.62 (1H, m), 7.33 (1H, s), 6.30
(1H, d, J=1.5Hz), 6.03 (1H, d, J=1.9 Hz), 4.67 (1H, s),
2.58 (3H, s). Anal. Calcd for C,5H¢0¢: C, 72.81; H, 3.91.
Found: C, 72.93; H, 4.01%.

3.2.10. 2-(2,4,6-Trihydroxyphenyl)-2,2’-biindan-1,1,
3,3/-tetrone, 4j (remains as hemiketal 5¢). White solid,
mp 280281 °C, IR (KBr): (cm ') 3445, 3325, 1710, 1620,
1465, 1269, 1132; '"H NMR (300.13 MHz, acetone-dg) 0:
8.39 (1H, s), 8.05 (1H, s), 7.89-7.80 (8H, m), 7.47 (1H, s),
6.01 (1H, d, /=1.8 Hz), 5.78 (1H, d, J=1.8 Hz), 4.67 (1H,
s). Anal. Calcd for C,4H4,07: C, 69.56; H, 3.41. Found: C,
69.62; H, 3.50%.

3.2.11. 2-(1-Hydroxynaphthyl)-2,2’-biindan-1,1',3,3'-
tetrone, 4k (remains as hemiketal 5d). Light yellow
solid, mp 264-265 °C, IR (KBr): (cmfl) 3401, 1704, 1590,
1256, 774; "H NMR (300.13 MHz, DMSO-dq) ¢: 8.85 (1H,
d, J=6.3 Hz), 8.51 (1H, d, J=8.1 Hz), 8.22 (1H, d, J=
8.1 Hz), 8.15-7.79 (4H, m), 7.56-7.30 (4H, m), 6.94 (1H,
dd,J=7.9, 1.5 Hz), 6.84 (1H, d, J=7.8 Hz), 6.73-6.69 (1H,
m), 5.55 (1H, s); *C NMR (75.47 MHz, DMSO-d) ¢:
198.3, 198.0, 197.3, 154.5, 154.0, 141.5, 141.2, 137.6,
137.1, 136.6, 133.8, 129.7, 127.2, 126.6, 126.3, 125.3,
124.7, 124.4, 123.6, 123.5, 121.0, 120.4, 108.2, 108.1,
107.9, 66.8, 63.7, 55.5. Anal. Calcd for C,gH¢05: C, 77.77,
H, 3.73. Found: C, 77.83; H, 3.65%.

3.2.12. 2-(2-Hydroxynaphthyl)-2,2’-biindan-1,1’,3,3'-
tetrone, 41 (remains as hemiketal Se). White solid, mp
255-256 °C, IR (KBr): (cm™ ') 3263, 1704, 1593, 1270,
722; '"H NMR (300.13 MHz, DMSO-dy) 6: 8.82 (1H, br. s),
8.47 (1H, d, J=38.5 Hz), 7.89-7.70 (6H, m), 7.61-7.50 (4H,
m), 7.34 (1H, t, J=7.8 Hz), 7.05 (1H, d, J=8.8 Hz), 5.10
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(1H, s). Anal. Calcd for Cy3H;c05: C, 77.77; H, 3.73.
Found: C, 77.85; H, 3.64%.

3.2.13. 6-Methyl-2’,4-spiro(1’, 3’-indanedion)-indeno-
[3,2-b]chromene, 9a. Yellow solid, mp 285-286 °C, IR
(KBr): (cm™ ') 1711, 1649, 1396, 1252; 'H NMR
(300.13 MHz, CDCl3) 6: 8.16-8.13 (2H, m), 8.00-7.96
(2H, m), 7.41-7.25 (5H, m), 7.12 (1H, dd, J=8.4, 1.6 Hz),
6.40 (1H, d, J=1.6Hz), 2.14 (3H, s); '*C NMR
(75.47 MHz, CDCly) 6: 198.3 (2C), 190.5, 171.3, 149.1,
143.2 (20), 136.8, 136.1 (d, 2C), 132.5 (d), 132.0, 130.7 (d),
130.5 (d), 127.6 (d), 124.2 (d, 2C), 123.3, 121.9 (d), 119.7,
118.9 (d), 118.6 (d), 105.7, 54.4, 20.6. Anal. Calcd for
C,sH1404: C, 79.36; H, 3.73. Found: C, 79.30; H, 3.69%.

3.2.14. 7-Methyl-2',4-spiro(1’, 3’-indanedion)-indeno-
[3,2-b]chromene, 9b. Yellow solid, mp 254-255 °C, IR
(KBr): (cm™ 1) 3438, 1709, 1650, 1389, 1243; 'H NMR
(300.13 MHz, acetone-dg) 0: 8.16-8.15 (4H, m), 7.61-7.33
(5H, m), 6.99 (1H, d, J=7.9 Hz), 6.66 (1H, d, J=7.9 Hz).
2.36 (3H, s); '*C NMR (125 MHz, CDCl3) 6: 198.8, 191.1,
171.8, 151.1, 143.5, 140.8, 137.2, 136.6, 133.0, 132.3,
131.2, 127.6, 127.4, 124.7, 122.3, 119.7, 119.3, 117.4,
106.1, 21.5. Anal. Calcd for C,5H1404: C, 79.36; H 3.73.
Found: C, 79.42; H, 3.81%.

3.2.15. 6-Methoxy-2',4-spiro(1’, 3'-indanedion)-indeno-
[3,2-b]chromene, 9¢. Yellow solid, mp 298-299 °C, IR
(KBr): (cm™ ") 3438, 1707, 1645, 1394, 1197; 'H NMR
(300.13 MHz, CDCls) 6: 8.16-8.13 (2H, m), 7.99-7.97 (2H,
m), 7.40-7.26 (5H, m), 6.87 (1H, dd, J=9.0, 2.9 Hz), 6.12
(1H, d, J=2.9Hz), 3.63 (3H, s); *C NMR (125 MHz,
CDCl5) 6: 198.6, 191.0, 171.9, 157.7, 145.5, 143.4, 137.1,
136.7, 133.0, 132.4, 131.2, 124.7, 122.3, 121.1, 120.1,
119.3,114.9, 113.2, 106.0, 56.0. Anal. Calcd for C,sH;4Os:
C, 76.14; H, 3.58. Found: C, 76.25; H, 3.68%.

3.2.16. 6-Chloro-2',4-spiro(1’, 3'-indanedion)-indeno-
[3,2-b]chromene, 9d. Yellow solid, mp 276-278 °C, IR
(KBr): (cm™ ') 1710, 1651, 1394, 1247; 'H NMR
(300.13 MHz, CDCl5) ¢: 8.10-8.07 (2H, m), 7.95-7.91
(2H, m), 7.38-7.24 (6H, m), 6.53 (1H, d, J=1.4 Hz). Anal.
Calcd for Co4H;,04Cl: C, 72.27; H, 2.78; Cl, 8.90. Found:
C, 72.35, H, 2.86; Cl, 8.79%.

3.2.17. 6-Bromo-2’,4-spiro(1’, 3'-indanedion)-indeno-
[3,2-b]chromene, 9e. Yellow solid, mp 304-306 °C, IR
(KBr): (cm™ ') 3430, 1708, 1654, 1392, 1256; 'H NMR
(300.13 MHz, CDCl5) é: 8.18-8.15 (2H, m), 8.03-7.99 (2H,
m), 7.45-7.36 (SH, m), 7.27 (1H, apparent d, J=38.1 Hz),
6.74 (1H, d, J=2.2 Hz): '*C NMR (125 MHz, CDCls) 6
198.0, 190.7, 171.3, 150.6, 143.3, 137.0, 136.8, 133.3,
133.2, 132.1, 131.4, 130.6, 125.0, 122.6, 122.3, 120.9,
119.4, 119.3, 105.9, 54.6.

3.2.18. 7-Iodo-2’ 4-spiro(1’, 3'-indanedion)-indeno[3,2-b]-
chromene, 9f. Yellow solid, mp 330-332 °C, IR (KBr):
(Cm_l) 3436, 1710, 1651, 1383, 1251; 'H NMR
(300.13 MHz, CDCl3) 6: 8.16-8.13 (2H, m), 8.02-7.98
(2H, m), 7.77 (1H, d, J= 1.7 Hz), 7.47-7.33 (5H, m), 6.37
(1H, d, J=8.2 Hz); '*C NMR (125 MHz, CDCls) 6: 197.9,
190.6, 171.2, 151.3, 143.1, 137.0, 136.5, 135.6, 133.3,

131.8, 131.4, 129.0, 128.1, 124.7, 122.4, 120.0, 119.4,
105.8, 94.2.

3.2.19. 6-Chloro-7-methyl-2’,4-spiro(1’, 3'-indanedion)-
indeno[3,2-b]chromene, 9g. Yellow solid, mp 321-322 °C,
IR (KBr): (cm™ ') 3438, 1707, 1647, 1377, 1245; '"H NMR
(300 MHz, CDCl5) ¢: 8.10-8.07 (2H, m), 7.96-7.92 (2H,
m), 7.39-7.21 (4H, m), 7.19 (1H, s), 6.52 (1H, s), 2.30 (3H,
s); C NMR (125 MHz, CDCl3) é: 198.1, 190.7, 171.0,
149.5, 143.1, 138.8, 137.0, 136.7, 133.2, 132.0, 131.4,
127.6,124.7, 124.6, 122.3, 121.2, 119.4, 119.0, 105.7, 20.3.
Anal. Calcd for C,sH;30,Cl: C, 72.73; H, 3.17; Cl, 8.60.
Found: C, 72.82; H, 3.26; Cl, 8.55%.

3.2.20. 6-Carbethoxy-2',4-spiro(1’, 3’-indanedion)-
indeno[3,2-b]chromene, 9h. Yellow solid, mp 225-
226 °C, IR (KBr): (cm ™ ') 3437, 1712, 1652, 1392, 1258;
'"H NMR (500 MHz, CDCl;) 6: 8.17-8.15 (2H, m), 8.03
(1H, d, J=1.8 Hz), 8.01-7.99 (2H, m), 7.93 (1H, dd, J=
8.6, 1.8 Hz), 7.44-7.34 (4H, m), 6.81 (1H, d, J=28.6 Hz),
4.26 (2H, q, J=7.1 Hz), 1.28 (3H, t, J=7.1 Hz); '*C NMR
(125 MHz, CDCl3) 6: 198.2, 190.8, 171.3, 165.2, 154.4,
143.4, 136.9, 136.7, 133.2, 132.0, 131.6, 131.5, 130.0,
128.9, 124.9, 122.6, 120.6, 119.5, 119.3, 106.3, 61.7, 54.7,
14.6. Anal. Calcd for C,7H;cOg4: C, 74.31; H, 3.70. Found:
C, 74.40; H, 3.81%.

3.2.21. 6-Carbomethoxy-2',4-spiro(1’, 3’-indanedion)-
indeno[3,2-b]chromene, 9i. Yellow solid, mp 258-
259°C, IR (KBr): (cm™ ') 3410, 1711, 1390, 1255; 'H
NMR (300.13 MHz, CDCl5) 6: 8.18-8.15 (2H, m), 8.04
(1H, d, /=1.8 Hz), 8.03-7.99 (2H, m), 7.47-7.34 (6H, m),
3.80 (3H, s); °C NMR (125 MHz, CDCls) 6: 198.2, 190.7,
171.2, 165.7, 154.5, 143.4, 136.9, 136.7, 133.3, 131.9,
131.7, 131.5, 130.0, 128.5, 124.9, 122.6, 120.6, 119.5,
119.4, 1063, 54.7, 52.7. Anal. Caled for CygH40q: C,
73.93; H, 3.34. Found: C, 74.01; H, 3.41%.

3.2.22. 2-(4-Methoxyphenyl)-2,2’-biindan-1,1",3,3'-
tetrone, 10a. Light yellow solid, mp 239-240°C, IR
(KBr): (cm ') 1705, 1594, 1511, 1264, 762; '"H NMR
(300.13 MHz, CDCls) 6: 7.95-7.80 (8H, m), 7.35 (2H, d,
J=28.2 Hz), 6.88 (2H, d, J=8.2 Hz), 4.23 (1H, s), 3.77 (3H,
s); °C NMR (75.47 MHz, CDCl3) &: 197.9 (2C), 196.5
(20), 159.8, 142.2 (2C), 141.6 (2C), 135.8 (d, 2C), 135.5 (d,
20), 128.9(d, 20), 124.7,123.9 (d,2C), 123.2(d, 2C), 114 4
(d, 20), 63.1, 55.9 (q), 55.2 (d). Anal. Calcd for C,5H;40s5:
C, 75.75; H, 4.07. Found: C, 75.82; H, 4.13%.

3.2.23. 2-(3,4-Dimethoxyphenyl)-2,2'-biindan-1,1',3,3'-
tetrone, 10b. Light yellow solid, mp 225-226 °C, IR
(KBr): (cm™ ') 1703, 1591, 1513, 1255, 764; 'H NMR
(300.13 MHz, CDCl3) ¢: 7.98-7.78 (8H, m), 7.05 (1H, d,
J=2.1 Hz), 6.89 (1H, dd, /=8.5, 2.1 Hz), 6.80 (1H, d, J=
8.5 Hz), 4.23 (1H, s), 3.87 (3H, s), 3.76 (3H, s); *C NMR
(75.47 MHz, CDCl3) 6: 197.8 (2C), 196.4 (2C), 149.6,
147.2, 142.2 (2C), 141.6 (2C), 135.8 (d, 2C), 135.5 (d, 2C),
125.0, 123.9 (d, 2C), 123.2 (d, 2C), 120.7 (d), 111.6 (d),
111.0 (d), 63.2, 56.2 (q), 56.0 (q), 55.9 (d). Anal. Calcd for
Cy6H150¢: C, 73.23; H, 4.25. Found: C, 73.31; H, 4.33%.

3.2.24. 2-(2,4-Dimethoxyphenyl)-2,2'-biindan-1,1',3,3'-
tetrone, 10c. Light yellow solid, mp 230-231°C, IR
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(KBr): (cm™ ') 1710, 1592, 1264, 791; 'H NMR
(300.13 MHz, CDCl5) 6: 7.94-7.75 (8H, m), 7.29 (1H, d,
J=8.7Hz), 6.54 (1H, dd, J=8.7, 2.2 Hz), 6.39 (1H, d, J=
2.2 Hz), 4.67 (1H, s), 3.76 (3H, s), 3.52 (3H, s); '*C NMR
(75.47 MHz, CDCl;) ¢: 197.5 (2C), 196.8 (2C), 160.9,
158.4, 142.2 (4C), 135.3 (d, 2C), 135.1 (d, 2C), 130.4 (d),
123.3 (d, 2C), 123.0 (d, 2C), 115.7, 106.2 (d), 100.5 (d),
62.1, 55.8 (q), 55.3 (q), 54.6 (d). Anal. Calcd for C,H;3O¢:
C, 73.23; H, 4.25. Found: C, 73.29; H, 4.31%.

3.2.25. 2-(2,5-Dimethoxyphenyl)-2,2’-biindan-1,1’,3,3'-
tetrone, 10d. White solid, mp 217-218 °C, IR (KBr):
(ecm™ ") 1707, 1594, 1502, 1266, 1228, 759; 'H NMR
(300.13 MHz, CDCl3) 6: 7.96-7.77 (8H, m), 7.02 (1H, d,
J=2.1Hz), 6.85-6.78 (2H, m), 4.64 (1H, s), 3.77 (3H, s),
3.48 (3H, s); '*C NMR (75.47 MHz, CDCL5) 6: 197.1 (2C),
196.5 (20), 154.6, 151.7, 142.4 (2C), 142.3 (2C), 135.4 (d,
2C), 135.1(d, 2C), 125.0, 123.4 (d, 2C), 123.2 (d, 2C), 116.0
(d), 115.2 (d), 114.6 (d), 61.2, 57.0 (q), 55.8 (q), 55.2 (d).
Anal. Calcd for CyH;304: C, 73.23; H, 4.25. Found: C,
73.34; H, 4.36%.

3.2.26. 2-(2,3,4-Trimethoxyphenyl)-2,2'-biindan-1,1/,
3,3'-tetrone, 10e. White solid, mp 221-222 °C, IR (KBr):
(em~1) 1708, 1594, 1267, 784; 'H NMR (300.13 MHz,
CDCls) 6: 7.94-7.76 (8H, m), 7.25 (1H, d, J/=9.0 Hz), 6.75
(1H, d, J=9.0 Hz), 4.48 (1H, s),3.84 (3H, s), 3.73 (3H, s),
3.51 (3H, s); '*C NMR (75.47 MHz, CDCl5) 6: 197.1 (2C),
196.6 (2C), 153.9 (2C), 151.6, 142.3 (2C), 142.2 (2C), 135.4
(d, 20), 135.1 (d, 20), 123.8 (d), 123.4 (d, 2C), 123.1 (d,
2C),120.9, 108.1 (d), 61.8, 60.4 (q), 60.1 (q), 56.0 (q), 55.5
(d). Anal. Calcd for C,7H,0O7: C, 71.05; H, 4.42. Found: C,
71.13; H, 4.51%.

3.2.27. 2-[3-(4-Hydroxy coumarin)]-2,2-biindan-1,1’,
3,3- tetrone, 11a. White solid, mp 296-298 °C, IR (KBr):
(cm™ Y 3190, 1739, 1696, 1273, 757; 'H NMR
(300.13 MHz, DMSO-dg) 6: 7.91-7.80 (8H, m), 7.61 (1H,
t, J=8.5Hz), 7.52 (1H, d, J=7.7Hz), 7.41 (1H, d, J=
8.4 Hz), 7.27 (1H, t, J=7.5Hz), 5.32 (1H, s); *C NMR
(75.47 MHz, DMSO-dg) 6: 197.4 (2C), 197.1 (2C), 162 .4,
157.8, 154.6, 141.6 (4C), 135.5 (d, 4C), 133.5 (d), 124.5 (d),
124.2 (d), 122.8 (d, 2C), 122.5 (d, 2C), 116.8 (d), 111.6,
100.0, 64.2, 51.0 (d). Anal. Calcd for C,7H;407: C, 72.00;
H, 3.13. Found: C, 72.08; H, 3.21%.

3.2.28. 2-[4-(3-Hydroxy coumarin)]-2,2-biindan-1,1’,
3,3'-tetrone, 11b. White solid, mp 259-260 °C, IR (KBr):
(cm™ ) 3289, 1713, 1274, 758; 'H NMR (300.13 MHz,
DMSO-dg) 6: 9.43 (1H, s), 8.18 (1H, d, J=7.6 Hz), 7.90-
7.76 (8H, m), 7.69-7.67 (1H, m), 7.49-7.36 (2H, m), 5.16
(1H, s); °C NMR (75.47 MHz, DMSO-dg) 6: 196.6 (2C),
196.5 (2C), 153.1, 150.9, 148.9, 141.7 (2C), 141.0 (20),
135.6 (d, 2C), 135.5 (d, 2C), 131.3 (d), 128.9 (d), 123.7 (d),
122.7 (d, 2C), 122.6 (d, 2C), 117.5, 116.5 (d), 113.1, 67.1,
53.0 (d). Anal. Calcd for C,;H,4O7: C, 72.00; H, 3.13.
Found: C, 72.10; H, 3.19%.

3.2.29. 2-(2,6-Dioxocyclohexanyl)-2,2'-biindan-1,1’,3,3'-
tetrone, 11d. White solid, mp 288-290 °C, IR (KBr):
(cm~ 1) 3430, 1709, 1588, 1266; 'H NMR (300.13 MHz,
DMSO-dg) 6: 9.00 (1H, s), 7.90-7.60 (8H, m), 4.65 (1H, s),

2.47-2.33 (6H, m). Anal. Calcd for C,4H;c0¢: C, 71.99; H,
4.03. Found: C, 72.12; H, 4.12%.

3.3. X-ray structure analyses.'!

3.3.1. Compound 5c. Formula C24H14O7 H,0, M=432.37,
colourless crystal 0.35X0.30<0.30 mm’, a=15.516(1) A,
b=28. 764(1) A, ¢c=15.268(1)A, 8= 104 49(1)°, V=
2010.1(3) A®, peare=1.429 g cm -3 u=1.09 cm ™', empiri-
cal absorptlon correction (0.963<7<0.968), Z= 4 _mono-
clinic, space group P2;/c (No. 14), A=0.71073 A, T=
198 K, w and ¢ scans, 11435 reflections collected (£ 4, +
k, +£1I), [(sin 8)/\]=0.66 A=Y, 4745 independent (Rj,,=
0.036) and 3691 observed reflections [/>2a(])], 298 refined
parameters, R=0.043, WRZ_O 102, max. residual electron
density 0.33 (—0.28) e A3 , hydrogens at water molecule
from difference fourier calculatlons other calculated and all
refined as riding atoms.

3.3.2. Compound Se. Formula C28H1605-C3H6O, M=
490.49, cglourless crystal 0 150.10X0.05 mm a=
8.525(1) A, b=117. 239(1) A, ¢=16290(1) A, B=
93.92(1)°, V=2388.4(3) A%, peac=1.364 gcm 3, u=
0.95 cm ™!, empirical absorption correction (0.986<T<
0.995), Z=4, monoclinic, space group P2;/n (No. 14), A=
0.71073 A, T=198 K, w and ¢ scans, 15689 reﬂectlons
collected (+h, +k, +10), [(sin 6)/A]=0.66 A~", 5689
independent (R;,;=0.059) and 3234 observed reflections
[I=2a(D)], 337 refined parameters, R=0.057, WR2—0 112,
max. residual electron density 0.21 (—0.24) e A3 , hydro-
gens calculated and refined as riding atoms.

3.3.3. Compound 9b. Formula C2;H14O4, M=378.36,
yellow crystal 0.20<X0.10X0.06 mm°, a=7.267(1) A b=
9 641(1) A, c=14.351(1) A, a—103 85(1) =101 49(1)

=103.89(1)°, V=911.86(2) A>, Peate=1378 gcm >, u=
0 93 cm ™', empirical absorption correction (0.982<T<
0.994), Z=2, triclinic, space group Plbar (No. 2), A=
0.71073 A, T=198 K, w and ¢ scans, 7847 reflections
collected (xth, Lk, xI), [(sin 8)/A]=0.62 A1 3692
independent (R;,;=0.050) and 2306 observed reﬂectlons
[[>20a(])], 263 refined parameters, R=0.052, wR =0.108,
max. residual electron density 0.23 (—0.22) e A3 , hydro-
gens calculated and refined as riding atoms.

3.3.4. Compound 10e. Formula C27H2007, M=456.43,
colourless crystal 0.30X0.30X0.15 mm’, a=7.689(1) A,
b=122. 698@1) A, c=12.166(1) A, B= 95 31(1)°, V=
2114.2(3) A®, peae=1.434 gcm™ 3 uw=1.04cm ', no
absorption correction (0.969<7<0.985), Z=4, mono-
clinic, space group P2;/c (No. 14), A= 0.71073 A, T=
198 K, w and ¢ scans, 8798 reflections collected (*+h, tk,
+10), [(sin §)/A]=0.66 A~ 5003 independent (Rj,=
0.026) and 3888 observed reﬂectlons [I>20(D)], 310 refined
parameters, R=0.043, wR —0 108, max. residual electron
density 0.29 (—0.24)e A3, hydrogens calculated and
refined as riding atoms.

3.3.5. Compound 11c. Formula C27H14O6, M=434.38,
orange crystal 0.25X0.20X0.20 mm®, a=12.511(1) A,
b=10. 591(1) A, c=15. 533(1) A 6=95. 39(1) V=
2049.1(3) A3 s Peale=1.408 gcm ™7, ,u—l Ocm™ ', empiri-
cal absorption correction (0.975<7<0.980), Z=4,
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monoclinic, space group C2/c (No. 15), A=0.71073 A T=
198 K, w and ¢ scans, 6663 reflections collected (A, +k,
+1), [(sin 0)/A]=0.66 A~ ", 2435 independent (R;, =
0.031) and 2085 observed reflections [I>2a(])], 150 refined
parameters, R=0.039, wR°2=0.094, max. residual electron
density 0.23 (—0.16)e A™>, hydrogens calculated and
refined as riding atoms.
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Abstract—Seven new bromotyrosine alkaloids Purpurealidin A, B, C, D, F, G, H and the known compounds Purealidin Q, Purpurealidin E,
16-Debromoaplysamine-4 and Purpuramine I have been isolated from the marine sponge Psammaplysilla purpurea. Their structure was
elucidated on the basis of detailed 1D, 2D NMR and MS spectroscopic data. Purpurealidin B, 16-Debromoaplysamine-4 and Purpuramine I
exhibited in vitro antimicrobial activities against E. coli, S. aureus, and V. cholerae. In addition, Purpurealidin B and 16-
Debromoaplysamine-4 were also active against Shigella flexineri and Salmonella typhi while Purealidin Q was bactericidal only against

Salmonella typhi.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Marine sponges of the order Verongida are characterized by
their ability to synthesize brominated tyrosine derivatives,
many of which possess potent antimicrobial and cytotoxic
activities. Chemical modification occurs both in the side
chain and the aromatic ring of the brominated tyrosine
precursors, giving rise to a broad range of biosynthetically
related compounds.! Purealin,>™* Lipopurealin A-E,>°
Purealidin A-S,°'' Psammaplysin A-B,'* Purpuramine
A-J,'13 Aplysamines 2-5,'* Macrocyclic peptides Basta-
dins' etc. have been previously reported from the sponge
Psammaplysilla sp. In our earlier communication we
reported the isolation of known compounds 16-Debromoa-
plysamine-4°"'® and Purpuramine 1.'*'® The present paper
deals with the isolation, structures and in vitro bioactivity of
bromotyrosine metabolites Purpurealidin A-D and F-H
along with Purealidin Q' and Purpurealidin E."”

2. Results and discussions

The animals were collected by scuba diving at a depth of
8-10 m from Mandapam, Tamil Nadu, India. A voucher
specimen is deposited at the National Institute of Ocean-
ography, Dona Paula Goa, India. The frozen sponge (250 g,
dry weight) was extracted with Methanol (1 LX3) and

Keywords: Antimicrobial activity; Bromotyrosine alkaloids; Marine

sponge; Psammaplysilla purpurea; Purpurealidin.
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concentrated under vacuo to obtain 10 g of crude extract.
Successive chromatography of the crude MeOH extract on
Silica gel, Sephadex LH-20 and a reverse phase column
yielded 11 compounds (see Fig. 1). The structures and
complete assignment of the "H and '*C NMR spectra for the
new compounds was determined based on extensive 1D and
2D NMR spectroscopic studies.

Compound 1, was obtained as colourless oil. HRMS showed
pseudomolecular ion peak at m/z 741.8, 743.8, 745.8, 747.8,
749.8 in the ratio 1.07:4.23:6.2:4.0:1.0, which indicated the
presence of four bromine atoms in the molecule and
established the molecular formula as C,3H,7N;04Bry. It
was identified as Purealidin Q previously described from the
Okinawan marine sponge Psammaplysilla purea, by
comparison with the spectral data (UV, IR, 1D and 2D
NMR) reported in the literature (see Table 1).10 The
stereochemistry at C1 and C6 of the spiroisoxazole ring in
1 was deduced to be trans from the proton chemical shift
(ca. 6 4.05) of H-1 in CD;OD."'® The absolute configuration
was not assigned. The HRMS of 1 also showed pseudo-
molecular peaks at m/z 755.8, 757.8, 759.8, 761.8, 763.8 for
the minor compound Purpurealidin A (2) (see Table 1),
which is 14 amu higher than Purealidin Q. This can be
accounted from the presence of an additional methyl group
either as -OMe at C-1 or -NMe at N-9. The position was
established as -NMe at N-9 based on the fragmentation ion
peaks. The MS/MS at m/z 755.8, 759.8 and 763.8 gave the
product ions at m/z 418.9, 420.9, 422.9 for fragmentation at
C8-C9 (Scheme 1) and the absence of mass peaks at m/z
404.9, 406.9, 408.9 (Scheme 2) as found in Purealidin Q.
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OMe
Br 3 Br
HO 1 >
? "R
N N~
o]
Purealidin Q (1) R=H Purpurealidin B (3)
Purpurealidin A (2) R=Me
¥ < 11 13 Br
10 5 18 20
17 O/\/\N/
~
13 Br
15 18 20
17 O/\/\ NR
Br
Purpurealidin C (4) R=-CO(CH,),;CH(CH,),
Purpurealidin C (5) R=-CO(CH.);,CH,CH,CH
Purpurealidin E (6) R'=H, R?=H
Purpurealidin F (7) R'=H, R*>=OH
Purpurealidin G (8) R'=-COCH,CH,, R>=0OH
12 Br
10 14 .8 20 |
7o N0 TN
R2
16-Debromoaplysamine-4 (9) R'=Br, R*>=R*=H
Purpurealidin H (10) R'=Br, R?=H, R®=Me
Purpurealidin | (11) R'=H, R®=Br, R*=Me

Figure 1. Structures of compounds 1-11 from the sponge Psammaplysilla purpurea.
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Table 1. 'H, '>C NMR of Purealidin Q (1) and Purpurealidin A (2), in CD;0D

Carbon Nos. 1 2
13C NMR 'H NMR 13C NMR 'H NMR
1 130.9, d 6.29 (1H, s) 130.9, d 6.29 (1H, s)
2 1214,s 1214, s
3 1475, s 147.5,s
4 113.3, s 113.3, s
5 73.8,d 433 (1H, s) 73.8,d 433 (1H, s)
6 91.9, s 91.9, s
7 38.8,t 2.98 (1H, d, J=18.3 Hz) 38.8,t 2.98 (1H, d, J=18.3 Hz)
3.92 (1H, d, J=18.6 Hz) 3.92 (1H, d, J=18.6 Hz)
8 153.9, s 153.9, s
9 159.2, s 159.2, s
10 40.1, t 3.54 (2H, t, J=12.2, 6.6 Hz) 40.1, t 3.54 (2H, t, J=12.2, 6.6 Hz)
11 342, 2.77 (2H, t, J=12.6, 6.8 Hz) 34.2,t 2.77 (2H, t, J=12.6, 6.8 Hz)
12 1372, s 1372,s
13,17 132.9,d 7.35 (2H, s) 132.9,d 7.35 (2H, s)
14,16 118.1, s 118.1, s
15 1515, s 1515, s
18 71.0, t 4.05 (2H, t, J=12.0, 5.6 Hz) 71.0, t 4.05 (2H, t, J=12.0, 5.6 Hz)
19 27.0, t 2.19 (2H, m) 27.0, t 2.19 (2H, m)
20 56.0, t 2.92 (2H, t, J=5.6 Hz) 56.0, t 2.92 (2H, t, J=5.6 Hz)
—OCH; 60.0, q 3.74 (3H,s) 60.0, q 3.74 (3H, s)
-N (CH3), 445, q 2.89 (6H, s) 445, q 2.89 (6H, s)
-NH 7.40 (1H, s)
—-N-CH;,4 393, t 3.4 (3H, s)
OMe

Br Br

379/381/383

13
448/450/452 I Br
10
15 18 20
58
405/407/409 Br 86
Scheme 1. Fragmentation patterns of Purealidin Q (1).
OMe
Br 3 Br
393/395/397
Me 13
N J Br
446/448/450 10 15 18 20
0 17 0 N —
\
363/365/367 Br
419/421/423 86 %8
Scheme 2. Fragmentation patterns of Purpurealidin A (2).
The monoisotopic peaks at m/z 58, 86 also help in Verongida metabolites but differing in having one bromine
confirming the side chain to be dimethylpropylamine. atom and dienone ring system.'®*" The mass spectrum of
Purpurealidin B showed a 1.06:3.13:3.06:1.0 quartet for the
The Purpurealidin B (3) contains a dibromospirocyclohexa- pseudomolecular ion peak [M-+H]" at m/z 631.8, 633.8,

dienonyldihydroisoxazole moiety of the type found in 635.8, 637.8, indicative of the presence of three bromine
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Table 2. 'H, '>C NMR and COSY of Purpurealidin B (3), in CDCl;
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Carbon Nos. 3C NMR 'H NMR COSY HMBC
1 144.2,d 7.27 (1H, d, J=2.2 Hz) HS5 C2,C3,C5
2 125.8, s
3 177.9, s
4 127.7,d 6.34 (1H, d, /=9.8 Hz) H5 C2, Co
5 1442, d 6.87 (1H, dd, J=2.2, 9.8 Hz) H1, H4 C3
6 84.5,s
7 43.1,1t 3.48 (1H, d, /=18.0 Hz)
3.90 (1H, d, J=18.0 Hz) C5,C8
8 1534, s
9 158.4, s
10 404, t 3.57 (2H, t, J=7.0 Hz) Hl11 C9, Cl11, C12, C13, 17
11 34.1,t 2.81 (2H, t, J=7.2 Hz) H10 C10
12 137.3, s
13,17 132.9,d 7.34 (2H, s) Cl11, C13,17, C15, Cl14,16
14,16 1179, s
15 150.8, s
18 69.5, t 4.04 2H, t, J=5.6 Hz) H19 C19, C20
19 25.2,t 2.38 (2H, m) H20, H18 C18, C20
20 55.7,t 3.42 (2H, t, J=5.6 Hz) H19 C18, C19
-NH 7.4 C8
-N (CH3), 43.1,q 2.89(6H, s)
atoms in the molecule, which is appropriate for the connected to Cl11, Cl13, 17, C15, Cl14, 16 for the

molecular formula Cp,Hy,N30,Br;. The '*C NMR spec-
trum had 22 carbon signals, the multiplicities of which were
assigned from a DEPT 135 experiment as two methyls, six
methylenes, five methines, and nine quarternary carbons.
The coupling pattern in proton signals at éy 7.27 (1H, d, J=
2.2 Hz), 6.87 (1H, dd, J=2.2, 9.8 Hz) and 6.34 (1H, d, /=
9.8 Hz) indicated the presence of a 2,3,6-trisubstituted
aromatic moiety (see Table 2). Analysis of the proton COSY
spectrum showed connectivities for HI-H5, H4-H5 and
H5-H1-H4 for the 2, 3, 6-trisubstituted aromatic moieties.
The HMBC experiment showed that the proton signal at oy
7.27 is connected to C2, C3, C5 and dy 6.34 to C2, C6, C5
and 0y 6.87 to C3. The presence of signal at 6c 177.18 in the
3C NMR spectrum shows presence of a ketone in the ring
system. Thus, the partial structure was confirmed to be
monobromospirocyclohexadienoneisoxazole. The structure
of the remaining part of the molecule, which is linked to the
nitrogen atom of the carboxamide group at C-8, was similar
to that of Purealidin Q, which was established by inspection
of 1H-1H connectivities. This clearly indicates presence of
HI10-HI1 and also the H18-H19-H20 methylene chain.
The HMBC showed a proton signal at éy 7.34 (2H, s)

448/450/452

405/407/409

Scheme 3. Fragmentation patterns of Purpurealidin B (3).

377/379/381

tetrasubstituted aromatic ring. A 6H singlet at dy 2.89 was
assigned to be a dimethylamino group. This is also
confirmed by pseudomolecular peaks at m/z 405, 407,
409, and 448, 450, 452 (Scheme 3).

Purpurealidin C (4) and D (5) exhibited the same
characteristic features as Purealidin Q (2) except for one
additional amide proton at 0y 5.3, the carbonyl signal at 6¢
173.6, and methylene signals at oc 27.0-32.7 (oy 1.19)
indicative of the presence of an additional amide carbonyl
group and long straight fatty chain. A doublet at oy 0.80
(6H, J=6.8 Hz) was assigned to the isopropyl group. The
structure is also confirmed by H, 13C, COSY and HMBC
spectral data (see Table 3). The molecular weight of
Purpurealidin C (4) was higher than that of Purealidin Q (2).
The low resolution mass spectrum showed pseudomolecular
ion peaks at m/z 938.0, 940.0, 942.0, 944.0, 946.0. The mass
spectrum showed additional pseudomolecular ion peaks at
miz 952.0, 954.0, 956.0, 958.0, 960.0, which are 14 units
higher than (4) indicative of an extra methylene group. The
presence of a signal at oy 0.70 (t) and '*C signal at 6¢ 14.0
suggested for terminal methyl group in 5 (see Table 4). The

13

Br



Table 3. 'H, '>C NMR, COSY and HMBC of Purpurealidin C (4), in CDCly

S. Tilvi et al. / Tetrahedron 60 (2004) 10207-10215

10211

Carbon Nos. 13C NMR 'H NMR COSY HMBC
1 74.0, d 4.28 (1H, s) C3,C2, C5
2 1127, s
3 148.0, s
4 1214, s
5 130.0, s 6.24 (1H, s) C4, C3
6 91.5, s
7 38.8,t Ha=2.93 (1H, d, J=18.6 Hz) Hb C5, Cl1, C8
Hb=3.88 (1H, d, /J=18.3 Hz) Ha
8 154.9, s
9 159.1, s
10 403, t 3.54 (2H, t, J=13.2, 6.6 Hz) H11 Cl11
11 34.4,t 2.67 (2H, t, J=12.6, 7.8 Hz) H10 C10, C12, C13
17
12 138.0, s
13,17 132.9,d 7.34 (2H, s) Cl11, C13,17, C15, C14,16
14,16 1182, s
15 1512, s
18 71.0, t 4.01 (2H, t, J=12.0, 6.0 Hz) H19 C15, C19, C20
19 29.2, t 2.06 (2H, m) H18, H20 C18, C20
20 37.0, t 3.63 (2H, t) H19 Cl18, C19
21 173.6, s
22 344, t 2.67(2H, m)
23-32 27.0-32. 1.19 (24H, s)
7.t
33 29.0, d 1.53 (2H, m) 34,35
34,35 22.6,q 0.80 (6H, d, J=6.8 Hz) H33
-N-9 7.43 (1H, d)
-N-20 5.30 (1H, s)
—OCH3 60.0, q 3.67 GH, s) C3

fragmentation pattern of 4 and 5 (Scheme 4) is different
from the Arapplysillin II isolated from the Psammaplysilla
purpurea®’ and agrees well with the structure assigned.

The mass spectrum of Purpurealidin E (6) showed a
pseudomolecular ion peak [IM+H]" at mlz 378.9768,
380.9757, 382.97 in the ratio 1.05:2.05:1.0, characteristic

Table 4. 'H, '>C NMR, COSY and HMBC of Purpurealidin D (5), in CDCl;

for the presence of two bromine atoms. Examination of the
"H and "*C and COSY showed that the structure is similar to
the part structure of Purealidin Q. In addition, the mass
spectrum of (6) showed minor pseudomolecular ion peaks at
mlz 394.9, 396.9, 398.9 and 451.0, 453.0, 455.0 compounds
Purpuealidin F (7) and G (8). The '"H NMR signal at 3.77
(1H, m) and o¢ 59.6 is accounted for the hydroxy methine at

Carbon Nos. 13C NMR '"H NMR COSY HMBC
1 74.0,d 4.28 (1H, s) C3,C2, C5
2 1127, s
3 148.0, s
4 1214, s
5 130.0, s 6.24 (1H, s) C4, C3
6 91.5,s
7 38.8, t Ha=2.93 (1H, d, /J=18.6 Hz) Hb C5, Cl1, C8
Hb=3.88 (1H, d, J=18.3 Hz) Ha
8 154.9, s
9 159.1, s
10 403, t 3.54 (2H, t, J=13.2, 6.6 Hz) H1l Cl1
11 34.4,t 2.67 (2H, t, J=12.6, 7.8 Hz) H10 Cl10, C12, C13, 17
12 138.0, s
13,17 132.9,d 7.34(2H, s) Cl1, C13,17, C15, C14,16
14,16 1182, s
15 1512, s
18 71.0, t 4.01 (2H, t, J=12.0, 6.0 Hz) H19 C15, C19, C20
19 29.2, ¢t 2.06 (2H, m) H18, H20 C18, C20
20 37.0,t 3.63 (2H, t) H19 C18,C19
21 173.6, s
22 34.4,t 2.67 (2H, m)
23-34 27.0-32. 1.19 (24H, s)
7,0
35 29.0, d 1.53 (2H, m) C35
36 14.0, q 0.70 3H, t) H35 C34
-N-9 7.43 (1H, s)
~N-20 5.40 (1H, s)
—OCH3 60.0, q 3.67 3H, s) C3
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OMe
Br. 3 Br
) 615/617/618 (5)
5
Ho »™ 601/603/605 (4)
o 7
|
N
o)
379/381/383

Scheme 4. Fragmentation patterns of Purpurealidin C (4) and D (5).

C2in 7 and 8 (see Table 5). The carbonyl signal at 6c 173.0,
methylene signal at 0c 29.2 (0y 1.20, s) and methyl signal at
oc 14.0 (oyx 0.81, t, J=7.0 Hz) were indicative of the
presence of an additional amide carbonyl group and ethyl
groups.

The mass spectrum of the known compound that we have
reported earlier, 16-Debromo aplysamine-4 (9), revealed
characteristic isotope peaks for [M+H] ™ pseudo molecular
ion at 619.8, 621.8, 623.8 and 625.8 in the ratio
1.05:3.1:3.06:1.0, indicating the presence of three bromine
atoms in the molecule. Its '>*C NMR spectrum had 21 carbon
signals, which were designated as one methyl, six
methylenes, five methines, and nine quarternary carbons
from a DEPT135 experiment. The signals at 7.52 (1H, s)
and 7.40 (1H,s) and 7.33 (1H, d, /=2.0 Hz), 6.86 (1H, d,
J=8.4Hz) and 7.02 (1H, dd, J=8.4, 2.0 Hz) in the 'H
NMR spectrum indicated the presence of tetra and 1,2,4-
trisubstituted aromatic moieties. The IR absorptions at
3350, 1655, and 1624 cm ™~ ' and '*C NMR signals at 163.8
and 152.3 ppm were indicative of amide and oxime groups.
The exchangeable proton signals at oy 11.40 (2H, br m),
8.70 (1H, br s,) and 7.90 (1H, br s,) in the '"H NMR spectrum
indicated the presence of NH,, NH and OH groups. The
presence of a primary amine in the molecule is also
confirmed by the positive ninhydrin test. The above results,
as well as the assumption that this compound is a derivative

18 20

Br
655/657/659/661/663

of aplysamine/purpuramine, indicated its molecular formula
to be C,1H,4Br3N;04. The upfield 13C NMR chemical shift
of C-7 (27.3 ppm) suggested E configuration of the oxime as
the corresponding value for (Z)-oxime is > 35 ppm.' It also
shows additional singly charged [M+H]™" at m/z at 633.8,
635.8, 637.8, 639.8 for (10), 14 units higher than that of the
compound 9. This is accounted for the methyl group at the
terminal N-methyl.

Compounds 1, 3, 9 and 11 were evaluated for their
antimicrobial activity (see Table 6) against E. coli,
Pseudomonas aeruginosa, Staphylococcus aureus, Salmo-
nella typhi, Shigella flexineri, Klebsiella sp and V. cholerae
bacterial strains and fungal strains of Aspergillus fumigatus,
Fusarium sp, Cryptococcus neoformans, Aspergillus niger,
Rhodotorula sp, Norcardia sp, and Candida albicans. The
compounds did not show any activity against bacterial
strains Klebsiella sp, Pseudomonas aeruginosa and all
fungal strains. Purealidin Q (1) showed good activity against
Salmonella typhi. It was previously reported to show
cytotoxic activity against tumor cell lines and moderate
inhibitory against epidermal growth factor (EGF) kinase.'”
Purpurealidin B (3) showed good activity against E. coli, S.
aureus, V. cholerae and weak activity against Shigella
flexineri. 16-Debromo aplysamine-4 (9) showed moderate
activity against Salmonella typhi and very weak acivity
against E. coli, Staphylococcus aureus and V. cholerae.

Table 5. 'H, '>C NMR and COSY of Purpurealidin E (6), F (7), G (8) in CD;0D

Carbon Nos. 6 7 8
13C NMR '"H NMR 3¢ NMR 'H NMR 13C NMR 'H NMR
1 40.0, t 273 (2H,t,J=132,6.6Hz)  40.0,t 273 (2H,t,J=132,6.6Hz)  40.0,t 273 (2H, t, J=13.2, 6.6 Hz)
2 33.6,t 3.24 (2H, 1) 59.6, t 3.77 (1H, m) 59.6, t 3.77 (1H, m)
3 130.3, s 130.3, s 130.3, s
48 133.0, t 7.43 (2H,s) 133.0, t 7.43 (2H, s) 133.0, t 7.43 (2H, s)
5,7 1173,s 1173,'s 117.32, s
6 1507, s 150.7, s 150.72, s
9 69.8, t 4.05 (2H, t, J=5.6 Hz) 69.8, t 4.05 (2H, t, J=5.6 Hz) 69.8, t 4.05 (2H, t, J=>5.6 Hz)
10 25.0, t 2.23 (2H, m) 25.0, t 2.23 (2H, m) 25.0, t 2.23 (2H, m)
11 55.8,t 3.44 (2H, t) 55.8,t 3.44 (2H, t) 55.8,t 3.44 (2H, t, J=5.6 Hz)
J=5.6 Hz) J=5.6 Hz) J=5.6 Hz)
12,13 427, q 2.90 (6H, s) 427, q 2.90 (6H, s) 427, q 2.90 (6H, s)
NH, 7.63 (br, s)
NH 8.10 (br, s) 8.10 (br, s)
Cco 173.0
CH, 29.2 1.20 (2H, s)
CH, 14.0 0.81 (3H, t, J=7.0 Hz)
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Table 6. Effect of compounds 1, 3, 9 and 11 on growth of microbial strains (MIC in pg/ml)

Compounds E. Coli S. aureus Salmonella typhi Shigella flexineri Vibrio cholarae
Purealidin Q (1) — — >25 — —
Purpurealidin B (3) >12 10 — 100 25
16-Debromo aplysamine 4 (9) 250 200 >50 — 100
Purpuramine I (11) 100 50 — — 100
Streptomycin 10 10 10 10 10

Good activity: 10-25 pg/ml. Moderate activity: 26—-100 pg/ml. Weak activity: > 100 pg/ml.

Moderate acivity against S. aureus was confirmed for
Purpuramine I (11) according to the previous studies. It also
showed moderate activity against E. coli and V. cholerae.

3. Experimental

3.1. General experimental procedures

Column chromatographies were carried out using Silica gel
(60-120 mesh, Qualigens), gel filtrations were carried out
using Sephadex LH20 17-0090-01 Pharmacia Biotech).
Fractions were monitored on TLC using alumina-backed
sheets (Si gel 60 F254, 0.25 mm thick) with visualization
under UV (254 nm) and Ninhydrin spray reagent. All
analytical reverse phase HPLC (Chromspher 5 C18 column
250X 10 mm, MeOH/H20 85/15) were performed with a
P4000 pump (Spectra system) equipped with a UV2000
detector (spectra system).

UV spectra were recorded in MeOH, using a Shimadzu UV-
Vis 2401PC Spectrophotometer, and IR spectra were
recorded on a Shimadzu FT-IR 8201PC Spectrophotometer.
Optical rotations were recorded in MeOH using Optical
Polarimeter ADP220 (Bellingham Stanley Ltd).

Mass spectra were recorded on a PE Sciex-QSTAR and
QSTAR-TOF MS/MS of Applied Biosystems.

NMR ('H, '*C, COSY, HMQC and HMBC) experiments
were obtained on a Bruker (Avance 300) spectrometer with
TMS as internal standard.

3.2. Animal material

The animals were collected by scuba diving at a depth of 8—
10 m from Mandapam, Tamil Nadu, India, and identified by
Dr. P. A. Thomas of Vizhingam Research Center of Central
Marine Fisheries Research Institute, Kerala, India. A
voucher specimen is deposited at the National Institute of
Oceanography, Dona Paula Goa, India.

3.3. Extraction and isolation

The frozen sponge (250 g, dry weight) was extracted with
methanol (1 LX3) and concentrated under vacuo to obtain
10 g of crude extract. The extract showed antimicrobial
activity against pathological strains, which was chromato-
graphed on silica gel (Qualigens silica gel 60-120 mesh)
column using dichloromethane with increasing amounts of
methanol as eluent. The fractions eluted with 8, 10 and 20%
were purified separately. The fraction eluted with 8%
MeOH (1.5g) was further purified by repeated' gel

chromatography (Sephadex LH20) columns using chloro-
form/methanol (1:1) to get Purealidin Q (200 mg), Purpur-
ealidin B (800 mg) and Purpurealidin C and D (400 mg).
The fractions eluted with 10% MeOH were purified on
reverse phase HPLC using Chromspher 5 C18 column
250X 10 mm2, MeOH/H,0 85/15, flow rate 2 mL/min and
UV detection at Ay ,x 254 nm) which afforded 16-Debromo
aplysamine-4, Purpurealidin-H (R, 18.4 min) (20 mg) and
Purpuramine I (R; 27.5 min) (25 mg). The fractions eluted
with 20% were subjected to silica gel column eluted with
increasing amounts of methanol in dichloromethane to yield
mixture of Purpurealidin E, F, G (300 mg).

3.3.1. Purealidin Q (1). Colorless oil, UV (MeOH) A,,.x
277 nm (e 1700), 284 nm (¢ 1400); [a]&=+9.5 (¢ 0.2,
MeOH); IR (neat) v, 3418, 2922, 1668, 1537, 1458.1,
1254, 1051, 920, 737 cm ™ '; "H and ">C recorded in CD;0D
see Table 1; HRMS: m/z (relative heights) 741.8691(450),
743.8871(1780), 745.8710(2600), 747.8762(1700),
749.7914(420) [1.07:4.23:6.2:4.0:1.0]," [M+H]", found
741.8691 C,3H,7N305Bry requires 741.8764; [M+H—
Br]t 662.9, 664.9, 666.9, 668.9; [M+H+Br+CH;]"
647.8, 649.8, 651.8, 653.8; 404.8, 406.8, 408.8; 378.9,
380.9, 382.9; 348.9, 350.8, 352.8; 58; 86.

3.3.2. Purpurealidin A (2). Colorless oil, UV (MeOH) A«
277 nm (¢ 1700), 284 nm (¢ 1400); [a]E=+9.5 (¢ 0.2,
MeOH); IR (neat) vm., 3418, 2922, 1668, 1537, 1458.1,
1254, 1051, 920,737 cm ™ '; "H and "*C recorded in CD;0D
see Table 1; HRMS: m/z (relative heights) 755.8819(55),
757.8799(210), 759.8810(310), 761.8820(200), 763.8(50)
[1.1:4.2:6.2:4.0:1.0]," [M+H]", found 755.8819
C,4H,9N305Bry requires 755.8920.

3.3.3. Purpurealidin B (3). White amorphous solid, mp
175.8 °C; UV (MeOH) ... 283 (1320); IR (KBr pellet)
Vmax 3302, 2932, 2689, 1678, 1605, 1541, 1460, 1383, 1259,
910 and 739 cm ™ '. 'H and *C recorded in CDCl; see Table
2; HRMS: m/z (relative heights) 631.8403(1600),
633.8185(4700), 635.8118(4600), 637.8226(1500)
[1.06:3.13:3.03:1.0]," [M+H]", found 631.8403
CyHy4N304Br; requires 631.8396; 404.9, 406.9, 408.9;
376.9, 378.9, 380.9; 224.9, 226.9.

3.3.4. Purpurealidin C (4). Colorless oil, UV (MeOH) A,,,.«
282(10,000), 218(2500), [a]& = +158.5 (¢ 0.2, CHCl5); IR
(KBr pellet) v,.x 3319, 2925, 2854, 1660, 1605, 1456, 1257,
739 cm ™!, 'H and '3C recorded in CDCl; see Table 3 ESI-
MS: m/z (relative heights) 938.0(22), 940.0(85), 942.0(125),
944.0(80), 946.0(20) [1.1:4.2:6.2:4.0:1.0]," [M+H]",

" Real ratios of the pseudomolecular ion peaks.
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found 938.05 C;3¢Hs5N30¢Br,4 requires 938.0591; 615, 617,
619; 379, 381, 383.

3.3.5. Purpurealidin D (5).2 Colorless oil, UV (MeOH)
Amax 282(10,000), 218(2500); IR (KBr pellet) v, 3319,
2925, 2854, 1660, 1605, 1456, 1257, 739 cm ™', '"H (CDCl5,
300 MHz) see Table 4 ESI-MS: m/z (relative heights)
952.0(16), 954.0(65), 956.0(95), 958.0(60), 960.0(15)
[1.06:4.3:6.3:4.0:1.01," [M+H]", found 952.07
C37H53N306Bry requires 952.0747; 655, 657, 659, 661,
662; 601, 603, 605; 379, 381, 383.

3.3.6. Purpurealidin E (6). Colourless oil, UV (MeOH)
Amax 282 (e 950), 277 (¢ 925); IR (neat) v, 3302, 2933,
1666, 1545, 1458, 1259, 1039, 739 cm™ ', 'H and "°C
recorded in CDCl; see Table 5; HRMS: m/z (relative
heights) 378.9768(37), 380.9757(72), 382.97(35)
[1.05:2.05:1.0],7 IM+H]*, found 378.9768
C3H,oN,OBr; requires 378.9943.

3.3.7. Purpurealidin F (7). Colourless oil, UV (MeOH)
Amax 282 (e 950), 277 (¢ 925); IR (neat) v, 3302, 2933,
1666, 1545, 1458, 1259, 1039, 739 cm ™', 'H and "°C
recorded in CDCl; see Table 5; HRMS: m/z (relative
heights) 394.9667(16), 396.9661(32), 398.9618(15)
[1.06:2.1:1.0],7 [IM+H]™, found 394.9667
C3H9N,O,Br, requires 394.9970.

3.3.8. Purpurealidin G (8). Colorless oil, UV (MeOH) A«
282 (£ 950), 277 (e 925); IR (neat) v, 3302, 2933, 1666,
1545, 1458, 1259, 1039, 739 cm ™', 'H and "*C recorded in
CDCl; see Table 5; HRMS: m/z (relative heights)
451.0220(10), 453.0210(20), 455.0301(10) [1:2:1], M+
H]Jr, found 451.0220 C16H24N203Br2 requires 452.0232.

3.3.9. 16-Debromo aplysamine-4 (9). Colorless amorphous
solid (MeOH): mp 124-126 °C; UV (MeOH) A,a.x 218 nm
(¢ 12675), 280 nm (¢ 2675); IR (KBr pellet) v, 3350,
3205, 2958, 1655, 1624, 1541, 1497, 1472, 1421, 1256,
1203, 1049, 993 and 739 cm ™ '; "H (CD;0D, 300 MHz) 6y
11.40 (2H, br m, —=NH,), 8.70 (1H, brs, -NH), 7.90 (1H, brs,
—-OH), 7.4 (2H, s, H-1, 5), 7.33 (1H, d, J=2.0 Hz, H-13),
7.02 (1H, dd, J=2.0, 8.4 Hz, H-17), 6.86 (1H, d, /=8.4 Hz,
H-16), 4.06 (2H, t, J=6.5 Hz, H-18), 3.75 (3H, s, -OCHj),
3.74 (1H, s, H-7), 3.34 (2H, t, J="7.0 Hz, H-10), 3.15 (2H, t,
J=6.8 Hz, H-20), 2.65 (2H, s, J=7.0 Hz, H-11), 2.09 (2H,
m, H-19); >C NMR(CD;0D, 300 MHz) ( 165.2 (s, C-9),
154.6 (s, C-3), 153.7 (s, C-8), 151.9 (s, C-15), 137.2 (s,
C-12), 134.5 (s, C-6), 134.4 (d, C-1, 5), 134.4 (d, C-13),
130.2 (d, C-17), 118.5 (s, C-2, 4), 114.4 (d, C-16), 112.6 (s,
C-14), 67.6 (t, C-18), 61.0 (q, -OCH3), 41.7 (t, C-10), 38.8
(t, C-20),35.1 (t,C-11), 28.7 (t, C-7), 28.1 (t, C-19); HRMS:
m/z (relative heights) 619.8797 (525), 621.8535 (1550),
623.8444 (1530), 625.8845 (500) [1.05:3.1:3.06:1.0]," [M +
H]™", found 619.8797 C,1H,4N304Br; requires 619.9396.

3.3.10. Purpurealidin H (10). Colorless amorphous solid
(MeOH); UV (MeOH) A,. 218 nm (e 12675), 280 nm
(¢ 2675); IR (KBr pellet) v, 3350, 3205, 2958, 1655,
1624, 1541, 1497, 1472, 1421, 1256, 1203, 1049, 993 and
739 cm™'; 'H (CD;0D, 300 MHz) 6 11.40 (2H, br m,
-NH,), 8.70 (1H, brs, -NH), 7.90 (1H, brs, —-OH), 7.4 (2H, s,
H-1,5),7.33 (1H,d, /J=2.0 Hz, H-13), 7.02 (1H, dd, J=2.0,

8.4 Hz, H-17), 6.86 (1H, d, /J=28.4 Hz, H-16), 4.06 (2H, t,
J=6.5 Hz, H-18), 3.75 (3H, s, -OCHs), 3.74 (1H, s, H-7),
3.34 (2H, t, J=7.0Hz, H-10), 3.15 (2H, t, J=6.8 Hz,
H-20),2.764 (3H, s, -NCH3), 2.65 (2H, s, J=7.0 Hz, H-11),
2.09 (2H, m, H-19); >*C NMR (CD;O0D, 300 MHz) ¢ 165.2
(s, C-9), 154.6 (s, C-3), 153.7 (s, C-8), 151.9 (s, C-15), 137.2
(s, C-12), 134.5 (s, C-6), 134.4 (d, C-1, 5), 134.4 (d, C-13),
130.2 (d, C-17), 118.5 (s, C-2, 4), 114.4 (d, C-16), 112.6 (s,
C-14), 67.6 (t, C-18), 61.0 (q, -OCHy3), 41.7 (t, C-10), 38.8
(t, C-20), 35.1 (t, C-11), 28.7 (t, C-7), 28.1 (t, C-19), 27.615
(q, -NCHj3); HRMS: m/z (relative heights) 633.9220(420),
635.9091(1250), 637.9021(1220), 639.9104(400)
[1.05:3.12:3.05:1.0]," [M+H]", found 633.9220
C2,Hy6N304Br; requires 633.9550.

3.4. Antibacterial assays

Antibacterial activity was determined against E. coli,
Pseudomonas aeruginosa, Staphylococcus aureus, Salmo-
nella typhi, Shigella flexineri, Klebsiella sp. and V. cholerae
using the paper disk assay method. The paper disk
impregnated with the sample was placed on agar plate
containing bacterium and the plates were incubated for 24 h
at 37 °C, and observed for zone of inhibition halos.
Streptomycin was used as a positive control.

3.5. Antifungal assays

Antifungal activity was determined against strains of
Aspergillus fumigatus, Fusarium sps, Cryptococcus neofro-
mans, Aspergillus niger, Rhodotorula sp., Norcardia sp.,
and Candida albicans. The paper disk impregnated with the
sample was placed on agar plate containing fungus and
plates were incubated for 18 h at 24 °C. Nystatin was used as
a positive control.
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Abstract—Three new unstable metabolites, (6E,10Z)-2'-O-methylmyxalamide D (1), 2’-O-methylmyxalamide D (2) and (6E)-2'-O-
methylmyxalamide D (3) were isolated from the myxobacterium Cystobacter fuscus. The planar structures were elucidated by spectroscopic
analyses to be geometrical isomers of a polyene amide related to a myxobacterial metabolite, myxalamide D (4). Their absolute
stereochemistry was determined by synthesis of degradation products. Antifungal activities of 1-3 as well as their acetates were evaluated
against the phythopathogenic fungus Phythopthora capsici.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Myxobacteria are unique gram-negative bacteria character-
ized by the gliding and fruiting body forming nature. They
have recently been well established as a new and potent
source for natural products with biological activities
because of their potential to produce a considerable variety
of metabolites.' Polyene antibiotics are a group of
metabolites characteristic of the myxobacteria. Myxal-
amides, examples of such antibiotics from myxobacteria,
have been discovered from Myxococcus xanthus Mx X12.*3

In the course of our screening for bioactive metabolites from
myxobacteria, we previously discovered a series of
antifungal metabolites named cystothiazoles from a myxo-
bacterium species, Cystobacter fuscus AJ-13278.°® On the
other hand, a further search for additional antifungal agents
from C. fuscus has resulted in the isolation of three new R = Me: 2-O-methyimyxalamide D (2)
polyene amides that are structurally related to myxalamide R = H: myxalamide D (4)

D (4),° namely, (6E,10Z)-2'-O-methylmyxalamide D (1),
2'-0-methylmyxalamide D (2) and (6E)-2'-O-methyl-
myxalamide D (3) (Fig. 1). This paper reports the isolation,

Keywords: Myxobacteria; Cystobacter fuscus; Antifungal; Polyene
antibiotics.
* Corresponding author. Tel./fax: +81 52 789 4284;

e-mail: ojika@agr.nagoya-u.ac.jp Figure 1. Structures of myxalamide D (4) and its new derivatives 1-3.

(6E)-2'-O-methylmyxalamide D (3)

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.013
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structure elucidation, antifungal activity and absolute
stereochemistry for these new metabolites.

2. Results and discussion

Production of the antibiotics was performed as regorted
previously for the isolation of the cystothiazoles.®’ The
bacterial cells and adsorbent resin obtained from a 150-L
fermentation broth of C. fuscus were extracted with acetone
and the extract was subjected to solvent partition. The non-
polar fraction was chromatographed twice on silica gel to
afford less polar fractions containing cystothiazoles®™® and a
relatively polar fraction containing polyene metabolites.
The latter fraction was further subjected to reversed-phase
HPLC to give the myxalamide D derivatives 1 (0.6 mg), 2
(0.6 mg) and 3 (2.4 mg). The content of these metabolites
should be potentially much higher (more than 10 times) than
the isolated amounts, because the more they were purified,
the more they decomposed due to their instability.

All three compounds 1-3 showed similar spectroscopic data
to each other. The molecular formula of C,4H37,NO; for all
three compounds were determined by HRMS measurement.
The resonances at 168.3 ppm in the '*C NMR spectra
indicated the presence of an amide carbonyl carbon in all
compounds, which was confirmed by the characteristic IR
absorption band at 1653 cm . Based on these findings, 2D
NMR analysis was then performed to determine the planar
structures of the compounds as discussed below.

Many olefinic signals observed between 5 and 7 ppm in the
'H NMR spectrum of 1 (Table 1) are characteristic of
polyenes like the myxalamides.>® The proton—carbon direct

Table 1. "H NMR spectral data for 1-3 in CDCl; (600 MHz)

Position 1 2 3
oy (m, Jin Hz) 6y (m, Jin Hz) 6y (m, J in Hz)

3 6.96 (d, 11.0) 7.00 (d, 11.0) 6.95 (d, 11.3)

4 6.47 (dd, 14.6, 6.48 (dd, 14.5, 6.45 (dd, 14.6,
11.0) 11.0) 11.3)

5 6.54 (dd, 14.6, 6.99 (dd, 14.5, 6.53 (dd, 14.6,
10.6) 11.0) 10.0)

6 6.39 (dd, 14.5, 6.10 (dd, 11.0, 6.35 (dd, 15.0,
10.6) 11.0) 10.0)

7 6.48 (dd, 14.5, 6.16 (dd, 11.3, 6.40 (dd, 15.0,
10.8) 11.0) 10.0)

8 6.36 (dd, 15.0, 6.69 (dd, 15.1, 6.26 (dd, 15.0,
10.8) 11.3) 10.0)

9 6.73 (d, 15.0) 6.36 (d, 15.1) 6.36 (d, 15.0)

11 5.28 (d, 10.0) 5.46 (d, 9.8) 543 (d,9.7)

12 2.83 (m) 2.75 (m) 2.73 (m)

13 3.64 (d, 8.9) 3.69 (d, 8.7) 3.68 (d, 8.8)

15 5.49 (q, 6.5) 5.49 (q, 6.3) 5.49 (q, 6.0)

16 1.64 (d, 6.5) 1.64 (d, 6.3) 1.63 (d, 6.0)

17 1.66 (s) 1.64 (s) 1.64 (s)

18 0.83 (d, 6.7) 0.84 (d, 6.7) 0.83 (d, 6.7)

19 1.91 (s) 1.91 (s) 1.86 (s)

20 1.98 (s) 1.99 (s) 1.97 (s)

1 4.25 (m) 4.25 (m) 4.25 (m)

2! 3.43 (dd, 9.5, 3.43 (dd, 9.5, 3.42 (dd, 9.5,
4.0) 4.0) 4.0)
3.39 (dd, 9.5, 3.39 (dd, 9.5, 3.39 (dd, 9.5,
4.0) 4.0) 4.0)

3/ 1.23 (d, 6.8) 1.23 (d, 6.8) 1.22 (d, 6.2)

2/-OCH; 3.38 (s) 3.38 (s) 3.37 (s)

NH 5.96 (d, 7.6) 5.98 (d, 7.6) 5.96 (d, 7.8)

Table 2. '*C NMR chemical shifts for 1-3 in CDCl; (150 MHz)

Position 12 2° 3

1 168.3 168.3 168.3
2 129.8° 130.5 129.6
3 133.6 1335 133.7
4 127.7 128.0 127.3°
5 138.1 133.2 1383
6 132.8 128.4 132.0
7 136.1 1325 136.0
8 130.0° 122.3 127.2°
9 131.4 139.8 139.2
10 134.0 136.0 136.1
11 135.2 137.6 137.1
12 36.3 37.3 372
13 82.7 82.7 82.8
14 135.6 135.7 135.6
15 123.6 123.4 1235
16 13.1 13.1 13.1
17 10.7 10.7 10.6
18 17.8 17.3 17.3
19 20.7 13.1 12.9
20 13.1 13.1 13.1
it 45.0 45.0 45.0
2 75.6 75.6 75.6
3/ 17.8 17.8 17.8
2'-OCH; 59.1 59.1 59.1

? Chemical shifts were partially determined by HMQC and HMBC data.
® Interchangeable signals.

connectivities in 1 were first determined by the HMQC
spectrum. The chemical shifts are summarized in Tables 1
and 2. The partial structures of H3—H9, H11-H12(H18)-
H13, H15-H16 and NH-H1'(H3’)-H2’ were revealed by the
DQF-COSY data (Fig. 2). These were then successfully
connected to each other by the HMBC spectrum to give the
planar structure of 1 (Fig. 2). The singlet signal observed at
0 3.38 (3H) in the '"H NMR spectrum was easily determined
to be the 2’-0-methyl group from the HMBC correlation to
C2'. The geometry of the double bonds at C4, C6, and C8
were determined from the proton coupling constants of
J4’5= 14.6 HZ, J6,7= 14.5 HZ, J8,9= 15.0 Hz as 4E, 6E, 8E,
respectively. The geometry of the trisubstituted olefins at
C2, C10, and C14 was determined from the NOESY
correlations of H4/H20, H9/H12, H11/H19, and H13/H15 as
2F, 10Z, 14E, respectively (Fig. 2). Although the molecular
formula of 1 is the same as myxalamide C,5 which is the
C16-methylated homologue of myxalamide D (4), these
were unambiguously distinguished by the NMR analysis,
especially the HMBC correlation of OCH3/C2’, Thus, the

— DQF-COSY
-~ HMBC (Hto C)
*7 NOESY

Figure 2. Gross structure of 1 determined by the 2D NMR correlations
shown.
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compound 1 was determined to be (6E,10Z)-2'-O-methyl-
myxalamide D.

The NMR data of 2 (Tables 1 and 2) were quite similar to
those for 1, suggesting that it was a stereoisomer of 1. The
planar structure of 2 was determined by 2D NMR in a
similar manner to that for 1. The 4E, 6Z, 8E geometry was
determined from the coupling constants of J,s=14.5 Hz,
Je7=11.0 Hz, Jg9=15.1 Hz, respectively. The 2E, 10E,
14E geometry of the trisubstituted double bonds was
determined from the NOESY correlations of H4/H20, H9/
HI11, H12/H19, and H13/H15. These findings revealed that
the compound 2 was 2’-O-methylmyxalamide D.

Similarly, the NMR data of 3 (Tables 1 and 2) suggested that
this compound was a stereoisomer of 1 and 2. The same
planar structure as those of 1 and 2 was then determined by
2D NMR analysis. The 4E, 6E, 8E geometry were
determined from the coupling constants as shown in
Table 1, and the 2E, 10E, 14E geometry of the trisubstituted
double bonds were determined from the NOESY corre-
lations of H4/H20, H12/H19, and H13/H15. Thus, the
compound 3 was determined to be (6F)-2'-O-methyl-
myxalamide D. The steric repulsion effect in the '°C
NMR data, that is, high-field shifts of the carbons adjacent
to a cis olefin, also supported the geometry of these polyene
metabolites 1-3. Thus, high-field shifts compared to the all
E compound 3 were observed for the following carbons of 1
and 2: C9 (A6 —7.8)in 1, C5 (A6 —5.1) and C8 (A —4.9)
in 2.

To determine the absolute stereochemistry of the myxal-
amide D derivatives 1-3, we followed the methodology
described by Jansen et al.” with a slight modification. A
mixture of 1-3 was used for degradation to obtain the
fragments that contained asymmetric centers because 1-3
easily isomerized to each other under light and decomposed
during purification. Acetylation of a mixture of 1-3 gave a

R = H, mixture of 1-3
R = Ac, mixture of acetates

/c(ref 9) &

Reagents and conditions: (a) Ac2O, pyridine,
DMAP, rt; (b) O3, MeOH, -78 °C, then H,0,,
100 °C; (c) p-Bromophenacyl bromide, Et3N,
acetone; (d) O3z, MeOH, -78 °C, then Me,S,
-78°Ctort.

Scheme 1. Degradation routes to determine the absolute stereochemistry of
1-3.

mixture of the corresponding acetates, which was subjected
to oxidative cleavage of the double bonds followed by
esterification to yield p-bromophenacyl ester 5 (Scheme 1).
The spectral data including specific rotation for 5 was
identical to those reported,9 revealing the 12R, 13R
configuration of 1-3. To determine the stereochemistry at
C1’ a mixture of the acetates of 1-3 was treated with ozone
followed by Me,S to obtain keto amide (—)-6 (Scheme 1).
The configuration of (—)-6 was determined by the synthesis
of (S)-6 from phthalimide 7' in four steps as shown in
Scheme 2. Methylation of the hydroxyl group in 7 afforded
methyl ether 8. Deprotection of the phthalimide group of 8
with hydrazine gave the corresponding free amine, which
was treated with methacryloyl chloride and triethylamine to
give acrylamide 9. Finally, ozonolysis of 9 gave (S)-
ketoamide 6: [a]5 —13° (¢ 0.3, CHCl;) [natural: —17° (¢
0.03, CHCl3)]. The NMR spectra and other spectral data
including specific rotations of both synthetic and natural 6
were identical, indicating the 1'S configuration of 1-3. The
stereochemistry of 1-3 is therefore the same as that of the
known myxalamides.

(0]
C
OR =H, 70
2 R-Me 8
Reagents and conditions: (a) Mel, Ag2O, CH3CN,

rt; (b) HoNNH..H,O, EtOH, 75 °C; (c) Methacryloyl
chloride, Et3N, -10 to 0 °C; (d) O3, MeOH, -78 °C.

o)
b, c
>e \H)LNJ\/OMQL (5)-6
OR Hg

Scheme 2. Synthetic route to (S5)-6.

The antifungal activities of the compounds 1-3 as well as
their acetates was evaluated by a paper disc assay method
against the phytopathogenic fungus Phytophthora capsici.
The minimum dose to form a recognizable inhibition zone
in the neighborhood of the paper disc was determined to be
2 pg/disc for all three compounds. The acetates of 1-3 as a
mixture showed antifungal activity at a minimum dose of
5 pg/disc.

Discovery of the myxalamide D derivatives 1-3 from the
myxobacterium C. fuscus suggests that polyene amides such
as the myxalamides seem to be fairly common secondary
metabolites in the myxobacteria. The myxalamides were
also discovered from Stigmatella aurantiaca'' and others®
after the original discovery from M. xanthus,*> although
methyl ether-type derivatives such as 1-3 were the first
examples in the myxalamides. C. fuscus seems to possess a
metabolic system that is similar to that of the other
myxalamide producers but is unique, because myxal-
amide-related metabolites other than 1-3 were not detected
in photodiode array HPLC analysis of the extracts. Since all
three isomers 1-3 showed the same antifungal activity
against the fungus P. capsici, the olefin geometry plays no
crucial role for their antifungal activity. The activity of the
acetates (mixture) suggests that the free 13-OH group is not
essential. In addition, the free 2'-hydroxyl group of the
known myxalamides seems not to be very important, though
a direct comparison of the activity was not performed
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between the myxalamides and our compounds. Based on a
structural similarity to the myxalamides the mode of action
of our new myxalamide derivatives could be blocking the
mitochondrial respiratory chain by inhibition of NADH
oxidation at complex I.*"? It should be noted that more than
one species of the myxobacteria can produce similar
polyene amides with stereochemical homogeneity.

3. Experimental

3.1. General

Thin-layer chromatography (TLC) was performed by using
pre-coated silica gel 60 F,s4 plates (Art. 5715, Merck) or
RP-18 F,s4 plates (Art. 15389, Merck). Open column
chromatography was performed using silica gel BW-300
(Fuji Silysia) or Cosmosil 75C,3-OPN (Nacalai Tesque).
HPLC was performed on a high-pressure gradient system
equipped with PU-980 pumps and UV-970 detector or an
MD-915 photodiode array UV detector (JASCO). Specific
rotations were obtained by using a DIP-370 digital
polarimeter (JASCO). FT-IR spectra were recorded on a
FT-IR-7000S spectrometer (JASCO). UV spectra were
recorded on a Ubest-50 UV/VIS spectrophotometer
(JASCO). Mass spectra (MS) were recorded on a Mariner
Biospectrometry Workstation (Applied Biosystems) in the
positive ESI mode. Residual phthalic acid anhydride (m/z
149.0233) and a peptide mixture (angiotensin I, bradykinin
and neurotensin) were used as internal standards for high-
resolution MS analysis. NMR spectra were recorded on an
ARX 400 (400 MHz) or an AMX2 600 (600 MHz)
spectrometer (Bruker). The NMR chemical shifts (ppm)
were referenced to the solvent peaks of dy 7.26 (residual
CHCl5) and 6¢ 77.0 for CDClj5 solutions or oy 3.30 (residual
CHD,OD) and dc 49.0 for CD30D solutions. The assay
method was the same as the previously reported one for the
cystothiazoles.®’

3.2. Isolation of 1-3

A large scale (150 L) fermentation of C. fuscus followed by
extraction and silica gel chromatography was described
previously.®” The first chromatography of the crude hexane/
EtOAc (3:1)—soluble material (14.2 g) on silica gel afforded
five fractions. The third fraction yielded cystothiazole A as
described in our reference (see Ref. 6). A portion (770 mg)
of the fourth fraction (2.5 g) eluted with EtOAc was
chromatographed on silica gel [Develosil LOP60 (& 20X
300 mm), Nomura Chemical; 160 min linear gradient from
2 to 42% acetone in benzene, 5 mL/min]. The sixth fraction
(42.8 mg) eluted from 8.25 to 8.5% acetone in benzene was
applied to HPLC [TSK gel ODS-120T (& 20X250 mm),
TOSOH, 72% aq MeOH, 5 mL/min, detected at 380 nm] to
obtain (6E,10Z)-2'-O-methylmyxalamide D (1) (0.6 mg,
tg=101.0 min), 2'-O-methylmyxalamide D (2) (0.6 mg,
tr=105.4 min), and (6E)-2'-O-methylmyxalamide D (3)
(2.4mg, tg=114.6 min) as pale yellow oils. The rest
(1.73 g) of the fourth fraction eluted with EtOAc was used
for obtaining a crude mixture of 1-3 (287 mg), which was
used for degradation without further purification (see
Section 3.3.1).

3.2.1. (6E,10Z)-2'-0O-Methylmyxalamide D (1). Pale
yellow oil; [a]ld —12° (¢ 0.03, MeOH); IR (film) vqx
3370 (br), 1653, 1522, 1108, 1000 cm ™~ '; UV (MeOH) Anax
260 (¢ 6000), 340 (sh), 355 (30,000), 370 (sh) nm; MS
(ESI™) m/z 388 [M+H] ™, 410 [M+Na]*. HRMS found
388.2794, caled for C,4H3sNO5 [M+H]" 388.2846. For
NMR data refer to Tables 1 and 2.

3.2.2. 2'-0-Methylmyxalamide D (2). Pale yellow oil;
[a]d —27° (¢ 0.04, MeOH); IR (film) v, 3367 (br), 1653,
1522, 1107, 1000 cm™'; UV (MeOH) A, 260 (¢ 6000),
340 (sh), 355 (30,000), 370 (sh) nm; MS (ESI") m/z 388
[M+H]", 410 [M+Na]*. HRMS found 388.2805, calcd
for C,4H3sNO5 [M+H] ™ 388.2846. For NMR data refer to
Tables 1 and 2.

3.2.3. (6E)-2'-O-Methylmyxalamide D (3). Pale yellow
oil; [a]3 —31° (¢ 0.017, MeOH); IR (film) v, 3365 (br),
1653, 1522, 1106, 998 cm ™ '; UV (MeOH) Ayax 257 (e
3000), 340 (sh), 356 (30,000), 370 (sh) nm; MS (ESI") m/z
388 [M+H]™', 410 [M+Na]". HRMS found 388.2807,
caled for Cp4H3gNO5 [M+H] ™" 388.2846. For NMR data
refer to Tables 1 and 2.

3.3. Degradation

3.3.1. 13-O-Acetyl derivatives of 1-3. A mixture of 1-3
(46.1 mg, 0.12 mmol) was treated with a mixture of
pyridine (4 mL), DMAP (22 mg, 0.18 mmol) and Ac,0O
(2mL) at room temperature for 3 h. The mixture was
concentrated and the residue was chromatographed on silica
gel (hexane/EtOAc 2:1) to obtain a mixture of acetates as a
pale yellow oil (20.7 mg, 40%): 'H NMR (400 MHz,
CDCl5) 6 6.90-7.05 (1H, m, H-3), 6.05-6.68 (6H, m, H-4—
H-9), 5.90-6.00 (1H, m, NH), 5.50-5.60 (1H, m, H-15),
5.37 (1H, m, H-11), 4.98 (1H, m, H-13), 4.25 (1H, m, H-1"),
3.35-3.45 (2H, m, H-2'), 3.33, 3.37 and 3.38 (total 3H, s
each, 2-OCHj), 2.83-2.93 (1H, m, H-12), 1.97 and 1.98
(total 3H, s each, H-20), 1.94 and 1.95 (total 3H, s each,
acetate), 1.86, 1.81 and 1.72 (total 3H, s each, H-19), 1.65
and 1.58 (total 6H, m, H-16, 17), 1.21, 1.22 and 1.23 (total
3H, d each, J=6.8 Hz, H-3'), 0.87 and 0.88 (total 3H, d
each, J=6.8 Hz, H-18).

3.3.2. N-(2-Methoxy-1-methylethyl)-2-oxopropanamide
(6). The above acetate mixture (20.7 mg, 0.048 mmol)
was dissolved in MeOH (1.5 mL) and cooled to —78 °C. A
stream of ozone (8%) in oxygen was passed through this
solution for 1 h. The solution was flushed with oxygen,
treated with Me,S (0.5 mL) and then allowed to warm to
room temperature with stirring for 3 h. Solvent evaporation
gave an oily residue (4.9 mg), which was chromatographed
on silica gel (hexane/acetone 10:1) to obtain pure 6 (0.5 mg,
7%) as a colorless oil: [a]5 —17° (¢ 0.03, CHCl;). The
NMR and other spectroscopic data were identical to
synthetic (S)-6 (refer to Section 3.4).

3.3.3. 3-Acetoxy-2-methyl-4-oxopentanoic acid p-bromo-
phenacyl ester (5). The reaction was carried out in a
manner similar to that described in Ref. 6. Briefly, a mixture
of the above acetates (24.7 mg, 0.057 mmol) was subjected
to ozonolysis followed by oxidative treatment with H,O,
and subsequent esterification of the resulting carboxylic



B. A. Kundim et al. / Tetrahedron 60 (2004) 10217-10221 10221

acid with p-bromophenacyl bromide (26 mg, 0.094 mmol)
to give 5 (0.7 mg, 3%): [a]5 +10° (¢ 0.06, CHCl5) (lit.:’
[a]y +11° (¢ 0.3, CHCly)). 'H NMR spectrum was
identical to that reported in the literature.’

3.4. Synthesis of ketoamide (S)-6

3.4.1. (S)-2-(2-Methoxy-1-methylethyl)-1H-isoindole-
1,3(2H)-dione (8). To a solution of phthalimide 7'°
(592 mg, 2.9 mmol) in CH3CN (7.5 mL) was added Ag,O
(2 g, 87mmol) and the mixture was heated at reflux
temperature for 5 h in the dark. Ag,O was filtered off by
using a pad of celite and the filtrate was concentrated to
afford 8 (602 mg, 95%) as chromatographically pure
material: colorless oil, [a]F +20° (¢ 0.83, CHCly); 'H
NMR (400 MHz, CDCl3) ¢ 7.81 (2H, m), 7.69 (2H, m), 4.61
(1H, m), 3.97 (1H, t, J=9.8 Hz), 3.53 (1H, dd, /=54,
9.8 Hz), 3.32 (3H, s), 1.44 (3H, d, /=7.1 Hz); "*C NMR
(100 MHz, CDCl3) ¢ 168.5, 133.8, 132.1, 123.1, 72.9, 58.7,
46.3, 15.0; UV (MeOH) Anax 219 (e 31,000), 240 (7600, sh),
295 (1600) nm; IR (film) v, 2984, 2939, 2894, 1775,
1714, 1705, 1468, 1394, 1373, 1337, 1111, 1042, 878, 720,
532 cmfl; HRMS m/z 220.0967 (M+H)+, calcd for
C2H14NO3 220.0968.

3.4.2. (S)-N-(2-Methoxy-1-methylethyl)-2-methyl-2-pro-
penamide (9). Phthalimide 8 (96.4 mg, 0.44 mmol) was
dissolved in EtOH (0.1 mL) in a sealed tube. To this
solution was added hydrazine monohydrate (25 uL,
0.48 mmol), and the tube was sealed and heated at 75 °C
for 5 h. After cooling to room temperature, EtzN (0.61 mL,
4.4 mmol) was added and stirred for 5 min before cooling to
—10 °C. Then methacryloyl chloride (0.43 mL, 4.4 mmol)
was added dropwise and the mixture was stirred at 0 °C for
5h. The reaction mixture was diluted with water and
extracted with EtOAc three times. The combined organic
layers were dried (anhyd Na,SO,) and concentrated to give
a crude oil, which was chromatographed on silica gel
(hexane/acetone 4:1) to give acrylamide 9 (21.6 mg, 31%):
colorless oil, [a]d —10° (¢ 0.23, CHCly); 'H NMR
(400 MHz, CDCl3) 6 6.02 (NH, br s), 5.65 (1H, s), 5.29
(1H, s), 4.19 (1H, m), 3.39 (1H, dd, J=4.2, 9.4 Hz), 3.36
(1H, dd, J=4.1, 9.4 Hz), 3.35 (3H, s), 1.94 (3H, s), 1.19
(3H, d, J=6.8 Hz); '*C NMR (100 MHz, CDCl;) 6 167.8,
140.2, 119.2,75.4, 59.0, 44.8, 18.6, 17.6; UV (MeOH) A«
203 (e 8700) and 296 (350, sh) nm; IR (film) v, 3312,
2981, 2930, 1721, 1678, 1659, 1624, 1530, 1455, 1154,
1111, 1038, 935 cm ™ '; HRMS m/z 180.0991 (M+Na)™,
calcd for CgH;sNO,Na 180.0995.

3.4.3. (S)-N-(2-Methoxy-1-methylethyl)-2-oxopropana-
mide [(S)-6)]. A stream of ozone (8% in O,) was passed
through a solution of 9 (26.3 mg, 0.17 mmol) in MeOH
(1.5 mL) at —78 °C for 1h. After removal of ozone, the
reaction mixture was concentrated to obtain (S)-6 (6.6 mg,
25%): colorless oil, [a]5 —13° (¢ 0.3, CHCl;); '"H NMR
(400 MHz, CDCls) 6 7.06 (NH, br s), 4.10 (1H, m), 3.37

(2H, dd, J=1.0, 4.4 Hz), 3.35 (3H, s), 2.46 (3H, s), 1.21
(3H, d, J=6.8 Hz); '*C NMR (100 MHz, CDCl;) 6 197.2,
159.6, 75.1, 59.1, 45.1, 24.4, 17.2; UV (MeOH) .., 230 (¢
1440, sh) nm; IR (film) v, 3400, 1718, 1684, 1522, 1169,
1110, 669 cm™~'; HRMS m/z 182.0778 (M+Na)™, caled
for C;H;3NO3;Na 182.0788. It must be noted that product
(5)-6 (both natural and synthetic) is a very volatile
compound and most product was lost mainly during
concentration between spectroscopic measurements.
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Abstract—Of the various 6-substituted-5-methoxy-d-lactams 6 were synthesized from a-sulfonyl acetamide 9 in 4 steps in good yield. The
key glutarimides 7 were obtained via facile [3+ 3] annulation. The method featured regioselective introduction of C-6 substituents in
glutarimides 7. Synthesis of tribenzyl lactam 8 and the formal synthesis of (£ )-homopumiliotoxin 223G were also reported.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Naturally occurring 3-piperidinols and polyhydroxylated
piperidines such as prosopinine (1), mannonolactam (2),
deoxymannojirimycin (3) and homopumiliotoxins (4)
alkaloids (Fig. 1) have received much attention owing to a
variety of their biological activities.! Numerous syntheses
of these classes of compounds have been reported.>*
However, it is still desirable to develop a general synthetic
strategy that provides a common pivotal intermediate from
which 2,6-disubstituted piperidine-3-ol 5 can be derived. 6-
Substituted-5-hyrdoxy-8-lactams 6 have been reported as
precursors for the synthesis of 2,6-disubstituted piperidine-
3-0l 5.2¢%"%3 p this paper, we described a new and versatile
approach to 6-substituted-5-methoxy-d-lactams 6 starting
from glutarimides 7 (Scheme 1). The synthesis of tribenzyl

OH
OH HOI'j,OH
CZHSOC(HZC)S\)\/NjT,,,/OH YN OH
H H

Prosopinine (1) X=0; Mannonolactam (2)

X=H,H; Deoxymannojirimycin (3)

Figure 1.

Keywords: 3-Piperidinol; [3+ 3] Annulation; Regioselective reduction.

lactam 8 was discussed (Fig. 2). Tribenzyl lactam 8 is a key
intermediate for the preparation of prosopinine 1, manno-
nolactam 2 and deoxymannojirimycin 3. The formal
synthesis of (& )-homopumiliotoxin 223G 4d was also
reported.

2. Results and discussion

2.1. Synthesis of 5-methoxy-3-tolsyl glutarimides 7a and
7b

Glutarimide 7a was successfully prepared in just one step. It
was taken from o-sulfonyl acetamide 9a and ester 10 via
stepwise [3+3] cycloaddition’ in 80% yield. The stereo-
chemistry of 7a was established by X-ray analysis (Fig. 3).°

= /?J\)\/\/
RT™ I Homopumiliotoxin 319A (4a) R= S 55’

(0]
Homopumiliotoxin 319B (4b) R= M\/\H{

4 =

OH
Homopumiliotoxin 321B (4¢) R= /s\)\/\fg;

Homopumiliotoxin 223G (4d)R=(CH3),CH

* Corresponding author. Tel.: +886 7 5252000 3914; fax: + 886 7 5253913; e-mail: ncchang @mail.nsysu.edu.tw

0040-4020/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.001
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tribenzyl lactam (8)

Figure 2.

Figure 3. X-ray crystallography of 7a.

Ts oM Ts, OMe
;\ I ° 3 eq NaH e
(o) NH Et0” SO (o) l?l 0
R R
9a R =Bn 10 7aR=Bn (80%)
9b R= Allyl 7b R= Allyl (73%)
Scheme 2.

Following the same procedure, 7b was prepared from 9b in
73% yield (Scheme 2).

2.2. Regioselective introduction of C-6 substituents in 7a

With 7a in hand, the next step was to introduce substituent
regioselectively at C-6 position in 7a. Such introduction was
accomplished by the following procedures. (1) Reduction of
7a with LiAlH, afforded hydroxy lactam 11.” Without
purification, 11 was converted to 5,6-dimethoxy-d-lactam
12 in methanol solution in the presence of BF;—OEt,. (2)
Lactam 12 was desulfonated with sodium amalgam to
produce trans-5,6-dimethoxy-d-lactam 13 as N-acylimi-
nium ion precursor (Scheme 3). The stereochemistry of 13

Tsu, OMe
2 _— —
o |?| 0 THF o N OH MeOH o ,‘\‘ “IOMe

Bn Bn Bn
Ta 11 12

(67%) from 7a
OMe
Na/Hg /,Q’
MeOH

07 N” "OMe
(87%) &

13
Scheme 3.

was established by NMR spectra (Fig. 4). (3) Treatment of
13 with various nucleophiles in the presence of BF3—OEt,
furnished the corresponding N-benzyl-6-substituted-5-
methoxy-d-lactams 14a—14e as shown in Table 1.* Attempts

1.58% NOE

Figure 4. Meaningful NOE and coupling constants for 13.

to improve the stereoselectivity of the nucleophilic addition
with different substituent group at C-5 oxygen (i.e., Ac,
TBS) were failed. The stereochemical assignment of N-
benzyl-6-substituted-5-methoxy-d-lactams 14a—14e were
established by NOE studies and coupling constants. It is
noteworthy that the trans isomer 14b was obtained as the
only product when nucleophilic addition with propargyl
trimethylsilane was performed. The reason of not observing
cis-14b is not clear.

2.3. Preparation of tribenzyl lactam 8, a key
intermediate for the synthesis of prosopinine (1),
mannonolactam (2) and deoxymannojirimycin (3).*"
The reaction of propargyl trimethylsilane with dimethoxy 8-
lactam 12 in the presence of BF;—OEt, produced allene 15
as the only product. The stereochemistry of 15 was
established by NMR spectra (Fig. 5). Compound 15 was
transformed into hydroxymethyl product 16 by ozonolysis
followed by the reduction of the corresponding aldehyde
with NaBH, in 76% yield in two steps. Subsequently, the
acetylation of primary alcohol with acetic anhydride
followed by demethylation of the resulting compound 17
with BBr3 and quenched with NaHCOj; provided alcohol 18.
After removing the sulfonyl group in compound 18 with
sodium amalgam, the resulting diol was subsequently
treated with sodium hydride and benzyl bromide. 3-Lactam
8 was obtained from 18 in 51% yield (Scheme 4). The
spectroscopic data of 8 were identical with those reported in
the literature.”"

2.4. Formal synthesis of (+)-homopumiliotoxin 223G
from 19

For the synthesis of homopumiliotoxin 223G, 7b was used
as starting material. Following the same procedures
described in Scheme 3, 19 was obtained in 61% yield
from 7b. In the presence of BF;—OEt,, 19 smoothly reacted
with allylsilane to yield the diallyl adduct 20 as a mixture of
three diastereomers (ca. 33:33:34 as judged by 'H NMR).
This unexpected result might due to part of the C-3
stereocenter epimerized under the reaction condition.
Therefore, three diastereoisomers were obtained instead of
two. Inasmuch as this mixture would converge to a single
compound 24, the diastereomers were not individually
isolated and characterized. The stage was thus set for
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Table 1. Treatment of 13 with various nucleophiles in the presence of BF;—OEt,

OMe i OMe
ﬁ Nucleophile I\/E
07 N" "OMe BF3-OEt/CHCl, 07 “N” “Nu
Bn Bn
13 14a~14e
Entry Nucleophile Product (yield)*
1 ANTMS OMe cis 62%
14a I\/E/\ trans 27%
07N X
Bn
2 s OMe
= b OINI, 71%
B N
3 TMSCN OMe cis 26%
14c II trans 55%
07 N"TCN
Bn
4 O, OMe
U cis 41%
l4d o N | 0, trans 43%
Bn J
5 Et;SiH OMe
14e Ij/ 96%
o7y
Bn
# Isolated yields after column chromatography.
Tsu, OMe H,-H, 3J=7.5 2.28% NOE
TS, OMe  =">1ms " Tt T N\ OMe 3
TBROE, T 0PN Hahe 12 T HarH 22
07 N "OMe 3Ot - T
Bn CH,Cl, Bn \ s *\2.04% NOE
(67%) 0.64% He
12 1.2% NO
13 © He @A’ NOE
Tsu, OMe
1) O3/ CHoCly, MeyS ’/J:j’ Ac,O ,DMAP
_——
2) NaBH, / MeOH e EtsN
(2 steps 76%) I|3n (85%) Figure 5. Meaningful NOE and coupling constants for 15.
16
Tsy, OMe 1) BBrs / CHoCly TSITOH hydroxy lactam 23 as a mixture of two isomers (ca. 30:70 as
ﬁ OAc  2)NaHCO, o N~ oM judged by 'H NMR). After oxidation of 23 with Jones
1y . .
© g ’ (72%) Bn reagent, the resulting ketone 24 underwent stereoselectively
n

1
17 8

OBn
1) Na(Hg) / MeOH

N NaH RaR THE -, ~OBn
2)NaH, BnBr/ THF O N~ s

|
(2 steps 51%) Bn

8

Scheme 4. Preparation of d-lactam 8, a key intermediate for the synthesis of
prosopinine (1), mannonolactam (2) and deoxymannojirimycin (3).2

intramolecular metathesis. Exposure of mixture 20 to the
first-generation Grubbs’ catalyst at room temperature
cleanly provided a mixture of quinolizidinones 21 in 71%
yield. Subsequently, the hydrogenation of olefin followed
by demethylation of the resulting product with Nal and
TMSCI provided mixture 22. Removal of the sulfonyl
function was effected with sodium amalgam to afford

1,2-addition with MeMgBr. The desired 25 was obtained as
the only product in the 74% yield (Scheme 5). The
spectroscopic data for 25 matched those reported in the
literature.** The present work constitutes a formal synthesis
of (£)-homopumiliotoxin 223G.

3. Conclusion

In conclusion, the N-substituted-5-methoxy-3-tolsyl glutar-
imides 7 were synthesized in good yield. The glutarimides 7
are versatile intermediate for the preparation of 6-sub-
stituted-5-methoxy-3-lactam 6. These results were applied
to the preparation of d-lactam 8, which is a key intermediate
for the synthesis of prosopinine 1, mannonolactam 2 and
deoxymannojirimycin 3. Formal synthesis of (Z)-homo-
pumiliotoxin 223G was also reported.
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Ts,,, OMe ™S Ts OMe 4mol%
3 N Grubbs' catalyst
07 N “OMe BF3-OEt, o0“N et o
CH,Cl, “ CH.Cly (71%)

| (85%) |

19 20

Ts OMe 1) H,, Pd/C, Ts OH
MeOH. Na(Hg)
0 >N 2) TMSCI, Nal, 07 N MeOH
P MeCN, reflux (88%)

(2 steps 65%)

21 22
Jones OX. MeMgBr
_—
(68% THF, t.
(76%)

ret 4a

—>

4 stepts H’N
25 homopumiliotoxin 223G

hydrochloride salt

Scheme 5. Formal synthesis of (& )-homopumiliotoxin 223G.

4. Experimental

4.1. General

Before use, THF was distilled from a deep blue solution
resulting from sodium and benzophenone under nitrogen.
All reagents and solvents were obtained from commercial
sources and used without further purification. Thin layer
chromatography (TLC) analysis was performed with pre-
coated silica gel (60 254 plates) and column chromato-
graphy was carried out on silica (70-230 mesh). All
reactions were performed under an atmosphere of nitrogen
in dried (except those concerned with aqueous solutions)
spherical flasks and stirred with magnetic bars. Organic
layers were dried with anhydrous magnesium sulfate before
concentration in vacuo.

4.1.1. Preparation of 2-methoxyacrylic acid ethyl ester
(10). A mixture of ethyl pyruvate (5 g, 43.06 mmol) and
trimethyl orthoformate (10.9 g, 103.34 mmol) was added
dropwise concentrated sulfuric acid (0.1 mL) at room
temperature. After being stirred for 6 h, the residue was
diluted with water (10 mL) and extracted with CH,Cl, (3 X
20 mL). The combined organic layers were washed with
brine, dried, filtered and evaporated. Without purification, to
a solution of above crude product in dry DMF (5 mL), P,Os5
(3.05 g, 21.52 mmol) was added under strong stirring. The
mixture was heated for 6 h at 100 °C, cooled to room
temperature, poured on to saturated aqueous NaHCO;
(15 mL) and extracted with Et,O (3X20 mL). The com-
bined organic layers were washed with water (30 mL),
dried, filtered and evaporated. Distillation gave 4.19 g of 10
(75%) as colorless oil.

4.1.2. Procedure of [3+3] cycloaddition to N-substi-
tuted-5-methoxy-3-tolsyl glutarimides 7. A solution of N-

substituted-2-(toluene-4-sulfonyl)acetamide (2.0 mmol) 9a,
9b in THF (15mL) was added to a rapidly stirred
suspension of sodium hydride (4.4 mmol, 60%) in THF
(10 mL). After the reaction mixture was stirred at room
temperature for 15 min, a,B-unsaturated ester 10
(6.0 mmol) was added. The resulting mixture was stirring
for 7 h at room temperature, quenched with NH,Cl (1 mL)
in an ice bath, and concentrated under reduced pressure. The
residue was diluted with water (5 mL) and extracted with
EtOAc (3X20 mL). The combined organic layers were
washed with brine, dried, filtered and evaporated. Purifi-
cation on silica gel chromatography (hexane/ethyl acetate =
4/1-2/1) produced products.

For Ta. Yield 80%; white solid; mp 146.6 °C; IR (CHCls,
cm ') 1685; FAB-MS: CooH,NOsS m/z (%)=91 (100),
137 (36), 154 (35), 388 M ' +1, 12); HRMS (FAB,M ™" +
1) Caled for C,0H»,NOsS 388.1219, found 388.1216; 'H
NMR (500 MHz, CDCl3) 6 7.65 (d, J=8 Hz, 2H), 7.32 (d,
J=8 Hz, 2H), 7.30-7.23 (m, 5H), 4.95 (d, /=14.5 Hz, 1H),
4.88 (d, J=14.5Hz, 1H), 4.39 (dd, J=4.5, 8.5 Hz, 1H),
4.31 (t,J=6.5 Hz, 1H), 3.55 (S, 3H), 2.85 (ddd, /=45, 6.5,
14.5 Hz, 1H), 2.52 (ddd, J=6, 8.5, 14.5 Hz, 1H), 2.64 (S,
3H); '*C NMR (125 MHz, CDCl3) 6 170.34, 164.22,
145.73, 136.00, 134.52, 129.77 (2C), 129.25 (2C), 128.52
(20), 128.39 (20), 127.61, 74.11, 64.30, 59.30, 43.74,
24.44, 21.77. Anal. Calcd for C,0H,;NOsS: C, 62.00; H,
5.46; N, 3.62; S, 8.28, found C, 61.98; H, 5.44; N, 3.58; S,
8.28. Compound 7a was recrystallized from ethyl acetate,
and as a colorless prism.

For Th. Yield 73%; colorless oil; IR (CHClj;, cmfl) 1738,
1687; FAB-MS: C,cHoNOsS m/z (%)=91 (100), 151 (38),
155 (9), 182 (14), 337 (M™, 1); HRMS (FAB, M" +1)
Calcd for C;4H,oNOsS 337.0978, found 337.0980; 'H NMR
(500 MHz, CDCls) 6 7.78 (d, J=28.0 Hz, 2H), 7.38 (d, J=
8.0 Hz, 2H), 5.78-5.70 (m, 1H), 5.18 (dd, J=1, 17.5 Hz,
1H), 5.14 (dd, J=1, 10 Hz, 1H), 4.37-4.30 (m, 4H), 3.85 (s,
3H), 2.83 (ddd, J=4, 7, 15 Hz, 1H), 2.55 (ddd, J=6, 11.5,
15 Hz, 1H), 2.46 (s, 3H); 13C NMR (125 MHz, CDCl5) ¢
169.92, 164.00, 145.74, 134.86, 130.95, 129.79 (20),
129.25 (20), 117.75, 74.14, 64.02, 59.20, 42.41, 24.42,
21.74.

4.1.3. Preparation of 1-substituted-5,6-dimethoxy-3-
(toluene-4-sulfonyl)piperidin-2-one (12), (19). A solution
of glutarimide 7 (2.0 mmol) in THF (20 mL) was added
lithium aluminum hydride (2.5 mmol) at —10°C. The
resulting mixture was stirred for 3 h, quenched with
saturated aqueous NH4CI (1 mL) at the same temperature,
filtered and then concentrated under reduced pressure. The
residue was diluted with water (10 mL) and extracted with
EtOAc (3X20mL). The combined organic layers were
washed with brine, dried, filtered and evaporated. Without
purification, to a solution of above crude product in MeOH
(20 mL) was treated with BF;—OEt, (0.24 mL, 2.0 mmol) at
room temperature. After 15 h, the resulting mixture was
diluted with saturated aqueous NaHCOs, concentrated
under reduce pressure and extracted with CH,Cl, (3X
20 mL). The combined organic layers were washed with
brine, dried, filtered and evaporated. Purification on silica
gel chromatography (hexane/ethyl acetate=4/1-2/1) pro-
duced products.
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For 12. Yield 67%; colorless oil; IR (CHCl3, cm ™~ ]) 1654,
FAB-MS: C, H,sNOsS m/z (%)=91 (100), 69 (61), 372
(8), 404 M™ +1, 9); HRMS (FAB, M* +1) Caled for
C1HysNOsS 404.1532, found 404.1529; 'H NMR
(500 MHz, CDCl3) 6 7.38 (d, J=8 Hz, 2H), 7.33 (d, J=
8 Hz, 2H), 7.27-7.18 (m, 5H), 5.24 (d, J=15.5 Hz, 1H),
4.34 (dd, J=1.5, 3 Hz, 1H), 4.22 (dd, J=7, 11.5 Hz, 1H),
4.06 ((d, J=15.5Hz, 1H), 3.69 (dt, J=4.5, 2.5 Hz, 1H),
3.35(S, 3H), 3.20 (S, 3H), 2.76 (ddd, J=2.5, 11.5, 14.5 Hz,
1H), 2.59-2.54 (m, 1H), 2.43 (S, 3H); '*C NMR (125 MHz,
CDCl3) 6 162.51, 144.54, 136.67, 136.17, 129.36 (2C),
129.29 (2C), 128.48 (2C), 127.98 (2C), 127.42, 87.12,
72.52, 62.44, 56.98, 56.72, 48.51, 21.68, 21.42. Anal. Calcd
for C»;H,sNOsS: C, 62.51; H, 6.25; N, 3.47; S, 7.95, found
C, 62.52; H, 6.24; N, 3.45; S, 8.00.

For 19. Yield 61%; colorless oil; IR (CHClj;, cm_l) 1740,
1689; FAB-MS: C,7H»3NOsS m/z (%)=166 (100%), 91
(12), 168 (7), 354 (M +1, 7); HRMS (FAB, Mt +1)
Calcd for C17H,NOsS 354.1375, found 354.1374; 'H NMR
(500 MHz, CDCls) 6 7.77 (d, J=8.5Hz, 2H), 7.34 (d, J=
8.5 Hz, 2H), 5.66-5.58 (m, 1H), 5.12 (dd, J=17, 1.5 Hz,
1H), 5.08 (dd, /=10, 1 Hz, 1H), 4.39 (dd, J=15.5, 4 Hz,
1H), 4.37 (d, J=1.5 Hz, 1H), 4.09 (dd, /J=11.5, 7 Hz, 1H),
3.68-3.66 (m, 1H), 3.51 (dd, J=15.5, 7 Hz, 1H), 3.33 (s,
3H), 3.32 (s, 3H), 2.62 (ddd, J=14, 12, 2 Hz, 1H), 2.53—
2.48 (m, 1H), 2.38 (s, 3H); '*C NMR (125 MHz, CDCl5) 6
161.82, 144.29, 136.31, 131.96, 129.01 (2C), 128.96 (2C),
171.24, 87.38, 72.31, 61.99, 56.63, 56.53, 48.17, 21.39,
20.96. Anal. Calcd for C;7H,3NOsS: C, 57.77; H, 6.56; N,
3.96; S, 9.07, found C, 58.02; H, 6.68; N, 3.93; S, 9.39.

4.1.4. 1-Benzyl-5,6-dimethoxypiperidin-2-one (13).
Sodium amalgam 6% (Na/Hg, 3.0 g) and sodium phosphate
(40 mg) were added to a stirred solution of 12 (806 mg,
2.0 mmol) in MeOH (5 mL), and vigorously stirred for 2 h
at room temperature The residue was filtered and washed
with MeOH (2 X 10 mL). The combined organic layers were
concentrated to obtain the crude product. The crude product
was purified by silica gel chromatography (hexane/ethyl
acetate=2/1-1/1) to afford 13 (433 mg, 87%) as colorless
oil; IR (CHCls, cm™ ") 1654; FAB-MS: C,H,;oNO; m/z
(%)=91 (100), 69 (43), 218 (16), 250 M ™ +1, 71); HRMS
(FAB, Mt +1) Calcd for C;4H,NOs 250.1443, found
250.1442; '"H NMR (500 MHz, CDCl3) ¢ 7.32-7.25 (m,
5H), 5.34 (d, J=15 Hz, 1H), 4.34 (dd, J=1.5, 2.5 Hz, 1H),
4.06 (d, J=15 Hz, 1H), 3.52 (dt, J=4.5, 2.5 Hz, 1H), 3.35
(s, 3H), 3.25 (s, 3H), 2.58 (ddd, /=7, 12, 18.5 Hz, 1H), 2.41
(ddd, /=3, 9.5, 17.5 Hz, 1H), 2.14-2.09 (m, 1H), 1.97-1.92
(m, 1H); *C NMR (125 MHz, CDCls3) 6 170.02, 137.14,
128.66, 128.09, 127.68, 127.15 (2C), 88.19, 73.31, 56.75,
56.27, 47.54, 27.20, 20.34.

4.1.5. Preparation of N-benzyl-6-substituted-5-methoxy-
d-lactams 14a-14e. To a solution of 13 (0.26 mmol) and
the nucleophiles (1.0 mmol) in dry CH,Cl, (5 mL), BF3—
OEt, (0.12 mL, 1.0 mmol) was added at 0 °C. The reaction
was allowed to warm to room temperature and was
monitored by TLC. When the reaction was finished,
saturated aqueous NaHCO; (5 mL) was added and the
water layer was extracted with CH,Cl, (3X10 mL). The
combined organic layers were washed with brine, dried,

filtered and evaporated. Purification on silica gel (hexane/
ethyl acetate =2/1-1/1) produced products.

For cis-6-allyl-1-benzyl-5-methoxypiperidin-2-one (cis-
14a). Yield 62%; colorless oil; IR (CHCls, cm™ ') 3071,
1638; FAB-MS: C¢H,NO, m/z (%)=91 (100), 117 (42),
218 (18), 260 M ™' +1, 69); HRMS (FAB, M +1) Calcd
for C16H»NO, 260.1650, found 260.1653; 'H NMR
(500 MHz, CDCl3) 6 7.32-7.21 (m, 5H), 5.87-5.79 (m,
1H), 5.43 (d, J=15 Hz, 1H), 5.13 (dd, J=17.5, 3 Hz, 1H),
5.09 (d, J=10 Hz, 1H), 3.94 (d, /=15 Hz, 1H), 3.49-3.42
(m, 2H), 3.25 (s, 3H), 2.65 (dt, /=18, 5.5 Hz, 1H), 2.59—
2.49 (m, 2H), 2.34-2.28 (m, 1H), 1.98-1.93 (m, 2H); "°C
NMR (125 MHz, CDCl5) 6 169.67, 137.22, 135.38, 128.59
(20), 127.83 (20), 127.32, 117.77, 75.72, 57.11, 56.36,
48.55, 33.76, 28.59, 22.12.

For  trans-6-allyl-1-benzyl-5-methoxypiperidin-2-one
(trans-14a). Yield 27%; colorless oil; IR (CHClIs;, cmfl)
3076, 1638; FAB-MS: C;cH,>;NO, m/z (%)=91 (100), 133
(52), 260 (M ™" +1, 34); HRMS (FAB, M ™" +1) Calcd for
C16H2oNO, 260.1650, found 260.1651; 'H NMR
(500 MHz, CDCl3) 6 7.31-7.24 (m, 5H), 5.70-5.63 (m,
1H), 5.44 (d, J=15.5 Hz, 1H), 5.12-5.08 (m, 2H), 3.94 (d,
J=15.5Hz, 1H), 3.44-3.43 (m, 2H), 3.12 (s, 3H), 2.64
(ddd, J=8, 11, 18 Hz, 1H), 2.54-2.49 (m, 1H), 2.40 (ddd,
J=3, 6.5, 18 Hz, 1H), 2.19-2.13 (m, 1H), 2.05-1.94 (m,
2H); ')C NMR (125MHz, CDCly) & 169.79, 137.14,
133.59, 128.47 (2C), 127.78 (2C), 127.16, 118.43, 74.28,
57.71, 55.58, 47.53, 36.67, 27.01, 21.07.

For trans-1-benzyl-5-methoxy-6-propa-1,2-dienyl-piperi-
din-2-one (trans-14b). Yield 71%; colorless oil; IR
(CHCl3, cm™ ") 1960, 1648; FAB-MS: C;cHoNO, ml/z
(%)=91 (100), 133 (43), 258 (M* +1, 26); HRMS (FAB,
M™ +1) Caled for C,¢H,oNO, 258.1494, found 258.1497;
'H NMR (500 MHz, CDCl3) 6 7.31-7.24 (m, 5H), 5.32 (d,
J=15Hz, 1H), 5.03 (dd, /=6, 13 Hz, 1H), 4.92-4.90 (m,
2H), 4.00-3.98 (m, 1H), 3.79 (d, /=15 Hz, 1H), 3.43 (dt,
J=4.5, 2Hz, 1H), 3.15 (s, 3H), 2.61 (ddd, J=7.5, 12,
18 Hz, 1H), 2.41 (ddd, /=2, 6.5, 18 Hz, 1H), 2.17-2.20 (m,
1H), 2.00-1.95 (m, 1H); >*C NMR (125 MHz, CDCl3) 6
208.56, 169.58, 137.07, 128.54 (2C), 127.95 (2C), 127.15,
90.19, 78.18, 76.31, 57.00, 55.91, 47.42, 27.01, 21.33.

For cis-1-benzyl-3-methoxy-6-oxopiperidine-2-carbonitrile
(cis-14c¢). Yield 26%; colorless oil; IR (CHClz, cm ™ 1) 2391,
1654; FAB-MS: C,4H;6N,0, m/z (%) =154 (100), 91 (70),
137 (72), 245 M™ +1, 65); HRMS (FAB, M " + 1) Caled
for Ci4H;7N>O, 245.1290, found 245.1288; 'H NMR
(500 MHz, CDCl3) ¢ 7.37-7.26 (m, 5H), 5.56 (d, J=
15 Hz, 1H), 4.31 (dd, J=1.5, 5 Hz, 1H), 3.91 (d, J=15 Hz,
1H), 3.57 (dt, J=11, 4.5 Hz, 1H), 3.38 (s, 3H), 2.77 (ddd,
J=3.5, 6.5, 18.5Hz, 1H), 2.52 (ddd, J=7, 11, 18.5 Hz,
1H), 2.21-2.17 (m, 1H), 2.16-2.07 (m, 1H); *C NMR
(125 MHz, CDCl3) ¢ 168.17, 135.00, 129.06 (2C), 128.46
(20), 128.33, 115.42, 73.63, 57.00, 51.18, 48.53, 29.06,
23.82.

For trans-1-benzyl-3-methoxy-6-oxopiperidine-2-carboni-
trile (trans-14c). Yield 55%; colorless oil; IR (CHCls,
cm ') 2303, 1658; FAB-MS: C4H;(N,O, m/z (%)=91
(100), 136 (85), 145 (87), 245 (M™ +1, 42); HRMS (FAB,
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M™ +1) Calcd for C;4H;7N,0, 245.1290, found 245.1291;
'"H NMR (500 MHz, CDCl;) 6 7.36-7.26 (m, 5H), 5.67 (d,
J=15Hz, 1H), 4.24 (t, J=2.5 Hz, 1H), 3.86 (d, /=15 Hz,
1H), 3.80 (dt, J=4.5, 2.5 Hz, 1H), 3.17 (s, 3H), 2.70 (ddd,
J=17, 12, 18.5 Hz, 1H), 2.54 (ddd, J=2.5, 6.5, 18.5 Hz,
1H), 2.30-2.22 (m, 1H), 2.18-2.12 (m, 1H); '*C NMR
(125 MHz, CDCl;) 6 168.48, 134.98, 128.91 (2C), 128.25
(20), 128.11, 116.36, 74.04, 56.61, 49.54, 47.96, 26.88,
23.23.

For cis-1-benzyl-6-furan-2-yl-5-methoxypiperidin-2-one
(cis-14d). Yield 41%; colorless oil; IR (CHCl;, cm™ ')
3123, 3045, 1638; FAB-MS: C7H;o(NO3 m/z (%)=91
(100), 154 (95), 286 M +1, 60); HRMS (FAB, M +1)
Calcd for C;7H,oNO; 286.1443, found 286.1443; 'H NMR
(500 MHz, CDCl3) 6 7.43 (d, /=1 Hz, 1H), 7.34-7.18 (m,
5H), 6.39 (dd, J=2, 3 Hz, 1H), 6.26 (d, J=3.5 Hz, 1H),
5.46 (d, J=15.5 Hz, 1H), 4.61 (d, J=4.5 Hz, 1H), 3.61 (dt,
J=11, 5Hz, 1H), 3.51 (d, J=15.5 Hz, 1H), 3.31 (s, 3H),
2.77 (ddd, J=3, 7, 18 Hz, 1H), 2.58 (ddd, /=8, 11, 18 Hz,
1H), 2.05-1.97 (m, 2H); '*C NMR (125 MHz, CDCl;) 6
169.41, 150.08, 142.86, 136.74, 128.60 (2C), 128.08 (2C),
127.46, 110.31, 109.76, 76.02, 56.70, 55.29, 48.06, 29.62,
22.81.

For trans-1-benzyl-6-furan-2-yl-5-methoxypiperidin-2-one
(trans-14d). Yield 43%; colorless oil; IR (CHCl3, cm ™ 1)
3108, 3040, 1641; FAB-MS: C7H;oNO3; m/z (%)=91
(100), 136 (38), 154 (36), 286 (M +1, 32); HRMS (FAB,
M™ +1) Caled for C;7H,oNO5 286.1443, found 286.1442;
"H NMR (500 MHz, CDCl5) 6 7.38 (d, J=2 Hz, 1H), 7.32—
7.21 (m, 5H), 6.36 (dd, J=1.5, 3 Hz, 1H), 6.22 (d, /=3 Hz,
1H), 5.60 (d, J=15.5 Hz, 1H), 4.58 (s, 1H), 3.64 (dt, J=4.5,
2.5 Hz, 1H), 3.58 (d, J=15.5 Hz, 1H), 3.20 (s, 3H), 2.71
(ddd, J=7.5, 12.5, 18.5 Hz, 1H), 2.50 (ddd, J=2.5, 6.5,
18.5 Hz, 1H), 2.06-2.00 (m, 1H), 1.96-1.91 (m, 1H); *C
NMR (125 MHz, CDCl5) 6 169.89, 151.94, 142.58, 136.80,
128.49 (2C), 127.85 (2C), 127.24, 110.47, 108.06, 75.81,
56.86, 56.16, 47.55, 27.10, 21.84.

For 1-benzyl-5-methoxypiperidin-2-one (14e). Yield 96%;
colorless oil; IR (CHCls, cmfl) 1638; FAB-MS:
C3H7NO, m/z (%)=91 (59), 220 M ™" + 1, 100); HRMS
(FAB, M' +1) Caled for C;3H;sNO, 220.1338, found
220.1338; 'H NMR (500 MHz, CDCl;) ¢ 7.33-7.24 (m,
5H), 4.61 (d, J=15 Hz, 1H), 4.56 (d, J=15 Hz, 1H), 3.59-
3.56 (m, 1H), 3.30 (dd, /=4, 13 Hz, 1H), 3.25 (s, 3H), 3.23
(ddd, /=1, 4.5, 13 Hz, 1H), 2.62 (ddd, /=6.5, 16, 17.5 Hz,
1H), 2.40 (dt, J=6, 17.5 Hz, 1H), 2.02-1.89 (m, 2H); '*C
NMR (125 MHz, CDCl3) 6 169.21, 136.70, 128.40 (2C),
128.77 (2C), 127.17, 72.21, 55.80, 50.19, 49.71, 27.80,
25.08.

4.1.6. 1-Benzyl-5-methoxy-6-propa-1,2-dienyl-3-(tolu-
ene-4-sulfonyl)piperidin-2-one (15). To a solution of 12
(564 mg, 1.4 mmol) and the propargyl trimethylsilane
(627 mg, 5.6 mmol) in dry CH,Cl, (5 mL), BF;-OEt,
(0.7 mL, 5.6 mmol) was added at 0 °C. The reaction was
allowed to warm to room temperature and monitored by
TLC. When the reaction was finished, saturated aqueous
NaHCO; (S5 mL) was added and the water layer was
extracted with CH,Cl, (3 X 10 mL). The combined organic
layers were washed with brine, dried, filtered and

evaporated. The crude product was purified by silica gel
chromatography (hexane/ethyl acetate=2/1-1/1) to afford
15 (386 mg, 67%) as colorless oil; IR (CHCl;, cm ™ 1) 1963,
1654; EI-MS: C,3H,5sNO4S m/z (%)=91 (100), 411 (M ™,
0.59); HRMS (FAB, M +1) Calcd for C,3H,gNO,S
412.1583, found 412.1584; '"H NMR (500 MHz, CDCl3) 6
7.85 (d, J=28.5 Hz, 2H), 7.35 (d, J=28.5 Hz, 2H), 7.32-7.18
(m, 5H), 5.39 (d, J=15 Hz, 1H), 5.10 (dd, /J=6.5, 13 Hz,
1H), 5.00-4.91 (m, 2H), 4.28 (dd, J=7.5, 12 Hz, 1H), 3.99
(m, 1H), 3.77 (d, /=15 Hz, 1H), 3.58 (dt, J=4.5, 2.5 Hz,
1H), 3.05 (s, 3H), 2.69 (ddd, /=2, 12, 14 Hz, 1H), 2.59-
2.54 (m, 1H), 2.43 (s, 3H); '*C NMR (125 MHz, CDCl;) 6
208.76, 161.98, 144.52, 136.84, 136.10, 129.37 (20),
129.17 (2C), 128.44 (2C), 128.17 (2C), 127.43, 89.01,
78.51, 75.54, 62.36, 56.66, 56.19, 47.94, 22.67, 21.68.

4.1.7. 1-Benzyl-6-hydroxymethyl-5-methoxy-3-(toluene-
4-sulfonyl)piperidin-2-one (16). A stream of ozone was
bubbled through a solution of 15 (197 mg, 0.48 mmol) in
CH,Cl, (5 mL) at —78 °C until a pale blue color developed
(5 min). Nitrogen was bubbled through the solution to
remove excess ozone and dimethyl sulfide (0.5 mL) was
added. The reaction mixture was allowed to warm to room
temperature, and stirring was continued for 5h. The
solution was concentrated under reduce pressure followed
diluted with MeOH (10 mL), NaBH, (22 mg, 0.58 mmol)
was added and monitored by TLC. When the reaction was
finished, water (10 mL) was added and then concentrated
under reduced pressure. The residue was extracted with
EtOAc (3X10mL). The combined organic layers were
washed with brine, dried, filtered and evaporated. The crude
product was purified by silica gel chromatography (hexane/
ethyl acetate=2/1-1/1) to afford 16 (147 mg, 76%) as a
colorless oil; IR (CHCls;, cm_l) 3432, 1660; FAB-MS:
C,1H,5NOsS m/z (%)=117 (100), 91 (43), 219 (12), 404
(M7 +1, 2); HRMS (FAB, M " + 1) Calcd for Co1H,6NOsS
404.1532, found 404.1532; '"H NMR (500 MHz, CDCl5) 6
7.82 (d, J=8.5 Hz, 2H), 7.35 (d, J=8.5 Hz, 2H), 7.28-7.21
(m, 5H), 5.11 (d, J=15.5 Hz, 1H), 4.27 (dd, /=8, 10.5 Hz,
1H), 4.21 (d, J=15.5 Hz, 1H), 3.80-3.78 (m, 3H), 3.58-
3.55 (m, 1H), 3.05 (s, 3H), 2.79 (ddd, J=3, 10.5, 15 Hz,
1H), 2.55-2.49 (m, 1H), 2.44 (s, 3H); '>*C NMR (125 MHz,
CDCl3) 0 162.65, 144.76, 136.39, 136.35, 129.46 (2C),
129.10 (20), 128.57 (2C), 127.94 (2C), 127.54, 73.09,
62.77, 62.00, 59.44, 56.09, 49.16, 23.57, 21.71.

4.1.8. Acetic acid 1-benzyl-3-methoxy-6-0x0-5-(toluene-
4-sulfonyl)piperidin-2-ylmethyl ester (17). To a solution
of 16 (318 mg, 0.79 mmol) and 4-N,N-(dimethylamino)pyr-
idine (96 mg, 0.79 mmol) in triethylamine (0.5 mL) was
added acetic anhydride (2 mL) at room temperature. The
reaction mixture was stirred for 3 h. The reaction was
quenched with a saturated aqueous NaHCOj3 (5 mL) at 0 °C
and extracted with EtOAc (3X10mL). The combined
organic layers were washed with brine, dried, filtered and
evaporated. The crude product was purified by silica gel
chromatography (hexane/ethyl acetate=2/1-1/1) to afford
17 (298 mg, 85%) as colorless oil; IR (CHCl3, cm ™~ Y 1747,
1654; FAB-MS: Cy3H,7NOgS m/z (%) =91 (100), 133 (24),
290 (3), 446 M ™ +1, 6); HRMS (FAB, M™" + 1) Calcd for
C3H,sNOGS 446.1637, found 446.1637; 'H NMR
(500 MHz, CDCl3) 6 7.83 (d, J=8.5 Hz, 2H), 7.36 (d, J=
8.5 Hz, 2H), 7.30-7.21 (m, 5H), 5.27 (d, /=15 Hz, 1H),
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4.28-4.23 (m, 3H), 4.06 (d, J=15 Hz, 1H), 3.70 (dd, J=3,
6.5 Hz, 1H), 3.66-3.63 (m, 1H), 3.03 (s, 3H), 2.68 (ddd, J=
2.5,10.5, 15 Hz, 1H), 2.62-2.57 (m, 1H), 2.45 (s, 3H), 2.11
(s, 3H); °C NMR (125 MHz, CDCl;) & 170.43, 162.39,
144.75, 136.45, 136.01, 129.46 (2C), 129.13 (2C), 128.53
(20), 128.14 (2C), 127.59, 73.02, 62.68, 62.42, 56.42,
56.15, 48.74, 23.19, 21.72, 20.76.

4.1.9. 1-Benzyl-5-hydroxy-6-hydroxymethyl-3-(toluene-
4-sulfonyl)piperidin-2-one (18). To a solution of 17
(298 mg, 0.67 mmol) in dry CH,Cl, (5mL) at 0°C was
added dropwise a 1.0 M solution of boron tribromide in
dichloromethane (4.0 mL, 4.0 mmol). After stirring the
solution for 10 h, the reaction contents was quenched with a
saturated aqueous NaHCOj; (10 mL) at 0 °C. The resulting
mixture was stirred for 20 min and extracted with CH,Cl,
(3X10 mL). The combined organic layers were washed
with brine, dried, filtered and evaporated. The crude product
was purified by silica gel chromatography (hexane/ethyl
acetate=1/1-1/2) to afford 18 (188 mg, 72%) as colorless
oil; IR (CHCls, cm ™ ') 3401, 1640; FAB-MS: C5oH»3;NOsS
mlz (%)=91 (100), 136 (74), 390 M™ +1, 30); HRMS
(FAB, M" +1) Calcd for CroH,4NOsS 390.1375, found
390.1375; '"H NMR (500 MHz, CDCls) 6 7.82 (d, J=
8.5 Hz, 2H), 7.36 (d, J=38.5 Hz, 2H), 7.33-7.22 (m, 5H),
5.10(d,J=15 Hz, 1H), 4.41-4.39 (m, 1H), 4.33 (t, /=9 Hz,
1H), 4.25 (d, J=15 Hz, 1H), 3.81-3.79 (m, 2H), 3.40 (dd,
J=4,9 Hz, 1H), 2.84 (ddd, J=2.5,9, 14.5 Hz, 1H), 2.44 (s,
3H), 2.42-2.39 (m, 1H); '3C NMR (125 MHz, CDCls) 6
162.60, 144.91, 136.33, 136.22, 129.53 (2C), 129.23 (20),
128.82 (20), 127.85 (2C), 127.67, 64.31, 63.69, 63.02,
61.90, 49.16, 26.12, 21.73.

4.1.10. 1-Benzyl-5-benzyloxy-6-benzyloxymethylpiperi-
din-2-one (8). Sodium amalgam 6% (Na/Hg, 3.0 g) and
sodium phosphate (40 mg) were added to a stirred solution
of lactam 18 (132 mg, 0.34 mmol) in methanol (5 mL), and
vigorously stirred for 2 h at room temperature The residue
was filtered and washed with methanol (2X 10 mL). The
combined organic layers were concentrated to obtain the
crude product. Without purification, the solution of above
crude product in dry THF (5 mL) was added to a rapidly
stirred suspension of NaH (48 mg, 1.2 mmol, 60%) in dry
THF (5 mL) at room temperature. The mixture was stirred
for 5 min and then benzyl bromide (149 mg, 0.87 mmol)
was added. After stirring for 30 min, the reaction was
quenched with water (10 mL). The resulting mixture was
extracted with EtOAc (3 X 10 mL). The combined organic
layers were washed with brine, dried, filtered and evapor-
ated. The crude product was purified by silica gel
chromatography (hexane/ethyl acetate=2/1-1/1) to afford
8 (72 mg, 51%) as colorless oil; IR (CHClj, cem ™ 1) 1640;
FAB-MS: Cy;H20NO3 m/z (%0)=91 (100), 154 (86), 416
(M™ +1, 8); HRMS (FAB, M™ +1) Calcd for C7H3(NO;
416.2226, found 416.2224; "H NMR (500 MHz, CDCl;) 6
7.36-7.19 (m, 15), 5.36 (d, J/=15Hz, 1H), 445 (d, J=
12 Hz, 1H), 4.41 (d, J=12 Hz, 1H), 4.38 (d, /=12 Hz, 1H),
4.30 (d, J=12 Hz, 1H), 3.97 (d, J=15 Hz, 1H), 3.86 (dd,
J=25, 6.5Hz, 1H), 3.68-3.66 (m, 1H), 3.55 (dd, J=4,
10 Hz, 1H), 3.45 (dd, J=7, 9.5 Hz, 1H), 2.70 (ddd, J=3§,
10, 18 Hz, 1H), 2.43 (ddd, J=4, 6.5, 18 Hz, 1H), 2.04-2.00
(m, 2H); "*C NMR (125 MHz, CDCl;) 6 170.31, 138.03,
137.52, 137.18, 128.50 (2C), 128.45 (2C), 128.29 (2C),

127.91, 127.78 (2C), 127.61 (2C), 127.54, 127.31 (2C),
127.12, 73.30, 71.98, 70.03, 69.36, 58.59, 47.96, 27.41,
22.38.

4.1.11. 1,6-Diallyl-5-methoxy-3-(toluene-4-sulfonyl)
piperidin-2-one (20). To a solution of 19 (1 g, 2.9 mmol)
and the allylsilane (1.32 g, 11.6 mmol) in dry CH,Cl,
(20 mL), BF3-OEt, (1.46 mL, 11.6 mmol) was added at
0°C. The reaction was allowed to warm to room
temperature and monitored by TLC. When the reaction
was finished, saturated aqueous NaHCO;5 (5 mL) was added
and the water layer was extracted with CH,Cl, (3 X 10 mL).
The combined organic layers were washed with brine, dried,
filtered and evaporated. The crude product was purified by
silica gel chromatography to afford 20 (897 mg, 85%) as
mixture (ca. 33:33:34) of three diastereomers and as
colorless oil. For spectroscopic characterization a mixture
of the three isomers; '"H NMR (500 MHz, CDCls) 6 7.81—
7.77 (comp, 2H), 7.34-7.32 (comp, 2H), 5.88-5.58 (comp,
2H), 5.24-5.07 (comp, 4H), 4.60-4.12 (comp, 1H), 4.16 (t,
J=10Hz, 0.3H), 4.11 (t, J=10 Hz, 0.3H), 4.06 (tt, J=5,
8 Hz, 0.3H), 3.97 (dt, J=9.5, 4 Hz, 0.3H), 3.65 (q, /=3 Hz,
0.3H), 3.63 (q, J=4.5 Hz, 0.3H), 3.57-3.34 (comp, 2.3H),
341 (s, 1H), 3.38 (s, 3H), 3.30 (s, 1H), 2.74 (dt, J=15,
4.5 Hz, 0.3H), 2.64-2.23 (comp, 6.3H).

4.1.12. 1-Methoxy-3-(toluene-4-sulfonyl)-1,2,3,6,9,9a-
hexa hydroquinolizin-4-one (21). 1st Grubbs’ catalyst
(82 mg, 0.1 mmol) was added to a solution of mixture 20
(881 mg, 2.4 mmol) in CH,Cl, (20 mL) and stirred for 12 h
at room temperature The resulting mixture was concentrated
and purified by silica gel chromatography (hexane/ethyl
acetate=2/1-1/1) to afford 21 (570 mg, 71%) as a mixture
of three diastereomers. For spectroscopic characterization
the major isomer was isolated by chromatography; colorless
oil; IR (CHCls, cm ™~ ') 3045, 1639; FAB-MS: C;,H,;NO,S
mlz (%)= 154 (100), 136 (87), 219 (30), 336 M " +1, 28);
HRMS (FAB, M* +1) Calcd for C;7H,,NO,S 336.1270,
found 336.1271; "H NMR (500 MHz, CDCls) 6 7.83 (d, J=
8 Hz, 2H), 7.34 (d, J=8 Hz, 2H), 5.85-5.81 (m, 1H), 5.66—
5.63 (m, 1H), 4.55 (dd, J=3.5, 18.5 Hz, 1H), 4.10 (t, J=
7 Hz, 1H), 4.04 (ddd, J=3, 5, 8 Hz, 1H), 3.57 (dt, J=11.5,
4 Hz, 1H), 3.54 (d, br, J=19 Hz, 1H), 3.46 (s, 3H), 2.64
(ddd, J=3, 7, 14 Hz, 1H), 2.52 (ddd, J=6, 9, 15 Hz, 1H),
2.44 (s, 3H), 2.36-2.32 (m, 1H), 2.12 (d, br, J=17 Hz, 1H);
3C NMR (125 MHz, CDCl3) 6 160.80, 144.63, 136.70,
129.39, 129.30, 129.20, 129.02, 124.31, 123.33, 72.82,
63.45, 57.19, 55.48, 43.14, 26.12, 22.83, 21.64.

4.1.13. 1-Hydroxy-3-(toluene-4-sulfonyl)octahydro-
quinolizin-4-one (22). Palladium on activated carbon 10%
(10 mg) was added to the solution of 21 (577 mg, 1.7 mmol)
in MeOH (20 mL) The hydrogen was bubbled into the
mixture for 10 min, and the reaction mixture was continued
to stir for 3 h at room temperature. The catalyst was filtered
through a short plug of celite and washing with MeOH
(2X5 mL). The combined organic layers were evaporated.
Without purification, sodium iodide (1.27 g, 8.5 mmol) was
added to a solution of above crude product in MeCN
(10 mL), followed by 8.5 mmol (1.1 mL) of distilled
Me;SiCl added dropwise. The mixture was refluxed for
15 h. After cooling to room temperature, few drops of
aqueous 10% NH4Cl were added, follow by CH,Cl,
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(2X 10 mL) extraction. The organic layer was sequentially
washed with aqueous 20% Na,S,0O; and brine, dried,
filtered and evaporated. The crude product was purified by
silica gel chromatography (hexane/ethyl acetate=2/1-1/1)
to afford 22 (65%) as a mixture of three diastereomers. For
spectroscopic characterization the major isomer was
isolated by chromatography; white solid; mp 184.6 °C; IR
(CHCl;, cm™ 1Y) 3447, 1640; FAB-MS: C,;¢H,;NO,S m/z
(%)=136 (100), 77 (93), 154 (88), 324 M™ +1, 23);
HRMS (FAB, M* +1) Calcd for C;4H,oNO,S 324.1269,
found 324.1270; 'H NMR (500 MHz, CDCl;) 6 7.84 (d, J=
8 Hz, 2H), 7.33 (d, J=8 Hz, 2H), 4.59 (d, br, J=13.5 Hz,
1H), 4.32-4.29 (m, 2H), 3.35 (d, J=11.5 Hz, 1H), 2.59 (dt,
J=13, 6.5 Hz, 1H), 2.49-2.40 (m, 5H), 1.91-1.81 (m, 1H),
1.68-1.63 (m, 2H), 1.52 (ddt, J=13, 3 Hz, 1H), 1.46-1.39
(m, 1H), 1.30 (dtt, J=13, 4 Hz, 1H); '>°C NMR (125 MHz,
CDCl3) 6 161.22, 144.92, 137.06, 129.31 (2C),128.96 (2C),
64.17, 62.42, 60.50, 43.05, 27.26 (2C), 25.21, 23.73, 21.63.
Anal. Calcd for C14H,;NO,S: C, 59.42; H, 6.54; N, 4.33; S,
9.92, found C, 59.25; H, 6.58; N, 4.32; S, 9.97.

4.1.14. 1-Hydroxyoctahydroquinolizin-4-one (23).
Sodium amalgam 6% (Na/Hg, 3 g) and sodium phosphate
(40 mg) were added to a stirred solution of 22 (286 mg,
0.9 mmol) in MeOH (5 mL), and vigorously srirred for 2 h
at room temperature The residue was filtered and washed
with MeOH (2X 10 mL). The combined organic layers were
concentrated to obtain the crude product. The crude product
was purified by silica gel chromatography (hexane/ethyl
acetate = 1/1-1/2) to afford 23 (132 mg, 88%) as a mixture
of two diastereomers (ca. 70:30) and as colorless oil. For
spectroscopic characterization an inseparable mixture of the
two isomers; 'H NMR (500 MHz, CDCl;) 6 4.62-4.59
(comp, 1H), 3.95-3.94 (m, 0.7H), 3.65-3.62 (m, 0.3H), 3.22
(ddd, /=3, 4, 12 Hz, 0.7H), 3.10 (ddd, J=2.5, 4.5, 12 Hz,
0.3H), 2.58-2.46 (comp, 1H), 2.37-2.31 (comp, 1H) 2.27-
2.20 (comp, 1H), 1.91-1.09 (comp, 8H).

4.1.15. Hexahydroquinolizine-1,4-dione (24). To an ice-
cold solution of 23 (132 mg, 0.8 mmol) in acetone (10 mL)
was added dropwise Jones reagent (0.5 mL). After being
stirred for 10 min, isopropanol (1 mL) was added and the
mixture was concentrated to a residue that was partitioned in
CH,Cl, (20 mL) and water (5 mL). The organic layer was
separated, washed with brine, dried, filtered and evaporated.
The crude product was purified by silica gel chromato-
graphy (hexane/ethyl acetate=1/1) to afford 24 (89 mg,
68%) as colorless oil; IR (CHCl;, cm_l) 1731, 1638; EI-
MS: CoH3NO, m/z (%)=83 (100), 167 (M™, 21); HRMS
(EI, M) Caled for CoH3NO, 167.0946, found 167.0943;
"H NMR (500 MHz, CDCl3) 6 4.67 (d, br, J=13 Hz, 1H),
3.69 (dd, /=12, 3 Hz, 1H), 2.77-2.64 (m, 4H), 2.48 (dt, J=
12.5, 3 Hz, 1H), 2.15 (d, br, J=13 Hz, 1H), 1.79 (d, br, /=
13 Hz, 1H), 1.74-1.72 (m, 1H), 1.58-1.34 (m, 3H); "*C
NMR (125 MHz, CDCl3) ¢ 205.42, 168.06, 64.82, 42.82,
35.37, 30.26, 29.60, 24.55, 24.17.

4.1.16. 1-Hydroxy-1-methyloctahydroquinolizin-4-one
(25). To a solution of 24 (89 mg, 0.5 mmol) in THF
(5mL) was added MeMgBr (3M in THF, 0.27 mL,
0.8 mmol) at room temperature, and the mixture was stirred
for 10 min. Water (10 mL) was added to the mixture and the
aqueous solution was extracted with EtOAc (3X20 mL).

The combined organic layers were washed with brine, dried,
filtered and evaporated. Purification on silica gel (hexane/
ethyl acetate = 1/1) produced 25 (74 mg, 76%). The 'H, '°C
NMR data was in accordance with the reported in the
literature.**
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Abstract—The first time steroselective synthesis of (Z)-B-bromo Baylis—Hillman ketones has been achieved using a one-pot three-
component reaction. The new system uses MgBr, as both the Lewis acidic promoter and the bromine source for the Michael-type addition
with a,B-acetylenic ketones to form an active B-bromo allenolate intermediate, which in turn attacks various aldehydes to afford B-bromo

Baylis—Hillman adducts in good yields and Z-selectivity.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The synthesis of multifunctionalized alkenes in stereo-
selective fashions is an important goal in organic chem-
istry."™ Among these alkenes, the Baylis—Hillman adducts
are particularly useful for serving as chemically and
biologically important precursors.” The B-iodo Baylis—
Hillman ketones were first synthesized by Kishi et al.® via
a TiCls-promoted conjugative addition of tetrabutyl-
ammonium iodide ((n-Bu)4NI) to o,B-acetylenic ketones
followed by electrophilic coupling with aldehydes. The Z/E
selectivity of the products in this system is dependant on
reaction temperature. At —78 °C, Z isomer products were
the most abundant; however, at a temperature of 0 °C, the E
isomer was exclusively produced.

Recently, we have developed several methods for the
synthesis of B-halo Baylis—Hillman adducts,” which were
based on using TiCly, TiBry, TiCly/(n-Bu)4l, Et,All, Mgl,
and TMSI as halogen sources and promoters. The TiCly,
TiBry, and TiCly/(n-Bu)4NI systems were reacted at 0 °C
and resulted in the E isomer being the major product, while
the Et, All, Mgl, and TMSI system produced the Z isomer as
the major product. Recently, Kataoka® and co-workers
applied the chalogeno-Baylis—Hillman reaction to the
synthesis of (Z)-B-halo Baylis—Hillman hydroxy ketones
and esters. This reaction was performed at 0 °C in the
presence of chalogenides such as 2,6-diphenylselenopyrin-

Keywords: Baylis—Hillman adducts; Magnesium bromine; o,B-Acetylenic

ketones; (Z)-B-Bromovinyl ketone.
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4-one as a catalyst. A fairly large loading of a,B-acetylenic
ketones (3 equiv) and electron deficient aldehydes are
needed for this reaction. It was worthy to note that for
synthesizing B-bromo Baylis—Hillman adducts, the reagent
TiBr, mainly produces the E-isomer of the Baylis—Hillman
adducts, with very little or no Z-isomer products detected in
the reaction system.’®®° Because of these factors, a new
methodology for synthesizing the Z-isomer of B-bromo
Baylis—Hillman adducts is required. In our continuing
development of new Baylis—Hillman-type processes, we
are pleased to find that Mgl, is an excellent Lewis acid for
the synthesis of (Z)-B-iodo Baylis—Hillman hydroxy ketones
and esters.”* Consequently, we tried to extend the scope of
this reaction to determine if Mgl, can be replaced by MgBr,
as a Lewis acid for the synthesis of (Z)-B-bromo Baylis—
Hillman hydroxy ketones and esters. Another reason to
make this effort is because bromo Baylis—Hillman adducts
are normally more easily handled and stable. For example,
we have noted that the bromo Baylis—Hillman adducts can
be stored at room temperature for as long as 2 months;
while, iodo Baylis—Hillman adducts change to a red color at
room temperature within 3 days. The present paper
describes results that have led to a novel and simple method
for the first time synthesis of (Z)-B-bromo Baylis—Hillman
hydroxy ketones. This new procedure is represented in
Scheme 1 with results summarized in Table 1.

The initial reaction was carried out by reacting 3-butyn-2-
one (1.3 equiv) with benzaldehyde (1.0 equiv) in the
presence of MgBr, (1.2 equiv) in CH,Cl, at 0°C as
previously described.”® Unfortunately, the reaction did not
go to completion even after a prolonged reaction time of
24 h, with less than 90% consumption of benzaldehyde.
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COMe MgBr; (1.2 eq) R

RCHO + /
Vi CH,Cly rt. 5hs H” > Br

(82%) (Z/E = 83/17)

Scheme 1.

Table 1. Results of the MgBr,-mediated reaction for synthesis of B-iodo Baylis—Hillman adducts

Entry Substrate Product ZIE selectivity (%)* Yield (%)™
OH O
1 Benzaldehyde | 1 87/13 82
H Br
OH O
2 4-p-Tolualdehyde /@)\/ﬁj\ 2 86/14 74
Me H™ "Br
OH O
3 4-Fluorobenzaldehyde /©)fj\ 3 85/15 86
F H Br
OH O
4 4-Chlorobenzaldehyde | 4 82/18 86
Cl H Br
OH O
5 4-Bromobenzaldehyde M 5 82/18 85
Br H Br
OH O
6 Crotonaldehyde CH30H=CH/Y\ 6 82/18 84
H Br
OH O
7 n-Valeraldehyde CH3(CH2)3/EK 7 71/29 68¢
H Br
OH O
8 n-Valeraldehyde CH3(CH2)3 | 8 63/37 74%¢
H Br
OH O
9 p-Anisaldehyde | 9 86/14 55¢
MeO H Br
OH O
10 Propionaldehyde CH3CH3 70/30 674"

T

@
ot
=

a

ZIE selectivity was estimated by crude 'H NMR determination.
b

Yields after purification by column chromatography.

Unless otherwise noted, reactions were carried out at room temperature for 5 h.
4 Two isomers were inseparable.

¢ Reaction for 20 h.

f Reaction for 10 h.

c
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However, after raising the reaction temperature to room
temperature, the reaction went to completion within 5 h and
gave the desired product of B-bromo Baylis—Hillman
ketones in 82% yield with a Z/E selectivity ratio of 87:13,
which was based on crude "H NMR analysis. Unlike our
previous Mgl,-based system,’® in which the reaction
required mixing benzaldehyde and Mgl, in CH,Cl, at
room temperature for 20 min before adding the 3-butyn-2-
one, this new synthesis can be conveniently conducted by
mixing three components; MgBr,, aldehydes and o,p-
acetylenic ketones together in a dichloromethane solution.
Also, the present reaction needs a longer time to proceed to
completion than the Mgl,-based process. This is due to the
fact that MgBr; is a relatively weaker Lewis acid and less
reactive toward o,B-acetylenic ketone for the Michael-type
addition. Competition experiments also demonstrated that
only Mgl, could react with methyl propynoate for the
Michael-type addition while MgBr, cannot do so.

Dichloromethane provided the highest efficiency among the
solvents tested in terms of yield and Z/E selectivity when
using benzaldehyde as the electrophilic acceptor. Diethyl
ether, benzene and toluene gave rise to a lower yield of 50,
45 and 40% within a 5-h reaction period, respectively.
However, all the above solvents gave nearly the same Z/E
selectivity. It is worthy to note that a 50% yield of desired
product was obtained when THF was employed as the
solvent, which is different from the Mgl,-based process that
results in a very low yield (< 10%) of desired product when
THF is used as the solvent. Both aromatic and aliphatic
acetylenic ketones were successfully employed as Michael-
type acceptors to generate MgBr-allenolates, although
ethynyl phenyl ketone and ethynyl isopropyl ketone need
a longer time to proceed to completion than 3-butyn-2-one
due to the large steric factor of phenyl and isopropyl groups
(entries 8 and 10). In addition, aromatic and aliphatic
aldehydes were suitable electrophilic acceptors in the new
reaction system and good yields were realized for all
examples that were investigated. As shown in Table 1, for

PhCHO

Bng’O]/
j Br

T

7 |>0:MgBr
Bri?( Ph

@)

T e 1>

O
Ph

(major)
(2)
Scheme 2.

Table 2. "H NMR chemical shifts for the terminal olefin proton signals for
Z and E isomers

Products Z-isomer E-isomer
1 6.60 7.74
2 6.59 7.70
3 6.67 7.78
4 6.67 7.75
5 6.67 7.77
6 6.62 7.55
7 6.61 7.54
8 6.61 7.51
9 6.63 7.72
10 6.71 6.83

aromatic aldehydes having electron-withdrawing groups, as
expected, the reaction proceeded at a faster rate and gave
higher yields than the aldehydes having a substitution of an
electron-donating group. For example, the aldehydes
bearing F, Cl and Br as electron-withdrawing groups
(entries 3-5, Table 1), the reactions will go to completion
within 5 h with high yield; however, the aldehydes having
an electron-donating group resulted in a much lower
reaction rate (20h for entry 9, Table 1) and low yield
(74% for entry 2, Table 1). With regard to aliphatic
aldehydes (entries 68 and 10), the products have lower Z/E
selectivity and yields than that of aromatic aldehydes;
however, the products were predominantly produced in Z
configuration.

The Z/E selectivities listed in Table 1 were measured by 'H
NMR analysis of crude products. In all cases, the terminal
olefin proton signals for Z and E isomers were clearly
distinguishable with the proton for the Z isomer upfield
relative to the proton for the E-isomer (Table 2). Isomers
could be readily separated by flash chromatography and the
geometry was determined by the comparison of '"H NMR
data of adduct 1 in Table 1 with our previous '"H NMR data
of the same product.’®

PhCHO

OH O

Ph |
Br H
(minor)

(E)
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To explain the high Z/E stereoselectivity of this new system,
a cyclic transition state model proposed by Kishi can be
invoked.® In their system, not only was the (n-Bu)4NI/TiCl,
combination employed but they also used Et,All and Tily
for the reaction. The exclusive Z-stereoselectivity of B-iodo
Baylis—Hillman ketones was obtained at —78 °C, while the
high E-stereoselectivity was observed at 0 °C. By using a
cyclic transition state model, they suggested the Z-stereo-
isomer was the kinetically controlled product, while the
E-stereoisomer was the thermodynamically controlled
product. In the system we report here, the Z-isomer was
favored under all reaction conditions tested. These results
suggest that the kinetic control plays a significant role in
determining the geometric selectivity at room temperature
(Scheme 2). Also, from Scheme 2, because of the smaller
steric effect of bromine in comparison to that of iodine, now
we can easily explain why the bromo Baylis—Hillman
adducts have a relatively lower Z/E selectivity than those of
B-iodo Baylis—Hillman adducts.

In summary, this new procedure provides the first example
of the efficient synthetic method for (Z)-B-bromo Baylis—
Hillman ketones. Compared to TiBrs-based systems, our
new process gives much higher yields of desired products.
The new protocol utilizes MgBr, as the bromine anion
sources, and concurrently as a Lewis acid promoter under
relatively mild conditions. This new reaction system offers
an extensive functionlization of vinyl ketones with good
chemical yields and geometric selectivity.

2. Experimental
2.1. General methods

All reactions were conducted at room temperature in a flask
(10.0 mL) with magnetic stirring. Dichloromethane was
dried and freshly distilled from calcium hydride under a
nitrogen atmosphere. Other commercial chemicals were
used without further purification and their stoichiometrics
were calculated based on the reported purities from the
manufacturers. Flash chromatography was performed on
Merck silica gel 60 (230—400 mesh). Infrared spectra (IR)
were recorded on a HYPER IR (SHIMADZU) FTIR-8400
spectrophotometer. '"H NMR spectra were recorded on a
Varian 500 MHz NMR spectrometer. '°C NMR spectra
were recorded at 125 MHz using CDCl; as the solvent and
the internal reference. Chemical shifts are given in ppm
from tetramethylsilane. Mass spectra were recorded with a
JEOL JMS-D300 mass spectrometer using direct inlet
electron impact ionization (70 eV). The Mass Spectroscopy
Laboratory at the University of Texas at Austin conducted
high-resolution mass spectral analysis.

2.2. Typical procedure

Typical procedure: (Table 1, entry 1). A dry standard glass
test tube (150X 22 mm?) with a magnetic stirring bar was
flushed with nitrogen at room temperature. Magnesium
bromide (225 mg, 1.2 mmol), benzaldehyde (0.1 mL,
1.0 mmol, 3-butyn-2-one (1.3 equiv) and freshly distilled
dichloromethane (8.0 mL) were added to the glass test tube.
The suspension mixture was stirred at room temperature for

5 h before turning to a dark brown homogenous solution.
The reaction was quenched by drop-wise addition of 10%
aqueous NaHCOj; (3 mL). The resulting two phases were
separated, and the aqueous phase was extracted with ethyl
acetate (3 X 15 mL). The combined organic layers were then
washed with brine, dried over anhydrous magnesium sulfate
and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 5:1, v/v) to provide
products 1Z (182.0 mg) and 1E (35.5 mg) as colorless oils
(82% combined yield).

2.2.1. Compound 1Z. 208 mg, 82%, colorless oil. IR
(CHCl3) » 1671cm™ ! (C=0); 'H NMR (500 MHz,
CDCls): 6 2.29 (s, 3H), 3.17 (d, J=5.0 Hz, 1H), 5.45 (d,
J=5.0Hz, 1H), 6.60 (d, J=1.5Hz, 1H), 7.26-7.35 (m,
5H); >C NMR (125 MHz, CDCls): ¢ 30.1, 75.6, 109.4,
126.4X2, 128.3, 128.7X2, 139.7, 148.1, 203.1. MS (CI,
CH,): miz (%) 255 [M]"; HRMS calcd for 253.9942; found:
253.9954. 1E: '"H NMR (500 MHz, CDCl;): 6 2.31 (s, 3H),
442 (d, J=11.0 Hz, OH), 5.93 (d, J=11.0 Hz, 1H), 7.28-
7.40 (m, 5H), 7.74 (s, 1H); >*C NMR (125 MHz, CDCl5): 6
27.3,73.1, 125.1, 126.7, 127.4, 128.4, 141.2, 145.9, 197.9.

2.2.2. Compound 2Z. 198 mg, 74%, colorless oil. IR
(CHCl3) » 1668 cm™! (C=0); 'H NMR (500 MHz,
CDCls): 6 2.29 (s, 3H), 2.33 (s, 3H), 2.99 (d, J=5.0 Hz,
OH), 5.42 (d, J=5.0 Hz, 1H), 6.59 (d, J=1.5 Hz), 7.14—
7.22 (m, 4H); '3C NMR (125 MHz, CDCls): 6 21.1, 31.1,
754, 109.1, 126.4X2, 129.3, 136.8, 138.1, 148.3, 203.1.
MS (CL, CHy,): m/z (%) 269 [M]T: HRMS calcd for
268.0099; found: 268.0108. 2E: 'H NMR (500 MHz,
CDCls): 6 2.26 (s, 3H), 2.32 (s, 3H), 4.48 (d, J=11.0 Hz,
OH), 5.88 (d, J=11.0 Hz, 1H), 7.08-7.30 (m, 4H), 7.70 (s,
1H).

2.2.3. Compound 3Z. 233 mg, 86%; colorless oil. IR
(CHCl3) v 1666cm~' (C=0); 'H NMR (500 MHz,
CDCls): 6 2.34 (s, 3H), 3.01 (d, J=5.0 Hz, OH), 5.48 (d,
J=5.0 Hz, 1H), 6.67 (d, J=1.5 Hz, 1H), 7.05 (m, 2H), 7.29
(m, 2H); '3C NMR (125 MHz, CDCl5): 6 31.2, 75.1, 110.2,
115.5, 115.7, 128.1, 128.2, 135.6, 147.7, 161.6, 202.7. MS
(CI, CH,): miz (%) 273 [M]T; HRMS caled for 271.9848;
found: 271.9851. 3E: 'H NMR (500 MHz, CDCl5): 6 2.35
(s,3H),4.57(d,J=11.0 Hz, OH), 5.87 (d, J=11.0 Hz, 1H),
7.01 (m, 2H), 7.30 (m, 2H), 7.78 (s, 1H).

2.2.4. Compound 4Z. 247 mg, 86%; colorless oil. IR
(CHCl3) » 1666 cm™~ ' (C=0); '"H NMR (500 MHz,
CDCls): 6 2.34 (s, 3H), 3.26 (d, J=5.0 Hz, 1H), 5.44 (d,
J=5.0Hz, 1H), 6.67 (d, J=1.5Hz, 1H), 7.24-7.34 (m,
4H); '*C NMR (125 MHz, CDCly): 6 31.2, 75.0, 110.6,
127.7X2, 128.8 X2, 134.1, 138.4, 147.5, 202.7. MS (CI,
CH.y): m/z (%) 289 [M]*; HRMS calcd for 287.9553; found:
287.9564. 4E: "H NMR (500 MHz, CDCl5): 6 2.33 (s, 3H),
4.37 (d, J=11.5Hz, OH), 5.88 (d, J=11.2 Hz, 1H), 7.28-
7.32 (m, 4H), 7.75 (s, 1H).

2.2.5. Compound 5Z. 281 mg, 85%; colorless oil. IR
(CHCl3) v 1667 cm™! (C=0); 'H NMR (500 MHz,
CDCly): 6 2.34 (s, 3H), 3.20 (d, J=5.0 Hz, 1H), 5.44 (d,
J=5.0 Hz, 1H), 6.67 (d, J=1.5 Hz, 1H), 7.20 (m, 2H), 7.47
(m, 2H); '3C NMR (125 MHz, CDCl5): 6 31.3, 75.1, 110.8,
122.2, 128.1X2, 131.8X2, 138.9, 147.4, 202.7. MS (CI,
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CH.,): m/z (%) 333 [M]+; HRMS calcd for 331.9048; found:
331.9052. 5E: '"H NMR (500 MHz, CDCl5): 6 2.31 (s, 3H),
4.51 (d, J=11.5Hz, OH), 5.82 (d, J=11.2 Hz, 1H), 7.22
(m, 2H), 7.42 (m, 2H), 7.77 (s, 1H).

2.2.6. Compound 6Z. 183 mg, 84%; yellowish oil. IR
(CHCl3) » 1678 cm™ ! (C=0); '"H NMR (300 MHz,
CDCl5): 6 1.70 (d, J=10.0 Hz, 3H), 2.47 (s, 3H), 3.12 (d,
J=5.1 Hz, OH), 4.83 (m, 1H), 5.50 (m, 1H), 5.78 (m, 1H),
6.62 (d, J=1.5 Hz, 1H). MS (CI, CH,): m/z (%) 219 [M]™";
HRMS calcd for 217.9942; found: 217.9948. 6L: '"H NMR
(300 MHz, CDCl3): 6 1.68 (d, J=10.0 Hz, 3H), 2.42 (s,
3H), 3.86 (d, J=10.5 Hz, OH), 5.17 (m, 1H), 5.62 (m, 1H),
5.73 (m, 1H), 7.55 (s, 1H).

2.2.7. Compound 7. 160 mg, 68%; colorless oil. '"H NMR
(300 MHz, CDCly) for Z isomer 6 2.49 (s, 3H), 3.08 (d, J=
5.0 Hz, OH), 4.32 (m, 1H), 6.61 (s, 1H), other resonances
could not be discerned from E isomer; '"H NMR (300 MHz,
CDCls) for E isomer ¢ 2.35 (s, 3H), 3.72 (d, /=11.2 Hz,
OH), 4.69 (m, 1H), 7.54 (s, 1H), other resonances could not
be discerned from Z isomer.

2.2.8. Compound 8. 195 mg, 74%, colorless oil. "H NMR
(300 MHz, CDCl5) for Z isomer o6 2.93 (d, J=5.1 Hz, OH),
3.26 (m, 1H), 4.31 (m, 1H), 6.61 (s, 1H), other resonances
could not be discerned from E isomer; '"H NMR (300 MHz,
CDCl,) for E isomer 6 3.15 (m, 1H), 3.72 (d, /=11.0 Hz,
OH), 4.71 (m, 1H), 7.51 (s, 1H), other resonances could not
be discerned from Z isomer.

2.2.9. Compound 9Z. 156 mg, 55%; colorless oil. IR
(CHCl3) » 1680 cm ™! (C=0); '"H NMR (500 MHz,
CDCls): 6 2.33 (s, 3H), 3.72 (s, 3H), 4.95 (d, J=5.0 Hz,
1H), 6.63 (d, J=1.5 Hz, 1H), 7.02 (m, 2H), 7.22 (m, 2H).
MS (CI, CHy,): m/z (%) 285 [M]'; HRMS caled for
284.0048; found: 284.0053.

2.2.10. Compound 10. 180 mg, 67%; yellowish oil. 'H
NMR (300 MHz, CDCI5) for Z isomer 6 1.61 (m, 2H), 2.54
(d, J=5.2Hz, OH), 4.38 (m, 1H), 6.71 (s, 1H), other
resonances could not be discerned from E isomer; '"H NMR
(300 MHz, CDCl5) for E isomer 6 1.83 (m, 2H), 3.55(d, J=

11.2 Hz, OH), 4.79 (m, 1H), 6.83 (s, 1H), other resonances
could not be discerned from Z isomer.
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Abstract—Sequential treatment of w-bromoalkyl triflates with an alkynyllithium at 0 °C followed by addition of a second alkynyllithium
and Nal and heating the reaction mixture provides a simple one-pot access to unsymmetrical diynes in good yields. These diynes may be
transformed stereoselectively into diene pheromones such as (Z,Z)- and (E,Z)-3,13-octadecadienyl acetate.
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1. Introduction

There are many insect pheromones which contain non-
conjugated dienes as part of their structures.' In principle,
the corresponding diynes could serve as synthetic inter-
mediates to many of these compounds by taking advantage
of well-established stereoselective reduction methods (e.g.,
semi-hydrogenation over Lindlar-type catalysts or P-2 Ni to
prepare Z alkenes® or Li/NHj reductions to produce E
alkenes®). Chemoselective reductions could be achieved
using proximity effects such as hydroaluminations of
propargyl and homopropargylic alcohols.*

In the past, unsymmetrical diynes have been typically
prepared using protecting group chemistry. Thus one might
first prepare a THP-protected alkynyl alcohol, alkylate the
alkyne, deprotect the alcohol, convert it to a halide, and then
alkynylate that alkyl halide (Scheme 1).°

A more expeditious route to such diynes would be to
sequentially alkynylate difunctional linkers containing
leaving groups of widely differing electrofugality (Scheme
2). We now report that this simple approach to unsymme-
trical diynes may be implemented in a one-pot procedure
using w-bromotriflates.

Keywords: Alkynyllithium; Alkynylation; Diyne; Bromotriflate; Diene

pheromone.
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2. Results and discussions

Previous attempts to chemoselectively monoalkynylate
chloroiodoalkanes have met with limited success, with
variable yields.®” Since iodide is a much better leaving
group than chloride, one might expect that selective reaction
should be possible. However, the iodide ion formed can
participate in Finkelstein reactions generating more reactive
alkyl iodides from chlorides. In fact, we have recently
shown that bromoalkanes react with alkynyllithiums in THF
in the presence of iodide ion but only very slowly in the
absence of iodide.® This suggests that suppression of
Finkelstein reactions is necessary to minimize
dialkynylation.

The use of triflates should circumvent any problems with
Finkelstein reactions. Alkynylation of alkyl triflates with
alkynyllithiums is known to occur under relatively mild

H———(CHy),—OTHP ——> R————(CH,),—OTHP

|
|

R————(CHy),—R R———(CHy),—X
Scheme 1.
1. R——Li o o
X—(CHp)—Y — R———(CHy)y——R
2. R——Li
Scheme 2.
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Br— (CHy,)—OTf
2

an=6,b:n=8,c:n=9,d:n=10

n-C4H9

Li

Br—(CH,)g—OTf

2b
Scheme 3.

conditions.” The triflate ion formed, unlike iodide ion, is
unlikely to react as a nucleophile. In addition, the selective
alkynylation of a primary triflate in the presence of a
primary tosylate has previously been demonstrated.'® As
w-bromoalkanols are readily available,'! it seemed that the
derived w-bromoalkyl triflates might be good candidates for
sequential dialkynylation.

Our initial investigations centered on bromotriflate 2b
which was easily prepared from 8-bromooctanol (Scheme 3;
Tt,0, py, CH,Cl,). Treatment of 2b with 1-hexynyllithium
at 0 °C for 1 h in THF lead to the clean formation of the
expected alkynyl bromide 3 (91% isolated yield). There was
no evidence (GCMS analysis using an authentic sample) of
the possible diyne derived from displacement of both the
triflate and bromide groups even when 2 equiv of alkynyl-
lithium were used. It was not surprising that there was a
large difference in reactivity between the triflate and
bromide in 2b since it is known that triflates can react 10’
times faster than bromides.'?

With the monoalkynylation established, we examined the
sequential dialkynylation reaction. It has been shown that
alkylation of alkynyllithiums with alkyl bromides proceeds
well in THF at reflux temperatures if a catalytic amount of
Nal or n-BuyNI is added.® Since the alkynylation of triflates
is also run in THF but at 0 °C, development of a sequential
reaction was relatively simple. Thus the bromotriflate of
interest in THF was treated initially with an alkynyllithium
at 0 °C and then a second alkynyllithium was added along
with 10 mol% Nal and the reaction mixture was heated to
reflux. The desired unsymmetrical diynes were isolated in
good yields (Table 1).

The bromotriflates could be isolated and purified but were
somewhat unstable and showed some decomposition upon

Table 1. One-pot preparation of unsymmetrical diynes

Br— (CHy)g——=——=—n-C,4Ho
3

column chromatography. Isolated yields of crude triflates
were near quantitative but purified material could only be
obtained in ~70% yields. Thus triflates were prepared
immediately before use and not purified before alkynyla-
tion. The yields in Table 1 are only modest in some cases but
are quite respectable considering that they are based on
bromoalcohol precursors and represent the overall purified
yields of products after triflation and two alkynylations.
Since many w-bromoalcohols are commercially available or
easily prepared in quantity by treatment of diols with HBr in
toluene,'" this sequence represents a very quick and
reasonably efficient route to many unsymmetrical diynes.

Control experiments were run to determine whether higher
yields could be obtained by carrying out the sequential
dialkynylation with isolation of the alkynylbromide inter-
mediate. In the cases examined, similar or only slightly
higher overall yields were obtained when the intermediate
alkynylbromide was isolated and purified. For example,
yields for the production of 4¢ by the 2-step procedure were
78 and 79% for an overall yield of 62%. This is comparable
to that obtained in the one-pot reaction (Table 1, entry 3). In
practice, it is more convenient to prepare the desired diynes
without isolation of intermediates. Of course, the inter-
mediate bromides could serve as useful alkylating agents for
other transformations as well.

To illustrate a possible use of these diynes, 4d was
converted into (3E,13Z)-3,13-octadecadienyl acetate and
(3Z,137)-3,13-octadecadienyl acetate, both of which are
components of the cherrytree borer pheromone'® (Scheme
4). The E,Z isomer (or its alcohol) is also a component of
many other lepidopteran pheromone blends.”* Removal of
the THP group in 4d was readily accomplished (PPTS,
EtOH, 99%) to furnish the diynol 5. Semi-hydrogenation of

1. R———1Li
Br—(CH,),—OTf R———(CH;))—R'
2. R——Li
2 4

Entry R R/ n Product (% yield)*
1 CH,OTHP n-CgHys 6 4a (62)
2 (CH,),OTHP n-C4Ho 6 4b (70)
3 CH,OTHP n-C4Ho 8 4c (55)
4 (CH,),OTHP n-C4Ho 8 4d (58)
5 (CH,),OTHP n-CeH 5 8 e (75)
6 (CH,),OTHP n-CgH,y 8 4f (78)
7 CH,OTHP n-C4Ho 9 4g (67)

# Isolated yield of purified 4.
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OAc 6

1. H2/Pd-CaCO3
2. Ac,0, pyridine

(CHp)s—=—=—CH,CH,0H 5

j LiAlH,, DME

1. H2/Pd-CaCO3
2. Ac,0, pyridine

- MOR
nCaHy (CHy)s
8:R=H
9:R=Ac

Scheme 4.

5 (H,, Pd/CaCOs;) followed by acetylation gave the Z.,Z-
isomer 6 (90% yield, 2 steps) with no surprises.

In the hydroalumination of 5, it was expected that the
isolated A13 triple bond would not be reduced.** However,
prolonged heating of 5 with LiAlH, (diglyme, 120 °C, 40 h),
conditions previously used to affect reductions of homo-
propargylic alcohols,'* gave mixtures of the desired enyne 7
and a diene (which, based on GCMS and 13C NMR
evidence, likely has E,E-stereochemistry). Fortunately,
formation of this diene could be effectively suppressed by
carrying out the reaction at lower temperatures (refluxing
DME) for shorter times (18 h). This procedure followed by
acetylation and semi-hydrogenation furnished the 3E,13Z-
isomer 9 in 88% overall yield, 3 steps.

3. Conclusions

In summary, we have developed a very convenient route to
unsymmetrical diynes which takes advantage of the vastly
different reactivities of alkyl triflates and bromides with
alkynyllithiums. A wide variety of diynes (and hence the
corresponding dienes) should be accessible using this
chemistry.

4. Experimental

4.1. General

All reactions were carried out under argon using flame-dried
glassware. NMR data were recorded on a 300 MHz
instrument in CDCI; unless otherwise noted. Elemental
analyses were performed by MHW Laboratories, Phoenix,
AZ. THF was freshly distilled from Na/benzophenone.
Dichloromethane and pyridine were distilled from CaH,.
Reagents were purchased from Aldrich Chemical Co. and
used without further purification. n-BuLi was titrated using
N-benzylbenzamide before use.'” Silica gel 60 (40-63 pm)
from EM Science was used for flash chromatography.

Bromlolalcohols were prepared from the corresponding
diols.

4.2. General procedure A: preparation of bromotriflates
from bromoalcohols

To a cold (—15 °C), stirred solution of bromoalcohol 1 in
CH,Cl, (4 mL/mmol) was added pyridine (1.0 equiv)
followed by triflic anhydride (1.2 equiv). The reaction was
stirred at O °C for 1 h then diluted with hexanes (2 X volume
of CH,Cl,) and filtered through a Celite pad. Concentration
of the filtrate and removal of volatiles (0.1 mmHg, 30 min)
afforded crude triflates which could be used directly for
alkynylations. The crude materials could be further purified
by filtration through a short column of silica gel using
hexanes as eluent.

4.2.1. 1-Trifluoromethanesulfonyloxy-6-bromohexane
(2a). This compound was prepared from 6-bromo-1-hexanol
using General procedure A (Section 4.2) in 68% yield after
purification. "H NMR (300 MHz, CDCls) 6 4.53 (2H, t,
J=6.3Hz), 3.40 (2H, t, J=6.7 Hz), 1.92-1.77(4H, m),
1.55-1.40 (4H, m); >*C NMR (75 MHz, CDCl5) 6 118.58 (q,
Je_r=320 Hz), 77.36, 33.30, 32.27, 29.00, 27.31, 24.25; IR
(neat) 1413, 1248, 1207, 1146, 936 cm ™~ '; MS (EI) m/z 232
(1), 83 (60), 55 (100).

4.2.2. 1-Trifluoromethanesulfonyloxy-8-bromooctane
(2b). This compound was prepared from 8-bromo-1-octanol
using General procedure A (Section 4.2) in 70% yield after
purification. 'H NMR (300 MHz, CDCl5) 6 4.52 (2H, t,
J=6.3 Hz), 3.39 (2H, t, J=6.7 Hz), 1.90-1.77 (4H, m),
1.52-1.28 (8H, m); ">C NMR (75 MHz, CDCls) 6 118.61 (q,
Je_r=319 Hz), 77.61, 33.73, 32.60, 29.12, 28.60, 28.39,
27.89, 24.91; IR (neat) 1413, 1247, 1208, 1146, 934 cm ™ ';
MS (EI) m/z 260 (1), 69 (100), 55 (55).

4.2.3. 1-Trifluoromethanesulfonyloxy-9-bromononane
(2¢). This compound was prepared from 9-bromo-1-nonanol
using General procedure A (Section 4.2) in 83% yield after
purification. "H NMR (300 MHz, CDCl;) 6 4.52 (2H, t,
J=6.3 Hz), 3.39 (2H, t, J=6.7 Hz), 1.92-1.77 (4H, m),
1.55-1.30 (10H, m); "*C NMR (75 MHz, CDCl3) 6 118.63
(q, Jc_.r=319 Hz), 77.64, 33.85, 32.69, 29.16, 29.09, 28.68,
28.51, 28.01, 24.97; IR (neat) 1413, 1247, 1210, 1147,
934 cm ™ '; MS (EI) m/z 274 (1), 135 (15), 83 (35), 69 (100).

4.2.4. 1-Trifluoromethanesulfonyloxy-10-bromodecane
(2d). This compound was prepared from 10-bromo-1-
decanol using General Procedure A (Section 4.2) in 70%
yield after purification. 'H NMR (300 MHz, CDCl;) ¢ 4.52
(2H, t, J=6.3 Hz), 3.39 (2H, t, J=6.7 Hz), 1.92-1.78 (4H,
m), 1.50-1.28 (12H, m); >C NMR (75 MHz, CDCl5) 6
118.62 (q, Jc_r=319 Hz), 77.68, 33.88, 32.73, 29.16,
29.15, 29.12, 28.73, 28.60, 28.05, 24.97; IR (neat) 1414,
1247,1208, 1147,935 cm ™~ '; MS (EI) m/z 288 (1), 135 (18),
97 (29), 83 (48), 69 (84), 55 (100).

4.2.5. 1-Bromotetradec-9-yne (3). To a cold (0 °C), stirred
solution of 1-hexyne (130 pL, 1.1 mmol) in dry THF (5 mL)
was added n-BuLi (0.63 mL, 1.60 M in hexanes, 1.0 mmol).
The solution was stirred at 0 °C then cooled to —78 °C.
Bromotriflate 1a (338 mg, 0.99 mmol) was slowly added
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and the reaction mixture was stirred at —78 °C for 5 min then
at 0 °C for 1 h. Standard aqueous work-up using ether and satd
aqueous NH,4CI provided crude material which was purified
by flash chromatography on silica gel (15 g) using hexanes as
eluent to provide 250 mg (91%) of the known'® alkyne 3 as a
colorless liquid. '"H NMR (300 MHz, CDCl5) 6 3.39 (2H, t,
J=7Hz), 2.12 (4H, m), 1.83 (2H, quintet, /=7 Hz), 1.5-1.2
(14H, m), 0.88 (3H, t, /=7 Hz); ">*C NMR (75 MHz, CDCl;) 6
80.07,79.90, 33.77, 32.71, 31.17, 28.98, 28.85, 28.59, 28.58,
28.02,21.83,18.61,18.33,13.54; MS (E) m/z 272 (M, "Br,
0.1), 215 (3), 95 (59), 81 (100), 67 (84).

4.3. General procedure B: sequential dialkynylation of
bromotriflates

To a cold (—78 °C), stirred solution of propargyl alcohol
THP ether or 3-butyn-1-ol THP ether in THF (3 mL/mmol)
was added n-BuLi (1.6 M in hexanes, 1.0 equiv). The
solution was stirred at 0°C for 15 min then cooled to
—78 °C and a THF solution (2 mL/mmol) of bromotriflate 2
(1.0 equiv, crude material prepared according to General
procedure A (Section 4.2)) was slowly added. The mixture
was stirred at 0°C for 1h to generate the intermediate
bromoalkyne. A THF solution (2 mL/mmol) of an alkynyl-
lithium (freshly prepared from a terminal alkyne and
n-BuLi, —78 °C—0 °C, 15 min, 2.0 equiv) and Nal (10—
20 mol%) were then added and the mixture was heated at
reflux for 16-30 h (monitor by TLC). After cooling to rt,
standard extractive workup (ether/aq NH4Cl then brine)
afforded crude materials which were purified by flash
chromatography on silica gel using 3-5% ether in hexanes
as eluent to yield the desired diynes as colorless oils.

4.3.1. 1-Tetrahydropyranyloxy-2,10-heptadecadiyne
(4a). This compound was prepared following General
procedure B (Section 4.3) from bromoalcohol 1a in 62%
yield after purification. "H NMR (300 MHz, CDCl5) 6 4.77
(1H, t, J=3 Hz), 4.20 (2H, AB of ABX,, Av=25.6 Hz,
Jap=15.2 Hz, Jox=Jpgx=2 Hz), 3.86-3.74 (1H, m), 3.51—
3.41 (1H, m), 2.20-2.07 (6H, m), 1.88-1.25 (22H, m), 0.85
(3H, t, J=7Hz); '*C NMR (75 MHz, CDCls) ¢ 96.44,
86.43, 80.19, 79.85, 75.68, 61.79, 54.47, 31.27, 30.18,
29.01, 28.88, 28.42, 28.38, 28.27, 28.19, 25.29, 22.47,
19.01, 18.66, 18.63, 18.58, 13.94; IR (neat) 1480, 1110,
1040, 1020 cm ™ '; MS (EI) m/z 247 (M —THP, 11), 85
(100), 67 (40), 55 (38). Anal. Calcd for C5,H360,: C, 79.46;
H, 10.91. Found: C, 79.61; H, 10.97.

4.3.2. 1-Tetrahydropyranyloxy-3,11-octadecadiyne (4b).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1a in 70% yield after
purification. "H NMR (300 MHz, CDCl3) 6 4.62 (1H, t, J=
3 Hz), 3.90-3.73 (2H, m), 3.54-3.44 (2H, m), 2.45 (2H, tt,
J=7,3Hz), 2.12 (6H, br t, J=7 Hz), 1.88-1.36 (18H, m),
0.88 (3H, t, J=7 Hz); >C NMR (75 MHz, CDCl5) 6 98.52,
81.05, 80.07, 79.87, 76.66, 66.08, 61.95, 31.13, 30.45,
28.90, 28.75, 28.22, 25.35, 21.80, 20.10, 19.28, 18.59,
18.57, 18.30, 13.50; IR (neat) 1137, 1122, 1070, 1034 cm ™ ';
MS (EI) m/z 85 (100), 67 (15), 55 (13). Anal. Calcd for
C,H340,: C, 79.19; H, 10.76. Found: C, 79.36; H, 10.67.

4.3.3. 1-Tetrahydropyranyloxy-2,12-heptadecadiyne
(4¢). This compound was prepared following General

procedure B (Section 4.3) from bromoalcohol 1b in 55%
yield after purification. "H NMR (300 MHz, CDCls) 6 4.78
(1H, t, J=3 Hz), 4.21 (2H, AB of ABX,, Av=25.9 Hz,
Jap=15.2 Hz, Jox=Jgx=2 Hz), 3.87-3.77 (1H, m), 3.53—
3.46 (1H, m), 2.23-2.10 (6H, m), 1.85-1.20 (22H, m), 0.87
(3H, t, J=7 Hz); >C NMR (75 MHz, CDCls) 6 96.50,
86.62, 80.09, 80.04, 75,64, 61.86, 54.54, 31.18, 30.21,
29.05, 28.95 (20), 28.74, 28.71, 28.51, 25.32, 21.85, 19.03,
18.73, 18.65, 18.36, 13.56; IR (neat) 1132, 1118, 1025 cm ™ !;
MS (EI) m/z 247 M+ —THP, 1), 85 (100), 67 (59), 55 (72).
Anal. Calcd for C5,H360,: C, 79.46; H, 10.91. Found: C,
79.60; H, 10.85.

4.3.4. 1-Tetrahydropyranyloxy-3,13-octadecadiyne (4d).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1b in 58% yield after
purification. "H NMR (300 MHz, CDCl3) 6 4.61 (1H, t, J=
3 Hz), 3.91-3.72 (2H, m), 3.51-3.42 (2H, m), 2.12-2.05
(6H, m), 1.81-1.23 (22H, m), 0.87 (3H, t, J=7 Hz); '°C
NMR (75 MHz, CDCl3) 6 98.54. 81.17, 80.03, 80.00, 76.61,
66.11, 61.97, 31.16, 30.47, 29.03, 28.96, 28.93, 28.87,
28.70, 28.68, 25.38, 21.81, 20.12, 19.30, 18.62 (2C), 18.32,
13.52; IR (neat) 1130, 1110, 1070, 1040 cm ~'; MS (EI) m/z
85 (100), 67 (20), 55 (20). Anal. Calcd for Cy3H350,: C,
79.71; H, 11.05. Found: C, 79.90; H, 10.86.

4.3.5. 1-Tetrahydropyranyloxy-3,13-icosadiyne (4e).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1b in 75% yield after
purification. "H NMR (300 MHz, CDCl3) 6 4.61 (1H, t, J=
3 Hz), 3.90-3.69 (2H, m), 3.51-3.42 (2H, m), 2.46-2.36
(2H, m), 2.10 (6H, br t, J=7 Hz), 1.82-1.22 (26H, m), 0.85
(3H, t, J=7Hz); '*C NMR (75 MHz, CDCl5) ¢ 98.54,
81.18, 80.11, 80.02, 76.61, 66.12, 61.98, 31.29, 30.48,
29.04, 28.98, 28.96, 28.88, 28.72, 28.70, 28.44, 25.37,
22.49, 20.13, 19.31, 18.65, 18.64, 13.96; IR (neat) 1130,
1110, 1060, 1030 cm ™ '; MS (EI) m/z 289 (M —THP, 0.3),
85 (100), 67 (20), 55 (23). Anal. Calcd for C,5H4,0,: C,
80.16; H, 11.30. Found: C, 80.18; H, 11.05.

4.3.6. 1-Tetrahydropyranyloxy-3,13-docosadiyne (4f).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1b in 78% yield after
purification. '"H NMR (300 MHz, CDCl5) 6 4.61 (1H, t, J=
3 Hz), 3.90-3.70 (2H, m), 3.52-3.42 (2H, m), 2.40 (2H, br t,
J=7Hz), 2.09 (6H, br t, J=7 Hz), 1.82-1.23 (30H, m),
0.84 (3H, t, J=7 Hz); ">C NMR (75 MHz, CDCl5) 6 98.57,
81.20, 80.14, 80.05, 76.63, 66.14, 62.01, 31.78, 30.50,
29.16, 29.09, 29.07, 29.00, 28.98, 28.90, 28.80, 28.75,
28.73, 25.39, 22.60, 20.15, 19.33, 18.67, 18.65, 14.03; IR
(neat) 1130, 1110, 1070, 1030 cm~'; MS (EI) m/z 85 (100),
67 (24), 55 (20). Anal. Calcd for Cy;H460,: C, 80.54; H,
11.51. Found: C, 80.22; H, 11.13.

4.3.7. 1-Tetrahydropyranyloxy-2,13-octadecadiyne (4g).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1c¢ in 67% yield after
purification. '"H NMR (300 MHz, CDCl3) 6 4.76 (1H, t, J=
3 Hz),4.18 (2H, AB of ABX,, Av=24.2 Hz, Jog=15.2 Hz,
Jax=Jsx=2 Hz), 3.82-3.73 (1H, m), 3.49-3.41 (1H, m),
2.18-2.07 (6H, m), 1.82-1.22 (24H, m), 0.84 (3H, t, J=
7 Hz); "*C NMR (75 MHz, CDCl;) 6 96.39, 86.51, 79.97
(20), 75.60, 61.76, 54.45, 31.14, 30.16, 29.27, 29.01, 28.97,
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28.94, 28.72, 28.68, 28.47, 25.28, 21.79, 18.99, 18.67,
18.60, 18.29, 13.49; IR (neat) 1130, 1110, 1060, 1040 cm ™ ';
MS (EI) m/z 261 (M" —THP, 1), 85 (100), 67 (50), 55 (50).
Anal. Calcd for C,3H330,: C, 79.71; H, 11.05. Found: C,
79.60; H, 10.92.

4.3.8. 1-Tetrahydropyranyloxy-3,15-icosadiyne (4h).
This compound was prepared following General procedure
B (Section 4.3) from bromoalcohol 1d in 73% yield after
purification. "H NMR (300 MHz, CDCl3) 6 4.61 (1H, t, J=
3 Hz), 3.89-3.71 (2H, m), 3.53-3.42 (2H, m), 2.46-2.38
(2H, m), 2.14-2.08 (6H, m), 1.82-1.25 (26H, m), 0.87 (3H,
t, J=7 Hz); ’*C NMR (75 MHz, CDCl;) § 98.56, 81.22,
80.06, 80.03, 76.60, 66.13, 62.00, 31.19, 30.49, 29.43,
29.40, 29.08, 29.06, 28.91, 28.76, 25.38, 21.83, 20.14,
19.32, 18.65, 18.35, 13.55; IR (neat) 1130, 1110, 1060,
1030 cm ™~ '; MS (EI) m/z 85 (100), 67 (20), 55 (19). Anal.
Calcd for C,5H4,0,: C, 80.16; H, 11.30. Found: C, 79.86; H,
11.17.

4.3.9. 3,13-Octadecadiyn-1-ol (5). A solution of THP ether
4d (1.53 g, 44 mmol) and PPTS (200 mg) in ethanol
(25 mL) was heated at 60 °C for 4 h. It was cooled to rt
and solid NaHCO; was added before removal of volatiles by
rotoevaporation. Standard extractive workup (ether, satd
NaHCOj; then brine) gave crude material which was purified
by flash chromatographg on silica gel using hexanes/ether,
2:1 to yield the known'’ alcohol 5 (1.15 g, 99%) as a low-
melting colorless solid. 'H NMR (300 MHz, CDCl3) 6 3.63
(2H, t, J=7 Hz), 2.42-2.35 (2H, m), 2.14-2.07 (6H, m),
1.48-1.23 (16H, m), 0.86 (3H, t, J=7Hz); *C NMR
(75 MHz, CDCl;3) 6 82.54, 80.10, 80.06, 76.23, 61.28,
31.17, 29.03, 28.94, 28.88 (2C), 28.75, 28.70, 23.06, 21.84,
18.64 (2C), 18.34, 13.54.

4.3.10. (3Z2,137)-3,13-Octadecadien-1-yl acetate (6). A
mixture of diyne 5 (135 mg) and 5% Pd/CaCO; poisoned
with lead (28 mg) in hexanes (2 mL) was stirred under an
atmosphere of H, for 18 h. The mixture was filtered through
Celite and volatiles were removed by rotoevaporation. The
residue was stirred with pyridine (1.5 mL), Ac,O (0.5 mL)
and DMAP (~3 mg). Removal of volatiles in vacuo
followed by flash chromatography on silica gel usin%
hexanes/ether, 50:1 as eluent provided Z,Z-diene 6’

(141 mg, 90%) as a colorless liquid. Diene 6 co-eluted
with its 3E,13Z and 3E,13E isomers on GC (DB-5 column)
but high stereochemical purity was ascertained by the
absence of 'C signals at ¢ 124.9 and 133.5 (3E olefinic
carbons) and 130.2 (13E olefinic carbons). '"H NMR
(300 MHz, CDCl3) 6 5.50-5.25 (4H, m), 4.02 (2H, t, J=
7 Hz), 2.33 (2H, app q, J=7 Hz), 2.05-1.95 (6H, m), 1.99
(s, 3H), 1.36-1.22 (16H, m), 0.86 (3H, t, J=7 Hz); "°C
NMR (75 MHz, CDCls) 6 171.0, 132.9, 129.8 (2C), 124.2,
63.9, 31.9, 29.7, 29.5, 29.4, 29.2, 27.2, 27.1, 26.8, 26.7,
22.3,20.9, 13.9.

4.3.11. (E)-Octadec-3-en-13-yn-1-o0l (7). To a solution of
diene 5 (156 mg, 0.6 mmol) in DME (4 mL) was carefully
added LiAlH; (92 mg, 2.4 mmol) and the mixture was
heated at reflux for 18 h. The reaction mixture was cooled to
0 °C, diluted with ether and carefully quenched with satd
NH,CI. Standard aqueous workup with 1 M HCl then brine
afforded crude alcohol 7 which was directly acetylated. An

analytical sample was purified by flash chromatography on
silica gel using hexanes/ether, 2:1 to afford 7 as a colorless
oil. "H NMR (300 MHz, CDCl5) 6 5.56-5.25 (2H, m), 3.57
(2H, t, J=17 Hz), 2.23 (2H, app q, /=7 Hz), 2.15-2.04 (4H,
m), 1.94 (2H, app c3], J=7Hz), 1.75-1.20 (16H, m), 0.86
(3H, t, J=7 Hz); '°C NMR (75 MHz, CDCl3) 6 134.26,
125.63, 80.14 (2C), 61.98, 35.91, 32.62, 31.21, 29.39, 29.32,
29.09, 29.05, 28.98, 28.78, 21.87, 18.69, 18.38, 13.58; IR
(neat) 3351, 1466, 1048 cm™ ' MS (ED) m/z 233 Mt —
CH,O0H, 0.2), 95 (43), 81 (90), 67 (100), 55 (93). Anal.
Calcd for CgH3,0: C, 81.75; H, 12.20. Found: C, 81.81; H,
12.01.

4.3.12. (E)-Octadec-3-en-13-yn-1-yl acetate (8). Crude
alcohol 7 from the previous reaction was stirred with
pyridine (1.5 mL), Ac,O (0.5 mL) and DMAP (~3 mg).
Removal of volatiles in vacuo followed by flash chroma-
tography on silica gel using hexanes/ether, 50:1 as eluent
provided acetate 8 (166 mg, 91%) as a colorless liquid. 'H
NMR (300 MHz, CDCl;) 6 5.55-5.25 (2H, m), 4.02 (2H, t,
J=7Hz), 2.27 (2H, app q, J=7 Hz), 2.15-2.05 (4H, m),
2.00 (3H, s), 1.95 (2H, app q, /=7 Hz), 1.50-1.20 (16H, m),
0.87 (3H,t,J="7 Hz); ’C NMR (75 MHz, CDCl5) 6 171.10,
133.53, 124.91, 80.12, 80.11, 64.10, 32.54, 31.89, 31.21,
29.31, 29.09, 29.05, 29.01, 28.78, 21.87, 20.92, 18.68,
18.38, 13.58; IR (neat) 1743, 1238 cmfl; MS (EI) m/z 264
M™* —C,H,0, 0.2), 93 (48), 81 (69), 79 (62), 67 (100), 55
(55). Anal. Calcd for C,oH340,: C, 78.38; H, 11.18. Found:
C, 78.42; H, 11.10.

4.3.13. (3E,13Z)-3,13-Octadecadien-1-yl acetate (9). A
mixture of enyne 8 (150 mg) and 5% Pd/CaCO;5 poisoned
with lead (15 mg) in hexanes (2 mL) was stirred under an
atmosphere of H, for 40 h. The mixture was filtered through
Celite and volatiles were removed by rotoevaporation.
Purification of the residue by flash chromatography on silica
gel using hexanes/ether, 50:1 as eluent provided the
known’® E,Z-diene 9 (147 mg, 97%) as a colorless liquid.
"H NMR (300 MHz, CDCl5) 6 5.50-5.24 (4H, m), 4.01 (2H,
t, J=7Hz), 2.25 (2H, app q, /=7 Hz), 2.02-1.90 (6H, m),
1.99 (s, 3H), 1.34-1.20 (16H, m), 0.85 (3H, t, J=7 Hz); °C
NMR (75 MHz, CDCl3) 6 170.9, 133.5, 129.7 (2C), 124.9,
64.0, 32.5, 31.9, 31.8, 29.7, 29.6, 29.4, 29.3, 29.2, 29.0,
27.1, 26.8, 22.3, 22.1, 20.8, 13.9.
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Abstract—The VO(acac), catalyzed epoxidation of hindered homoallylic alcohols was conducted under microwave irradiation in an open
vessel using toluene as solvent. The reaction time for the epoxidation of a series of cis- and trans-2-methyl-3-alkenols was dramatically
reduced from 6 to 10 days to less than 3 h when compared to conventional heating. The cis alkenols exhibited very high diastereoselectivity.
The more elaborated polypropionate precursors 12, 14 and 16 were epoxidized in good yield and excellent diastereoselectivities using the
microwave-assisted epoxidation technique described here, which is safe and suitable for multi-gram scales.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The 3,4-epoxy alcohol functionality has been widely used in
organic synthesis, particularly in the preparation of 1,3-
diols." This synthon is usually prepared by the epoxidation
of homoallylic alcohols, but unlike their allylic counter-
parts, there are fewer effective methods for their stereo-
selective elaboration.” Among the available methods, the
most frequently used approaches are based on iodocycliza-
tions’ and on transition metal catalyzed epoxidation
reactions.* Regarding the area of iodocyclizations, the
iodocarbonatation/methanolysis (carbonate extension) reac-
tion is the most useful method for the stereoselective
epoxidation of homoallylic alcohols.>**> This reaction
offers good stereoselectivity for cis, as well as trans,
alkenols, generally favoring the syn product. However, the
implementation of the iodocarbonatation methodology is
somewhat tedious, requiring a strong base, low temperature,
gaseous carbon dioxide, and a separate step for the
methanolysis of the intermediate iodocarbonate, which
can take up to 24 h. This approach has provided us a series
of diastereomeric 2-methyl-3,4-epoxy alcohols, but in some
instances we have experienced long reaction times, and poor
yields.” For example, in the case of the frans homoallylic
alcohol 1, the reaction produced a mixture of the desired
3,4-epoxy alcohol 2, the mixed carbonate 3 and the cyclic

Keywords: Epoxidation; Homoallylic alcohols; Microwave synthesis;
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by-product 4 in variable ratios, depending on the
methanolysis conditions (Scheme 1).

OTIPS OTIPS
4

OTIPS 1) nBulLi 1 3
2) CO, o 0
= OH * O\H/O\
OH Il 0
4) K,COy 2 3
1 MeOH TIPSO o
C L
4
CeH1z
CGH13\‘/\/\ t-BuOOH m\ v
OH VO(acac), 6 syn

5 syn/anti =57:43

C6H13\‘/\/;-\
‘0

6 anti OH

Scheme 1. Epoxidation of homoallylic alcohols.

Concerning the area of transition metal-catalyzed epoxida-
tions, the VO(acac),/tert-butyl hydroperoxide procedure
has been extensively used for the epoxidation of homo-
allylic alcohols.* This procedure is easy to implement and is
usually carried out at refluxing temperature in nonpolar
solvents. Similar to the carbonate extension reaction, the
stereoselectivity of the VO(acac), catalyzed epoxidation
reaction is very good for cis alkenols, generally favoring the
syn product. However, this procedure exhibits poor
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selectivity when applied to frans homoallylic alcohols
(Scheme 1).** In addition, this reaction requires longer
reaction times (16-96 h) as the steric demands of the alkenol
system increases.

For some time, our group has been interested in the use of
3,4-epoxy alcohols for the stereoselective construction of
polypropionate units (Scheme 2).>° In our epoxide-based
approach toward polypropionates, the configuration of the
resulting hydroxyl and methyl groups rely on the configur-
ation and the cis/trans geometry of the epoxide precursors
(7, 8, 10). In this sequence, the crucial stereoselective
epoxidations of the hindered homoallylic alcohols were,
until now, attained exclusively by the somewhat
problematic iodocyclization reactions.” When the
traditional VO(acac), catalyzed epoxidation conditions
were applied to these hindered systems, the reaction was
too slow to be of practical significance (6 days, 19%).

TIPSO
—==—AIEt, (68%)
EtO,C e - 1) 2
< — 2 —
OH 2) H,, Pd/ C, quinoline
7 8a anti (83 %)
1) nBulLi
TIPSO : 2) CO, TIPSO
N
- 3) Iy : o)
OH OH 4) K,CO5/ MeOH OH OH
9 (65%) 10

Scheme 2. Epoxide approach for polypropionate construction.

Knowing that the reaction mechanism of the vanadium-
catalyzed epoxidation involves charge separation at the
oxygen transfer (slow) step,*! and that a potential
microwave induced rate enhancement is greater for those
reactions were the polarity is altered during the reaction
progress,”*" we decided to investigate the application of
microwave heating. Microwave irradiation has been

t-BuOOH/
= VO(acac), cat.
TIPSO~ (acac),
OH toluene, MW
11a
t-BuOOH/
= VO(acac), cat.
TIPSO _ >
OH toluene, MW
11b
: t-BuOOH/
~ VO(acac), cat.
TIPSO Z (acac),
OH toluene, MW
11c
: t-BuOOH/
% VO(acac), cat.
TIPSO Y ¥
OH toluene, MW
11d

T|Pso/\|)\(l\ +
oH ©

introduced as a tool to enhance the efficacy of many organic
reactions.” However, there is a paucity of accounts in the
area of applying this technique to epoxide synthesis.® Since
the vanadium/fert-butyl hydroperoxide reaction is a one-pot
procedure, it could be adapted to a microwave setup. By
applying this technology we expected to reduce the reaction
time, and perhaps increase the yield and affect the
stereoselectivity. With this in mind, we prepared the four
diastereomeric forms of 2-methyl-3-alkenol 11° and sub-
jected them to a microwave-assisted VO(acac), epoxidation
(Scheme 3).

2. Results and discussion

Initial optimization of the VO(acac),-catalyzed epoxidation
was conducted with the problematic trans substrate 11a
(Table 1). A variety of different microwave irradiation
conditions (time/temperature) and solvents, including
methylene chloride, 1,2-dichloroethane, and toluene were
investigated. Further attempted refinements of the experi-
mental set up, such as solvent-free conditions, the addition
of an ionic liquid,'® or microencapsulating the catalyst'' did
not cause notable improvement. Having achieved a set of
optimized conditions in terms of time and yield for the
VO(acac), catalyzed epoxidation of alkenol 11a, we applied
them to alkenols 11b—d and compared the results with
conventional heating (Table 1). The microwave-assisted
approach made possible the conversion of alkenols 11a—d to
their corresponding epoxides within 3 h, relative to 6-10
days for conventional heating. As shown, the overall
reaction yields improved substantially in the case of
alkenols 11a and 11c (entries 2 and 7). In relation to the
stereoselectivity of the epoxidation reaction, as expected,
the syn stereoisomer was favored in most cases. The cis
alkenols provided good diastereoselectivities (entries 4—7)
while the trans systems did not (entries 1, 2, 8 and 9). Not
surprising, the syn cis alkenol 11b produced only the anti
epoxide 8b (entries 4 and 5). The present stereoselectivities
are in agreement with those obtained by Mihelich in related

TIPSOW
oH ©

8a syn 8a anti
TIPSO/\H\A + TIPSO/\H\%
on O OH
8b syn 8b anti
TIPSO/\|/\<J + TIPSO/\(\%
oH © OH
8c syn 8c anti
TIPSO” Y T + T|Pso/\|/\%\
oH © OH
8d syn 8d anti

Scheme 3. Stereochemical possibilities on the epoxidation of diastereomeric 2-methyl-3-alkenols.



G. Torres et al. / Tetrahedron 60 (2004) 10245-10251

Table 1. Results on the transition metal-catalyzed epoxidation of 2-methyl-3,4-epoxyalcohols
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Entry Alkenol Method” Time Major % Yield® synlanti
product® Selectivity!
1 11a VO(acac),/CH 6 days 8a syn 19 52:48
2 11a VO(acac),/MW 3h 8a syn 63 62:38
3 11a Mo(CO)¢/MW 3h 8a syn 85° 52:48
4 11b VO(acac),/CH 6 days 8b anti 65°¢ <5:95¢
5 11b VO(acac)y/ MW 3h 8b anti 65 <5:95°
6 11c VO(acac),/CH 4 days 8c syn 60° >95:5!
7 11c VO(acac),/ MW 45 min 8d syn 90 >95:5"
8 11d VO(acac),/CH 10 days 8d syn 88° 63:37
9 11d VO(acac),/MW 3h 8d syn 90 63:37
10 11d Mo(CO)¢/MW 3h 8d syn 82 63:37
@ All reactions carried out in toluene at reflux using either conventional heating (CH) or microwave-assisted heating (MW) and a 1.4 mol% catalyst loading.
" The relative configuration of the 2-methyl-3,4-epoxy alcohols 8 was determined by spectral comparison with reported values.’
¢ Isolated yield (for microwave procedure).
4 Determined by 13C and 'H NMR spectroscopy.
ef Some starting material was present.

Only one isomer was observed by NMR analysis.

systems using conventional heating.*™ To explain the
observed diastereoselectivity, he proposed a tetrahedral
vanadate ester transitions-state model that, according to the
commonly accepted principles of conformational analysis,
minimizes steric interactions among the various sub-
stituents. Therefore, cis homoallylic alcohols show good
selectivities, as they react through the favored chair
transition-state. In contrast, and according to this model,
stereoselectivities for trans are low due to the energetically
competitive boat transition states. Although a slight
selectivity improvement was observed for alkenol 1la
under microwave irradiation (entry 2), this could not be
further improved after various optimization attempts. These
results suggest that there are no mechanistic differences
between conventional and microwave heating procedures
for this reaction, other than the difference in the nature of the
heat transfer process and higher temperatures achievable
under microwave irradiation.
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In order to discard the possibility of an intrinsic diastereo-
selectivity for the hindered trans homoallylic epoxides 11a
and 11d, control reactions were carried out using Mo(CO)¢
as catalyst, which is known to proceed without coordination
to the hydroxy group (entries 3 and 10).** As expected,
although the yields were slightly better, there was no
difference in the diastereoselectivity using Mo(CO)g for the
trans systems. Only a small preference favoring the syn
product was observed in both cases. Other epoxidating
reagent, such as MCPBA, afforded similar results.

Given that toluene is not a good microwave-absorbing
medium because of its low dielectric constant (¢=2.38), we
studied the individual heating profiles for the solvent, the
alkenol, the peroxide, the catalyst, and the reaction mixture
in order to assess the microwave energy-transfer process for
the system. At constant power (1000 W) and 3 min
irradiation, it became evident that the alkenol showed

5+ "7

00:00 a1:26 02:53

04:19

05:46 }7:12 08:38

Time {min:s)

Figure 1. Heating profiles at 1000 W for 3 min in an open-vessel for (a) reaction mixture, (b) 0.083 M solution of homoallylic alcohol 11a in toluene,
(c) 0.091 M TBHP in toluene (1.1 mol equiv), (d) 0.001 M VO(acac), in toluene (1.4 mol%), (e) and neat toluene.
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1) t-BuOOH/VO(acac), cat.
toluene, MW, 10 min

TIPSO - -

2) 2-methoxypropene 16) 0 (0]

PPTS, DCM

1) t-BuOOH/VO(acac), cat.
toluene, MW, 75 min

TIPSO = z

2) 2-methoxypropene
PPTS, DCM

t-BuOOH/VO(acac), cat. : : H

Scheme 4. Epoxidation of polypropionate model systems.

significant microwave absorption (Fig. 1). The heating
profile for the solvent, the catalyst and the peroxide where
much lower, suggesting that the heat transfer agent is the
homoallylic alcohol, though when all reagents are mixed, a
slightly stronger microwave absorption profile is
observed.'? It is noteworthy that this microwave-assisted
approach for the epoxidation of hindered homoallylic
alcohols is applicable to gram quantities. In fact, the
epoxidation of cis alkenol 11¢ (entry 7) was conducted in up
to a 30 g-scale in comparable reaction times.

To extend the scope of this microwave-assisted epoxidation
to polypropionate synthesis and to explore the synthetic
potential of this method, the microwave conditions were
applied to the more complex homoallylic alcohols 12, 14
and 16 (Scheme 4).13 These compounds are precursors for
our ongoing synthesis of the polypropionate chains of
streptovaricins D and U.'* When 12 was subjected to the
VO(acac), epoxidation conditions, the syn epoxide 13 was
the only stereoisomer observed in 81% yield, after acetonide
formation. The acetonide allowed better handling and
characterization of the diol product. Similarly, diol 14 was
epoxidized in 75 min producing syn epoxide 15 in 86%
yield for the two synthetic steps. Correspondingly, the more
elaborated fragment 16 (prepared from 13) was transformed
to epoxy acetonide 17 in 10 min with excellent diastereo-
selectivity and 87% yield. Compound 15, which contains six
adjacent stereocenters generated in a highly stereoselective

toluene, MW, 10 min

manner, is a potential precursors to the C(5)-C(10)
fragment of streptovaricin D. Likewise, compound 17
(which has 8 chirality centers) is a potential precursor to
the C(5)-C(12) fragment of streptovaricin U. This demon-
strates the applicability of the microwave approach for the
efficient stereoselective epoxidation of cis alkenols.

The relative configuration of the epoxy alcohol products
was established by '*C NMR. (Table 2). As previously
reported for cis-2-methyl-3,4-epoxy alcohols,®