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pp 10285–10291Synthesis and electrochemical properties of dendrimers containing meta-terphenyl peripheral

groups and a 4,4 0-bipyridinium core

Perumal Rajakumar* and Kannupal Srinivasan

Synthesis of dendrimers containing m-terphenyl peripheral groups

and a 4,4 0-bipyridinium core is described up to second generation

along with their electrochemical properties.

pp 10293–10304Highly selective conversion of N-aroyl-a-dehydronaphthylalaninamides into

3,4-dihydrobenzoquinolinone derivatives via photoinduced intermolecular electron transfer

Kei Maekawa,* Ayana Shinozuka, Michiko Naito, Tetsutaro Igarashi and Tadamitsu Sakurai*

Contents / Tetrahedron 60 (2004) 10119–10126 10123



pp 10305–10310Stereoselective oxazaborolidine–borane reduction of biphenyl methyl diketones: influence

of biphenyl substitution pattern

Giovanna Delogu,* Maria Antonietta Dettori, Angela Patti* and Sonia Pedotti

pp 10311–10320Studies on the catalytic hydrogenation of Baylis–Hillman derivatives of substituted

isoxazolecarbaldehydes. Unusual retention of isoxazole ring during Pd–C-promoted

hydrogenation of Baylis–Hillman adducts

R. Saxena, V. Singh and S. Batra*

Interesting results of the detailed investigations on the hydrogenation of Baylis–Hillman adducts and corresponding acetates of substituted

5-, 4- and 3-isoxazolecarbaldehydes in the presence of Raney-Ni and Pd–C are described.

pp 10321–10324Efficient and selective deprotection method for N-protected 2(3H)-benzoxazolones and

2(3H)-benzothiazolones

Pascal Carato,* Saı̈d Yous, Didier Sellier, Jacques H. Poupaert, Nicolas Lebegue and Pascal Berthelot

pp 10325–10334Synthesis and catalytic activities of PdII–phosphine complexes modified poly(ether imine)

dendrimers

Thatavarathy Rama Krishna and Narayanaswamy Jayaraman*

Contents / Tetrahedron 60 (2004) 10119–1012610124



pp 10335–10342A new and efficient method for conjugate addition of trialkylphosphites to 3-acylsubstituted

coumarins

Rositca D. Nikolova, Anka G. Bojilova and Nestor A. Rodios*

pp 10343–10352Anionic ring opening of norbornenes fused to heterocycles
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1. Introduction

Piperidine alkaloids constitute a large family of compounds,
many of which are of great interest for their various
biological activities.1 A search of the chemical and patent
Tetrahedron 60 (2004) 10127–10153
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literature reveals thousands of references concerning this
simple ring system, both in clinical and pre-clinical states.2

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.3,4 In this context, Lobelia inflata
alkaloids (Fig. 1) and, in particular, (K)-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 (K)-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. It is a plant native to northern North
America that grows in meadows, waste places, fields and
open woods.5 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 alkaloids6 (see
Figure 1 for the identification of 1–20). (K)-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
I. 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.7
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.8 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 alone12 like coniine13,14 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 [1-14C]-lysine
yielded active lobeline 1.15

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).16 This enzyme has been isolated
from a plant source.17 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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Scheme 1.

Scheme 2.

Scheme 3.
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Lobelia inflata.6 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.18

The formation of 2,3,4,5-tetrahydropyridine 22, the poten-
Scheme 4.

Scheme 5.
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 31.19 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 21.16

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
23,21,22 tracer studies have suggested that it was not a normal
intermediate between lysine 21 and 2,3,4,5-tetrahydro-
pyridine 22. Indeed, [2-14C]-lysine gave 2,3,4,5-tetrahydro-
pyridine 22 with all the radioactivity at the C2 position.23

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.24 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.18 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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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.
Scheme 7. Scheme 9.
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 4225

(Scheme 8). Moreover, pyridine alkaloids have been
detected in Lobelia inflata.
Scheme 8.

Figure 2.
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 25.26 In fact, various tracer
experiments, have shown that lobinaline 19 is formed
simply by dimerisation27 (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
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.28

4.1. Synthesis of (C)-8-ethylnorlobelol

(C)-8-Ethylnorlobelol 20, a minor alkaloid of Lobelia
inflata, was first isolated by Wieland6 et al. in 1939. These
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workers described the molecular formula as C9H19NO and
postulated the structure as an N-methylpiperidine derivative
43. This structural assignment was revised twenty years
later, however, by Schöpf29 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 Schöpf. Recently, Hootelé et al.30

questioned this assignment and correctly revised the
absolute configuration to (2S,8S). This assertion of Hootelé
was confirmed, a short time later, by Takahata’s group,31

with the first asymmetric total synthesis of (C)-20.
Figure 3.

Figure 4.
4.1.1. Non-stereoselective racemic approach. Kracher32

and co-workers described (Scheme 10) the first racemic
synthesis of (C/K)-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 (C/K)-20. In these studies, the pharmacological
profile of some related analogues was also investigated, but
no results were disclosed for (C/K)-20.
Scheme 10.
4.1.2. Stereoselective racemic approach. More recently,
Hootelé et al. have reported a very short diastereoselective
synthesis of (C/K)-20 (Scheme 11). Their approach
exploited the advantageous properties of [2K3]-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 (C/K)-20 by
cleavage of the N–O bond with LiAlH4.
Scheme 11.
In these studies, Hootelé also reported experimental
evidence to assign the natural enantiomer as (2S,8S)
(Fig. 3). Consequently, they correctly revised the absolute
configuration previously established by Schöpf.
4.1.3. Asymmetric approach. To date, the synthesis of
(C)-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 (C)-8-ethylnorlobelol 20. This strategy
was also applied to the synthesis of numerous piperidine
derivatives and some ant defence alkaloids.33,34
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 O98% ee. The resulting diol 55a 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 (C)-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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4.2. Synthesis of allosedamine

Although its biological properties are obsolete,35 (K)-
allosedamine has attracted attention as an interesting
challenge and a valuable synthetic target for chemists.
Scheme 14.
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.

(K)-Allosedamine 18 was isolated from Lobelia inflata,6,29

and the structural identification was reported by Marion36

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
Scheme 13.
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, Beyerman37 and co-workers
advocated treating the mixture with LiAlH4 and, allosed-
amine 18 and sedamine 24 were then isolated as the single
products (Scheme 14).
In their studies, however, the same workers also reported
a simpler and shorter racemic synthesis starting from
a-picoline 44 and benzaldehyde (Scheme 15). They found
Scheme 15.
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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.

Stanek38 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, Beyerman39 optimised the conditions described by
Stanek to obtain the mixture of (C/K)-18 and (C/K)-24 in
a better yield.
Scheme 16.

Scheme 18.
Starting from the phenacylpyridine 57, Schöpf 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, (C/K)-norallosed-
amine 17 was obtained in a pure form and was resolved by
sequential crystallisations with (C)-6,6-dinitrophenic acid
to give (C)-17. Compound (C/K)-17 similarly treated
with (K)-6,6-dinitrophenic acid gave (K)-17. Successive
degradation of (C)-17 led the authors to assign the absolute
configuration as (2S,8R)-8-phenylnorlobelol 17. Methyl-
ation of (C)-17 under Eschweiler-Clarke conditions gave
(K)-allosedamine 18, the configuration of which is (2S,8R).
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.40 The addition of 2-methoxypiperi-
dine 66, generated from 65 by anodic oxidation, to a silyl
enol ether of acetophenone in the presence of TiCl4, resulted
in the isolation of 67 with high yield (93%). The non-
stereoselective reduction of 67 with LiAlH4 gave a mixture
of (C/K)-sedamine 24 and (C/K)-allosedamine 18, which
were separated and identified by Schöpf’s method.
C–C bond formation between the piperidine precursor and
the phenacyl side chain was also reported by Ozawa41 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 tert-butyl benzoyl-
acetate and aluminum chloride to afford 70 after acidic
hydrolysis. Reduction of the lactam and ketone functions
with LiAlH4 generated a mixture of sedamine 24 and (C/K)-
allosedamine 18, which were readily separated by column
chromatography on silica gel.
Scheme 19.
More recently Meth-Cohn42 and co-workers have developed
a practical method for a short access to (C/K)-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 NaBH4 gave an
equal mixture of diastereoisomers (C/K)-18 and (C/K)-
24, from which (C/K)-allosedamine 18 was isolated in a
pure form after flash chromatography. It should be noted
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Scheme 22.

F.-X. Felpin, J. Lebreton / Tetrahedron 60 (2004) 10127–10153 10135
that the researchers developed an enzymatic resolution for
some alkaloids to obtain chiral compounds. No experimental
details were described, however, for (C/K)-allosedamine
18. In addition, the application of this methodology to the
synthesis of anti-Alzheimer agents was recently disclosed in
a patent43 by the same authors.
4.2.2. Stereoselective racemic approach. Tufariello44 and,
a few years later, Hootelé45 developed a similar efficient
route based on a regio- and stereoselective [2C3]-dipolar
cycloaddition (Scheme 21). This strategy was widely used
by Hootelé as an elegant route for various piperidinic
derivatives including (C/K)-allosedamine 18 (vide
supra).46 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 LiAlH4 furnished a mixture of
(C/K)-allosedamine 18 (78%) and (C/K)-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
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
LiAlH4 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 H2/Raney nickel was the method of choice to
generate (C/K)-allosedamine 18 as the sole product in high
yield (Scheme 22). Liguori and co-workers47 reported a
valuable alternative to N–O bond cleavage in very mild
experimental conditions by the use of LiI (Scheme 22). The
yield was lower (61%) but the process was compatible with
numerous functional groups.
Ghiaci and Adibi48 have reported more recently a
straightforward synthesis of (C/K)-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 NaBH4, DIBAL-H,
LiAlH4 and H2/Pt–C. DIBAL-H appeared to be the best
reducing reagent and led exclusively to (C/K)-allosed-
amine 18, probably via a chelated-type structure in the
transition state.
Scheme 23.
4.2.3. Asymmetric approach. The first asymmetric syn-
thesis of 18 was described by the Wakabayashi49 group and
involved an asymmetric intramolecular Michal reaction
(Scheme 24). Thus, treatment of glutaric anhydride 81 with
(R)-(C)-a-phenylethylamine in harsh conditions followed
by reduction with NaBH4 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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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 (K)-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. Tanaka50 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
TiCl4 (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-
Scheme 25.
stereoselective conditions to give an equal mixture of (C)-
allosedamine 18 and (C)-sedamine 24.

For their part, Naito51 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 TiCl4 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 LiAlH4 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
LiAlH4 of 93 afforded (K)-allosedamine 18 in 61% yield
(Scheme 26).
Scheme 26.
The first highly diastereo- and enantioselective synthesis of
(K)-allosedamine 18 was achieved by Oppolzer.52 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.53–55

The synthesis started from the known aldehyde56 97
(obtained in two steps from 3-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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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 [3C2]
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 decarboxylation57 nor
Rapoport’s decarbonylation,58–60 however, afforded the
desired product. An alternative method consisted of the
transformation of the COOH group into a CN function,
followed by a reductive a-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
Scheme 27.
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 (K)-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 (K)-allosedamine 18.

In our synthesis,61 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,62,63 piperidinic,64 and tetrahydropyridinic65

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.66 We,
however, have developed a new access to these intermedi-
ates that is applicable on a multigramme scale.67 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 by an enantioselective reduction of the prochiral
ketone68–70 107 with (C)-DIP-chloridee.71 Thus, the
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alcohol 105 was isolated in good yield (84% in two steps)
with high ee (O99%). For example, the direct allylboration
of benzaldehyde with B-allyldiisopinocamphenylborane
(lIpc2Ball) gave 105 in similar yields, but resulted in a
decrease in optical purity (95% ee).

A stereocontrolled epoxidation of the double bond by the
Cardillo72,73 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)2 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.76 Indeed, the instability of the azide,
which can spontaneously cyclise with the double bond as a
[3C2] cycloaddition,77,78 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
Scheme 28.
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, (K)-allosedamine 18 was efficiently obtained in 13
steps with an overall yield of 29%.

Riva, Passarella and co workers79 reported a straightforward
synthesis of (K)-allosedamine 18 based on three successive
enzymatic resolutions of N-Boc-piperidine-2-ethanol 113
(Fig. 7).
Racemic commercially available piperidine-2-ethanol 114
was first protected as the corresponding tert-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 (S)-116 with 85% ee. Compound
116 was chemically hydrolysed and was then again
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submitted to a third enzymatic resolution with pancreatic
lipase to give the acetate (S)-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 LiAlH4 furnished (K)-allosed-
amine 18 in nine steps from the commercially available
racemic piperidine-2-ethanol 114.

Very recently, Raghavan and Rajender80 have reported the
total synthesis of (K)-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 Et3N (Pummerer rearrange-
ment) followed by Wittig olefination generated the
diethylenic substrate 124 in good yield (75%). In order to
construct the piperidine core of (K)-allosedamine 18,
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 (C)-norallosedamine
17. Finally, reductive methylation of the secondary nitrogen
using HCHO and NaBH3CN gave (K)-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 (K)-lobeline is an
interesting phenomenon, probably due to a retro Michael
reaction that was studied during the 1960s. The rate of
mutarotation of cis-(K)-lobeline 1 to a mixture of cis and
trans-(K)-lobeline 1 is increased in hydrophilic solvents
and in the presence of hydroxyl ions.81 More recently,
Marazano et al. noted that (K)-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-(K)-lobeline 1.

Lobeline was first isolated by W. M. Procter Jr. in 1838.1

Several incorrect characterisations of lobeline were pro-
posed before Wieland82 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.
Scheme 32.
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.83 (Scheme 32). The synthesis started with an ingenious
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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 pTolSO3Me. 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. (C/K)-Lobeline 1 was then
resolved by D-tartaric acid giving (K)-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 trans) in an
approximate 1/1 ratio.

Simultaneously with Wieland, Scheuing and Winterhalder84

disclosed their work on the total synthesis of lobeline 1
(Scheme 33). Their strategy involved the synthesis of the
diphenylethynylpyridine 131 that could be obtained by a
known method85 from 2,6-lutidine 130. Hydration of 131
with concentrated sulphuric acid furnished the diphenacyl-
pyridine 132. Alkylation of the pyridine ring with pTolSO3-

Me gave a quaternary salt that could easily be reduced to
lobelanidine 16 with 5 mol of H2. A mild oxidation of 16 by
potassium permanganate gave a mixture of the (C/K)-
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 Schöpf and Lehmann86 in
1935 (Scheme 34). This elegant strategy involved a
Mannich condensation and a Robinson type biomimetic
reaction. Thus, a mixture of glutaric dialdehyde, benzoyl-
Scheme 34.

Scheme 33.
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
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consider how its structure may have arisen in nature.
Inspired by a biogenetic process, Schöpf and Müller in the
mid-1960s described the first asymmetric total synthesis of
(K)-lobeline.87 It was anticipated that (K)-sedamine 24
would provide (K)-lobeline 1 by alkylation at C6 (Fig. 9).
Moreover, it was reasoned that the phenacylpyridine88 57
should be an ideal starting material to access (K)-sedamine
24.
Figure 9.
The first aim was to synthesise (K)-24 by using phena-
cylpyridine 57 as the readily available starting material
(Scheme 36). With compound 57 in hand, (K)-24 was
obtained by the classical chemical transformation and
resolution of (C/K)-24 with dibenzoyl-D-tartric acid.
Compound (K)-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.89 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 (K)-lobeline 1 to
be isolated in an elegant fashion as a mixture of two
epimers, even though the yield was low.
Scheme 36.
In the Marazano90 synthesis, the piperidine ring of (K)-
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
salts has been extensively studied by Marazano to
synthesise various piperidinic or tetrahydropyridinic alka-
loids.91 Thus, this methodology was successfully applied to
the total synthesis of (K)-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 LiAlH4 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 tBuOK provided 4,5-dihydro-
sedamine 145. It should be noted that this route also allowed
an access to (K)-sedamine 24 or (K)-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 (K)-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 (K)-allosedamine 18 in the construction of
(K)-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 (K)-
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 (K)-allosed-
amine 18 (vide supra), (Scheme 38). Conversion into
the trans isomer by the Mitsunobu protocol furnished
the diastereoisomer 151 with total inversion of con-
Figure 11.
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,
(K)-lobeline 1 was obtained in an equilibrium mixture
of two epimers cis/trans in a 1/1 ratio.

Thus, the highly enantioselective synthesis of (K)-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

(K)-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, lobeline 1 was known as a powerful
respiratory stimulant.94 This important property has been
explained by the activation of the carotid and aortic body
chemoreceptors95 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.5 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
victims who have been electrocuted or asphyxiated by toxic
gases.96 Moreover, it was useful in the case of the paralysis
of respiratory centres after drug poisoning with alcohol,
soporifics or morphine or after narcosis.97 Lastly, 1 has also
been used to treat asphyxia in newborn infants.98

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).99 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 1936,100 but
several later studies led to a dispute between positive101 and
negative102 reports. Numerous countries have sold drugs
containing lobeline 1 such as: Nicobane, Bantrone,
CigAreste, NicFite and Smoker’s Choicee. 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.103 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,104 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 Crooks105 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
memory106 in rodents, probably due to its involvement in
cholinergic mechanisms of neurotransmission (vide infra).
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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.107 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 improve the performance of rats
in sustained attention tasks,108 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.109

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 ganglia, 1
produces sympathetic and parasympathetic effects.110

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.111 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.112

In a recent patent, Yerka described a method for increasing
hydration and lubrication of lacrimal,113 vaginal114 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 neurotransmitter115 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 g-
aminobutyric acid (GABAA), N-methyl-D-aspartate
(NMDA), serotonin (5-HT3) and glycine receptors.116 The
nAChR have been the focus of intense research in recent
years,117 due to their involvement in cognitive, motor and
behavioural systems.118 Thus, modulation of cholinergic
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 (a2–a9) and b (b2–b4) subunits with a
considerable array of combinations.119 Each of which
displays specific physiological processes when a ligand
acts on it. Thus, multiple populations of nAChR exist, but,
in the brain, the a4b2 and a7 subunits are prevalent. Lobeline
1 displays a very low affinity for the a7 subtype (KiO
10,000 nM) but a high affinity for a4b2 (KiZ1–5 nM).120 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 accepted121,122:
†
 A donor of hydrogen bonds, like a quaternised nitrogen
atom or a tertiary amine protonated at physiological pH.
†
 An acceptor of hydrogen bonds, like a pyridine or a
carbonyl function.
†
 A distance between the donor and acceptor elements of
4.6–6.3 Å, according to the binding models studied.

In their pioneering work, Beers and Reich123 considered that
the structure of 1 could adopt a conformation that is in
agreement with the nAChR pharmacophore. According to
Barlow and Johnson’s124 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.125

Many similar effects for nicotine 156 and lobeline 1, like
tachycardia and hypertension,126 anxiolytic activity127 and
improvement of learning and memory,128 have been
recorded. Contrary to 156, however, lobeline 1 does not
increase locomotor activity129 or produce conditioned place
preference.130 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.131

Thus, 1 possesses no obvious structural resemblance to
nicotine and is currently considered as an agonist,115 an
antagonist,132 as well as a mixed agonist/antagonist,133 at
nicotinic receptors. These properties have been attributed to
its particular structure, which could possess an agonist part
(the keto portion) and an antagonist part (the hydroxyl
portion).124

Nicotine 156 and lobeline 1 evoked dopamine (DA) release
from rat striatial slices.134 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.115 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.135 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 Crooks132 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 (VMAT2). 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).136 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-workers136a 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 a4b2

receptor and the analgesic potency.

Terry’s group136b also evaluated 1, 159 and 161 for their
mAChR 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, IC50Z0.25 mM) 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 [3H] DA uptake into the dopaminergic pre-
synaptic terminal (inhibition of dopamine transporter
‘DAT’ activity) by several compounds was also evaluated
by Crooks and Dwoskin136c (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, (K)-lobeline 1, have increased over the
last few years. Lobeline 1 might serve as a useful lead for



Table 1. nAChR receptor affinity of various lobeline analogues

Chemical structure nAChR receptor affinity Ki, nM, radioligand Reference

15 000, [3H]cytisine 136b

159

O10 000, [3H]nicotine 136a

24

O10 000, [3H]nicotine 136a

160

5400, [3H]cytisine 136b

161

2200, [3H]nicotine
O100 000, [3H]cytisine

136a
136d

60

O100 000, [3H]cytisine 136d

162

O100 000, [3H]cytisine 136d

163

10 400, [3H]cytisine 136d

164

5990, [3H]cytisine 136d

165

O100 000, [3H]cytisine 136d

166

24 600, [3H]cytisine 136d

167

29 000, [3H]cytisine 136d

168

(continued on next page)
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Table 1 (continued)

Chemical structure nAChR receptor affinity Ki, nM, radioligand Reference

O100 000, [3H]cytisine 136d

169

62 600, [3H]cytisine 136d

170

23 400, [3H]cytisine 136d

171

O100 000, [3H]cytisine 136d

172

3700, [3H]cytisine 136d

173

1800, [3H]cytisine 136d

174

5900, [3H]nicotine 136a

175

2490, [3H]nicotine 136a

176

O10 000, [3H]nicotine 136a

177

O10 000, [3H]nicotine 136a

178

O10 000, [3H]nicotine
14 300, [3H]nicotine

136a
136c

179

O10 000, [3H]nicotine 136c

180

160, [3H]nicotine
340, [3H]nicotine

136c
136a

181
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Table 1 (continued)

Chemical structure nAChR receptor affinity Ki, nM, radioligand Reference

235, [3H]nicotine 136a

182

1315, [3H]nicotine 136a

183

4200, [3H]nicotine 136c

184

110, [3H]nicotine 136a

185

1085, [3H]nicotine
130, [3H]nicotine

136a
136c

186

930, [3H]nicotine 136c

187

300, [3H]nicotine 136a

16

7800, [3H]nicotine
11 000, [3H]nicotine

136a
136c

14

4.1, [3H]nicotine 136c

188

5, [3H]nicotine 136a

189

2035, [3H]nicotine 136a

190

4.3, [3H]nicotine
4, [3H]nicotine
16, [3H]nicotine

136c
136a
136b

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

Compound mAChR receptor affinity Ki, mmol,
radioligand

AChRI activity IC50

(mmol)

1 37 76
159 55 5000
161 16 230

Table 4. Inhibition of DAT activity

Compound Inhibition of DAT activity [3H]-dopamine uptake, Ki

(mmol)

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

Table 2. Analgesic activity of 180, 183, 187 and 1

Compound Analgesic effect ED50 (mmol)/animal

1 23
180 27
183 32
187 38
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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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2083–2086.

31. Takahata, H.; Kubota, M.; Momose, T. Tetrahedron Lett.

1997, 38, 3451–3454.
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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 L1210 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% (GI50) 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.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Since the discovery of the anticancer drugs daunomycin,
adriamycin, and mitoxantrone (Fig. 1),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;1,2 only a limited number
of 1,4-anthracenediones was known.3 Our initial discovery
of the antitumor activity of 1,4-anthracenedione (1)4

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),3b and their anticancer activities. Several analogs of 2
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.026
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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 1.3a Using murine
L1210 leukemia and human HL-60 tumor cells, we found
that the IC50 values (inhibition concentration by 50%) of 1
are 42G2 nM and 140G7 nM (Table 1), respectively, while
quinizarine is inactive in both cell lines when tested up to
1.6 mM. The inactivities of quinizarine toward cancer
cells show that the central quinone ring of anthraquinones
is an un-preferred location.2a 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.2,3 We used a double Friedel–Crafts
Tetrahedron 60 (2004) 10155–10163



Figure 1.
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reaction5 because 1,4-dihydroxyanthraquinones are
produced as the intermediates, which can be reduced
to give 1,4-anthracenediones.3a Hence, condensation of
4,5-dichlorophthalic anhydride (5) with hydroquinone in the
presence of AlCl3 and NaCl at 220 8C5a gave 3 (90% yield)
which, upon reduction with NaBH4 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 IC50 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, IC50 (nM) HL-60, IC50 (nM)

1 42G2 140G7
Quinizarine Not active at 1.6 mM Not active at 1.6 mM
2 29G1 87G4
3 Not active at 256 nM Not active at 256 nM
4 84G6 243G16
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 mM
10 26G1 79G3
11 462G43 1260G104
12 and 13 110G9 327G29
15 37G2 125G7
16 Not active at 4.0 mM Not active at 4.0 mM
18 Not tested 919G78
21 Not tested 254G23
22 Not tested 1980G176
24 Not tested 133G9
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 RuCl3 and
NaOCl7 and free-radical benzylic halogenation with
NBS-benzoyl peroxide, but no desired products were
detected. Fortuitously, treatment of 2 with CuBr2 and
t-butyl hydroperoxide in acetic anhydride8 at 80 8C 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
DMSO9 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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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, (K)-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 (K)-quinic acid (17) in dioxane afforded
ester 18 (46% yield). Amination of aldehyde 11 with 1,3,4,6-
tetra-O-acetyl-b-D-glucosamine hydrochloride (19)10 in
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 mM, and 18 and 22 inhibited HL-60 cell
viability with disappointing IC50 values in the micromolar
range (Table 1). However, water-insoluble intermediate
amine 21 is much more potent with an IC50 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.11 Treatment of bromide 10 with silver
di-t-butyl phosphate12 in chloroform under reflux gave a
48% yield of di-t-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 IC50 values of L1210 and HL-60
leukemic cells at day 4 of various 1,4-anthraquinones and
1,4-dihydroxyanthraquinones. In general, the IC50 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 HCl 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 IC50

value of daunomycin, a known anticancer drug, is 30 nM
against L1210 cells.13 Based on the mitochondrial ability of
these cells to metabolize the MTS [3-(4,5-dimethylthiazol-
2-yl)-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.4,14

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.15 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.16 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 (IC50: 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% (GI50) 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 (GI50: 379 nM),
HCT-116 colon cancer (GI50: 606 nM) and MDA-MB-231/
ATCC breast cancer (GI50: 735 nM). Other solid tumor
systems responding well to 10 inhibition include the LOX
IMVI melanoma (GI50: 1.28 mM), the A549/ATCC non-
small cell lung cancer (GI50: 1.62 mM), the DU-145 (GI50:
1.63 mM) and PC-3 (GI50: 1.64 mM) prostate cancers, and
the OVCAR-3 ovarian cancer (GI50: 2.16 mM). Naturally,
the concentrations of 10 required for total growth inhibition
(TGI) and to induce a net loss of 50% of the initial cell
concentration (LC50) are somewhat higher than the
respective GI50 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 cells19 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 1H and
100 MHz for 13C in deuteriochloroform unless otherwise
indicated. Infrared spectra are reported in wavenumbers
(cmK1). 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 t-butyl hydroperoxide were commercially
available. 1,4-Anthracenedione (1) was prepared as
described.3a,17 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).5a,c A mixture of 12.0 g (90 mmol) of aluminum
trichloride and 2.60 g (44 mmol) of sodium chloride was
heated under argon at 180 8C for 3 min. To it, a mixture of
2.39 g (11 mmol) of 4,5-dichlorophthalic anhydride (5),
1.29 g (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 8C for 1.5 h, cooled to 25 8C, and poured into 100 mL
of ice and water. The mixture was neutralized with 6 N HCl,
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 3.5a,c Mp 290–291 8C;
1H NMR d 8.42 (s, 2H), 7.36 (s, 2H). The solubility of the
compound is too low to obtain 13C NMR spectrum in
CDCl3, DMSO-d6, or CD3OD.

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 8C
under argon, was added 4.60 g (0.12 mol) of sodium
borohydride. The mixture was stirred at 25 8C 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 8C)
120 mL of 6 N HCl, and yellow solids were collected by
filtration. The solids were crystallized from ether to give
2.72 g (82% yield) of 4. MpO300 8C; 1H NMR d 8.54 (s,
2H), 8.19 (s, 2H), 7.10 (s, 2H); 13C NMR (DMSO-d6) d
184.0, 140.1, 133.4, 132.4, 131.2, 129.3, 127.3. HRMS
calcd for C14H7Cl2O2 (MCH) 276.9824, found 277.0170.

4.1.3. 2-(Methylamino)-6,7-dichloro-1,4-anthracene-
dione (6). To a cold (0 8C) 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 82.6 mg (75% yield) of 6. MpO300 8C; 1H NMR
(DMSO-d6) d 8.62 (s, 1H), 8.60 (s, 1H), 8.57 (s, 1H), 8.49
(s, 1H), 7.81 (q, JZ5 Hz, 1H, NH), 5.73 (s, 1H, C3-H), 2.81
(d, JZ5 Hz, 3H, NMe); 13C NMR d 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 C15H10Cl2NO2 (MCH) 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 8C, 0.24 mL (0.48 mmol) of methylamine (2 M in
THF) was added via syringe. The solution was stirred at
0 8C for 1 h, 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 8C; IR
(nujol) n 3350 (m, NH), 1680, 1600; 1H NMR d 8.62 (s, 2H),
8.02 (m, 2H), 7.66 (m, 2H), 6.22 (q, JZ6.5 Hz, 1H, NH),
6.00 (s, 1H), 3.01 (d, JZ6.5 Hz, 3H, Me); 13C NMR
(DMSO-d6) d 180.9, 180.7, 150.4, 135.0, 133.5, 130.1,
129.7 (2 C), 129.6, 128.7, 128.3, 127.6, 126.5, 101.2, 28.9.
HRMS calcd for C15H12NO2 (MCH) 238.0869, found
238.0655.
4.1.5. 6-Methyl-1,4-dihydroxyanthraquinone (9). To a
hot (180 8C) mixture of 37.1 g (0.28 mol) of AlCl3 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
AlCl3 in one portion. The mixture was stirred and heated at
220 8C for 2 h, cooled to 25 8C, poured into 300 mL of ice-
water, and acidified with 12 N HCl. The precipitated solids
were collected by filtration, washed with water, and dried
under vacuo to give 6.28 g (80% yield) of 9.20 1H NMR d
12.94 (s, 1H, OH), 12.90 (s, 1H, OH), 8.22 (d, JZ8 Hz, 1H,
C8-H), 8.12 (s, 1H, C5-H), 7.63 (d, JZ8 Hz, 1H, C7-H),
7.29 (s, 2H, C2, 3-H), 2.55 (s, 3H); 13C NMR d 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 8C under
argon, was added 1.80 g (47 mmol) of sodium borohydride.
The mixture was stirred at 25 8C for 12 h and acidified with
6 N HCl. The resulting yellow solids were collected by
filtration, dried, and column chromatographed on silica gel
using a mixture of hexane–ether–CH2Cl2 (60:5:1) as an
eluent to give 2.57 g (98% yield) of 2.21 1H NMR d 8.58 (s,
1H), 8.53 (s, 1H), 7.97 (d, JZ8 Hz, 1H), 7.83 (s, 1H), 7.53
(d, JZ8 Hz, 1H), 7.05 (s, 2H), 2.58 (s, 3H); 13C NMR d
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 CuBr2 in 14 mL of acetic
anhydride at 60 8C under argon, was added 1.1 mL
(9.5 mmol) of t-BuOOH (90%) dropwise through a drop-
ping funnel. The solution was stirred at 80 8C for 2 h, cooled
to 25 8C, diluted with 200 mL of water, and extracted with
dichloromethane three times. The combined extract was
washed with brine, dried (MgSO4), 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 8C; 1H NMR d 8.59 (s, 1H),
8.58 (s, 1H), 8.06 (d, JZ8.4 Hz, 1H), 8.04 (d, JZ1.8 Hz,
1H), 7.72 (dd, JZ8.4, 1.8 Hz, 1H), 7.08 (s, 2H), 4.67
(s, 2H); 13C NMR d 184.7 (2 C, C]O), 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 C15H9BrO2$0.025H2O: C, 58.37; H,
3.21. Found: C, 58.28; H, 2.92. Compounds 12 and 13
(inseparable). 1H NMR d 8.65 (s, 1H), 8.61 (s, 1H), 8.56
(s, 1H), 8.51 (s, 1H), 7.97 (d, JZ8 Hz, 2H), 7.83 (bs, 2H),
7.59 (s, 2H), 7.55 (d, JZ8 Hz, 2H), 2.59 (s, 6H); 13C NMR d
185.3 (2 C, C]O), 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
C15H9BrO2: 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 8C 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 8C (crystallized from toluene); 1H
NMR d 8.58 (s, 1H), 8.56 (s, 1H), 8.03 (d, JZ8.4 Hz, 1H),
8.02 (d, JZ1.4 Hz, 1H), 7.68 (dd, JZ8.4, 1.4 Hz, 1H), 7.06
(s, 2H), 4.94 (s, 2H); 13C NMR (DMSO-d6) d 184.3 (2 C,
C]O), 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
C15H10O3$0.02H2O: 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
IBX9 in 5 mL of DMSO was stirred under argon at 25 8C 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 (MgSO4),
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 8C; 1H NMR d 10.25 (s, 1H, CHO), 8.81 (s, 1H),
8.69 (s, 1H), 8.56 (d, JZ1.6 Hz, 1H), 8.19 (d, JZ8.0 Hz,
1H), 8.17 (dd, JZ8.0, 1.6 Hz, 1H), 7.14 (s, 2H); 13C NMR d
191.5 (CHO), 184.5 (2 C, C]O), 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 C15H8O3: C, 76.27; H, 3.41. Found: C, 75.87;
H, 3.74.
4.1.10. 5,8-Dioxo-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 H2SO4 in
77 mL of water). The mixture was stirred at 25 8C 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. 1H NMR (DMSO-d6) d 8.91
(s, 1H), 8.81 (s, 1H), 8.69 (s, 1H), 8.37 (d, JZ8.4 Hz, 1H),
8.17 (d, JZ8.4 Hz, 1H), 7.20 (s, 2H); 13C NMR (DMSO-d6)
d 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 C15H8O4$0.03H2O: 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 (K)-quinate (17) [prepared
from 0.10 g of (K)-quinic acid and 60 mg of Ag2O 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]D

22ZK41.78 (c 0.005, MeOH); 1H NMR (DMSO-d6) d
8.62 (s, 1H), 8.58 (s, 1H), 8.28 (d, JZ8.8 Hz, 1H), 8.26
(d, JZ1.6 Hz, 1H), 7.77 (dd, JZ8.8, 1.6 Hz, 1H), 7.16
(s, 2H), 5.61 (s, 1H, OH), 5.29 (d, JZ13.2 Hz, 1H), 5.32
(d, JZ13.2 Hz, 1H), 4.72 (d, JZ3.6 Hz, 1H OH), 4.56
(d, JZ4.4 Hz, 1H, OH), 4.51 (d, JZ6.4 Hz, 1H, OH), 3.93
(m, 1H), 3.81 (m, 1H), 3.40 (m, 1H), 2.10–1.70 (m, 4H); 13C
NMR (DMSO-d6) d 184.4 (2 C, C]O), 173.4 (CO2), 140.1
(2 C), 138.3, 134.1, 133.7, 130.3, 129.0, 128.5, 128.2, 128.0
(2 C), 127.9, 73.8, 72.9, 67.5, 67.3, 65.0, 37.6 ((2 C). Anal.
Calcd For C22H20O8$0.02H2O: 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-O-acetyl-b-D-gluco-
pyranose (20). A mixture of 21 mg (89 mmol) of aldehyde
11, 33 mg (95 mmol) of 1,3,4,6-tetra-O-acetyl-b-D-glucosa-
mine hydrochloride (19),10 50 mL of pyridine, and 0.20 g of
4 Å molecular sieves in 3 mL of dichloromethane was
stirred under argon at 25 8C 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 8C; [a]D

22ZC1258 (c 0.007,
MeOH); 1H NMR d 8.68 (s, 1H), 8.63 (s, 1H), 8.45 (s, 1H),
8.23 (s, 1H, N]CH), 8.17 (d, JZ8.4 Hz, 1H), 8.08 (d, JZ
8.4 Hz, 1H), 7.10 (s, 2H), 6.02 (d, JZ8 Hz, 1H), 5.51 (t, JZ
9.6 Hz, 1H), 5.19 (t, JZ9.6 Hz, 1H), 4.40 (dd, JZ12,
4.4 Hz, 1H), 4.16 (dd, JZ12, 2 Hz, 1H), 4.02 (m, 1H), 3.61
(dd, JZ9.6, 8.4 Hz, 1H), 2.12 (s, 3H), 2.05 (s, 3H), 2.03
(s, 3H), 1.89 (s, 3H); 13C NMR d 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 C), 72.8, 67.9, 61.7, 20.7, 20.6, 20.5, 20.4. HRMS calcd
for C29H28NO11 (MCH) 566.1657, found 566.1430.
4.1.13. N-[(1,4-Dioxo-1,4-dihydroanthracenyl)methyl]-2-
amino-2-deoxy-1,3,4,6-tetra-O-acetyl-b-D-glucopyra-
nose (21). To a solution of 25 mg (44 mmol) 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 8C for 3 h, diluted with
water, and extracted twice with dichloromethane. The
combined organic layers were washed with brine, dried
(MgSO4), 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 8C (dec.); [a]D

22ZC1758 (c 0.004, MeOH); 1H NMR d
8.54 (s, 1H), 8.52 (s, 1H), 7.99 (d, JZ8 Hz, 1H), 7.89 (s,
1H), 7.59 (d, JZ8 Hz, 1H), 7.05 (s, 2H), 5.69 (d, JZ8.8 Hz,
1H), 5.06 (t, JZ9.6 Hz, 1H), 4.31 (dd, JZ12.4, 4 Hz, 1H),
4.13 (m, 1H), 4.10 (d, JZ14.4 Hz, 1H, CH2N), 4.04 (d, JZ
14.4 Hz, 1H, CH2N), 3.83 (m, 1H), 3.00 (t, JZ8.8 Hz, 1H),
2.07 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H); 13C
NMR d 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 C29H30NO11

(MCH) 568.1819, found 568.1831.

To a solution of 5.0 mg (8.8 mmol) of amine 21 in 1 mL of
methanol, was added 35 mL (0.14 mmol) of HCl (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-t-
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-t-butyl
phosphate12 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 126–128 8C; 1H NMR d 8.61
(s, 2H), 8.07 (d, JZ8.6 Hz, 1H), 8.05 (s, 1H), 7.71 (d, JZ
8.6 Hz, 1H), 7.08 (s, 2H), 5.22 (d, JHPZ7.4 Hz, 2H, OCH2),
1.51 (s, 18H); 13C NMR d 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, JCPZ7.2 Hz, 2C), 67.8 (d, JCPZ5.7 Hz, OCH2),
30.1 (d, JCPZ4.2 Hz, 6C). Anal. Calcd For
C23H27O6P$0.03H2O: C, 62.31; H, 6.46. Found: C, 62.49;
6,06.
4.1.15. Disodium (1,4-dioxo-1,4-dihydroanthracenyl)-
methyl phosphate (23). A solution of 20 mg (47 mmol) of
phosphate 24 and 0.12 mL (0.47 mmol) of 4 M HCl (in 1,4-
dioxane) in 1 mL of 1,4-dioxane was stirred at 25 8C for 1 h,
78 mg (0.93 mmol) of NaHCO3 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. 1H NMR (D2O) d 8.63 (s, 1H), 8.57
(s, 1H), 8.25 (d, JZ10 Hz, 1H), 8.19 (s, 1H), 7.78 (d, JZ
10 Hz, 1H), 7.16 (s, 2H), 4.92 (d, JHPZ6.8 Hz, 2H, CH2P);
13C NMR (D2O) d 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 mg/ml), incubated at 37 8C in a
humidified atmosphere containing 5% CO2, and grown in
48-well Costar cell culture plates for 4 days in the presence
or absence (control) of drugs.4,14,15 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)-2H-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.18 After 4 days in culture, cell
samples (about 106/0.5 ml/well for controls) were further
incubated at 37 8C 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.4,15,18 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 IC50 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.
q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Vinamidinium salts, chloropropenium salts, and b-chloro-
enals have served effectively as three carbon synthons1 in
the synthesis of a wide variety of heterocyclic systems
including pyrroles,2 pyrazoles,3 pyrimidines,4 and pyri-
dines.5 This resulting chemistry has been successfully
applied to the synthesis of a number of natural products
including Ningalin B6 and Lukianol A7 as well as
compounds of pharmaceutical interest.8 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.9–15 They have
also been shown in many cases to serve as effective
synthons in the construction of a wide variety of interesting
molecules.16–19 Welker has recently reported transition
metal-mediated Diels–Alder reactions involving the zinc-
mediated hydrocobaltation of enynes.20 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-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.028
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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.22
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–
Emmons23 reactions with triethyl phosphonoacetate
(TEPA) and (Z)-3-aryl-3-chloropropenals (1a–f),24 using
procedures patterned after those reported by Villieras and
Rambaud,25 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,10 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 0-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)
Tetrahedron 60 (2004) 10165–10169



Scheme 1.

Table 1. Coupling constants of vinyl hydrogens (Hz)

Compound Ar Jab (Hz) Jbc (Hz) % Yield

2a Phenyl 15.5 10.9 86
2b p-Methylphenyl 15.5 10.7 87
2c 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 0,4 0-Methylenedioxyphenyl 15.5 10.9 96

3a Phenyl 15.9 10.9 57
3b p-Tolyl 15.5 10.9 60
3c p-Methoxy 15.5 10.9 63
3d p-Chlorophenyl 15.4 10.9 52
3e p-Fluoro 15.2 10.8 76

S. C. Clough et al. / Tetrahedron 60 (2004) 10165–1016910166
followed by protonation provides a route to the
(2E,4Z)-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
systems26 and from NOESY experiments.
Scheme 2.
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



Table 2. Coupling constants of vinyl hydrogens (Hz)

Compound Ar Jab (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
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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 13C 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 1a (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 (MgSO4), 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 8C
at 0.25 mm Hg; mp 22–26 8C; IR (HATR) 2975, 1703, and
1137 cmK1; 1H NMR (90 MHz, CDCl3) d 1.30 (JZ7.2 Hz,
3), 4.23 (q, JZ7.2 Hz, 2), 6.07 (d, JZ15.5 Hz, 1), 6.84
(d, JZ10.9 Hz, 1), and 7.83 ppm (dd, JZ15.5, 10.9 Hz, 1);
13C NMR (125.8 MHz, CDCl3) d 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 m/z 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, MC) calcd for C13H13O2Cl 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 8C at 0.25 mm Hg; mp
41–43 8C; IR (HATR) 2974, 1697, 1615, 1130 cmK1; 1H
NMR (500 MHz, CDCl3) d 1.35 (s, JZ7.2 Hz, 3), 2.40
(s, 3), 4.27 (q, JZ7.2 Hz, 2), 6.09 (d, JZ15.5 Hz, 1), 6.85
(d, JZ10.7 Hz, 1), 7.22 (d, JZ7.2 Hz, 2), 7.60 (d, JZ
7.2 Hz, 2), and 7.86 ppm (dd, JZ15.5, 10.7 Hz, 1); 13C
NMR (125.8 MHz, CDCl3) d 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, MC) calcd for C14H15O2Cl 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 1c
in 84% yield using the procedure described above for the
synthesis of 2a: bp 205 8C at 2.25 mm Hg; mp 52–55 8C; IR
(HATR) 2983, 2839, and 1701 cmK1; 1H NMR (500 MHz,
CDCl3) d 1.35 (t, JZ7.2 Hz, 3), 3.87 (s,3), 4.28 (q, JZ
7.2 Hz, 2), 6.08 (d, JZ15.3 Hz, 1), 6.80 (d, JZ11.3 Hz, 1),
6.93 (d, JZ8.2 Hz, 2), 7.66 (d, JZ8.2 Hz, 2), and 7.85 ppm
(dd, JZ15.3, 11.3 Hz, 1); 13C NMR (125.8 MHz, CDCl3) d
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
(EI, MC) calcd for C14H15O3Cl 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 8C at 0.45 mm Hg; mp
65–68 8C; IR (HATR) 3060, 2975, 2897, and 1700 cmK1;
1H NMR (500 MHz, CDCl3) d 1.35 (t, JZ7.1 Hz, 3), 4.28
(q, JZ7.1 Hz, 2), 6.13 (d, JZ15.6 Hz, 1), 6.86 (d, JZ
10.8 Hz, 1), 7.39 (d, JZ7.2 Hz, 2), 7.64 (d, JZ7.2 Hz, 2),
and 7.82 ppm (dd, JZ15.6, 10.8 Hz, 1); 13C NMR
(125.8 MHz, CDCl3) d 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 (EI, MC) calcd for
C13H12O2Cl2 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 1e
in 74% yield using the procedure described above for the
synthesis of 2a: bp 139 8C at 1.25 mm Hg; IR (HATR)
2981, 1708, 1598 and 1235 cmK1; 1H NMR (500 MHz,
CDCl3) d 1.34 (t, JZ7.2 Hz, 3), 4.27 (q, JZ7.2 Hz, 2), 6.11
(d, JZ15.4 Hz, 1),6.81 (d, JZ10.7 Hz, 1), 7.10 (m, 3), 7.68
(m, 2), and 7.82 ppm (dd, JZ15.4, 10.7 Hz, 1); 13C NMR
(125.8 MHz, CDCl3) d 14.3, 60.6, 115.6 (d, JZ22.0 Hz),
123.2 (d, JZ0.7 Hz), 124.2, 128.7 (d, JZ8.2 Hz), 133.2
(d, JZ3.5 Hz), 139.2, 139.4, 163.6 (d, JZ251.5 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, MC) calcd for C13H12O2ClF
254.0510, found 254.0511.

4.1.6. Ethyl (2E,4Z)-5-chloro-5-(3 0,4 0-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 8C at 0.8 mm Hg; IR
(HATR) 2899, 1706, 1614, and 1486 cmK1; 1H NMR
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(500 MHz, CDCl3) d 1.34 (t, JZ7.1 Hz, 3), 4.26 (q, JZ
7.2 Hz, 2), 6.03 (s, 2), 6.07 (dd, JZ0.8, 15.5 Hz, 1), 6.75
(dd, JZ0.8, 10.9 Hz, 1), 6.83 (d, JZ8.3 Hz, 1), 7.16
(d, JZ1.9 Hz, 1), 7.25 (dd, JZ1.9, 8.3 Hz, 1), and 7.82 ppm
(dd, JZ15.5, 10.9 Hz, 1); 13C NMR (125.8 MHz, CDCl3) d
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
(EI, MC) calcd for C14H13O4Cl 280.0502, found 280.0494.

4.1.7. (2E,4Z)-5-Chloro-5-phenyl-2,4-pentadienoic acid
(3a). A solution of ethyl (2E,4Z)-5-chloro-5-phenyl-2,4-
pentadienoate 2a (0.5 g, 2.12 mmol) in a 1:1 mixture of
H2O/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% HCl
(10 mL), extracted into ethyl acetate (2!75 mL), dried
(MgSO4), 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 8C; IR (HATR) 3200–2500 (broad), 3390, 2350, 2334,
1678, and 1600 cmK1; 1H NMR (500 MHz, CDCl3) d 6.29
(d, JZ15.9 Hz, 1), 7.29 (d, JZ10.9 Hz, 1), 7.49 (m, 3), and
7.82 ppm (m, 3); 13C NMR (125.8 MHz, acetone-d6) d
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
(EI, MC) calcd for C11H9ClO2 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 8C; IR (HATR) 3479, 3390,
3025, 2904, 1619, and 1541 cmK1; 1H NMR (300 MHz,
CDCl3) d 2.414 (s, 3H), (6.110 (d, JZ15.6 Hz, 1), 6.896
(d, 1H, JZ10.7 Hz, 1), 7.236 (d, 2H), 7.622 (d, 2H), 7.958
(dd,, JZ15.6, 10.7 Hz, 1); 13C NMR (125.8 MHz, acetone-
d6) d 21.2, 123.6, 125.3, 127.5, 130.2, 134.9, 140.2, 140.3,
141.3, and 167.5 ppm; MSm/z 222(29), 187 (100), 141 (73),
131 (37), 119 (77), 115 (75), 91 (38) and 10 (50); HRMS
(EI, MC) calcd for C12H11ClO2 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 2c in
63% yield using the procedure described above for the
synthesis of 3a. The crude solid was recrystallized from
hexane: mp 163–165 8C; IR (HATR) 2951 (broad), 2838,
2528, 1669, 1588 cmK1; 1H NMR (500 MHz, CDCl3) d
3.78 (s, 3H), 6.09 (d, JZ15.5 Hz, 1), 6.755 (d, JZ10.9 Hz,
1), 6.86 (d, 2H), 7.58 (d, 2H), 7.87 (dd, JZ15.3, 15.4 Hz,
1H); 13C NMR (125.8 MHz, acetone-d6) d 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
(EI, MC) calcd for C12H11ClO3 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 8C; IR (HATR) 3321–1947
(broad), 1674, 1600, 1577, and 1491 cmK1; 1H NMR
(500 MHz, CDCl3) d 1.28 (s, 1), 6.11 (d, JZ15.4 Hz, 1),
6.90 (d, JZ10.9 Hz, 1), 7.24 (d, JZ8.0 Hz, 2), 7.62 (d, JZ
8.0 Hz, 2) and 7.96 ppm (dd, JZ15.4, 10.9 Hz, 1); 13C
NMR (125.8 MHz, acetone-d6) d 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, MC) calcd for C11H8O2Cl2 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 223–2258; IR (HATR) 3370–2180
(broad), 1674, 1600, and 1425 cmK1; 1H NMR (500 MHz,
CDCl3) d 1.59 (s, 1), 6.14 (d, JZ15.2 Hz, 1), 6.86 (d, JZ
10.8 Hz, 1), 7.13 (m, 2), 7.71 (m, 3), and 7.93 ppm (dd, JZ
10.8, 15.2 Hz, 1); 13C NMR (125.8 MHz, acetone-d6) d
115.4 (d, JZ23.9 Hz), 124.5, 130.7, 132.3 (d, JZ8.3 Hz),
134.1, 134.2, 165.6 (d, JZ165.6 Hz), and 165.7 ppm; MS
m/z 226 (18), 191(100), 173 (11), 145 (40), 135 (24), 123
(33), 95 (10), and 73 (23); HRMS (EI, MC) calcd for
C11H8O2ClF 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% HCl. 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
(MgSO4). 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 129–1328; IR (HATR)
3700–2200 (broad), 2197, 1665, 1614, and 1414 cmK1;
1H NMR (500 MHz, CDCl3) d 6.34 (d, JZ15.9 Hz, 1), 7.11
(d, JZ15.9 Hz, 1), 7.40 (m, 3), and 7.52 ppm (m, 2); 13C
NMR (125.8 MHz, acetone-d6) d86.7, 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, MC) calcd for
C11H8O2 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 8C; IR (HATR) 3700–2200
(broad), 2182, 1680, 1593, and 1424 cmK1; 1H NMR
(500 MHz, CDCl3) d 2.4 (s, 3), 3.72 (s, 1), 6.31 (d, JZ
15.9 Hz, 1), 7.09 (d, JZ15.9 Hz, 1), 7.19 (d, JZ7.5 Hz, 2),
and 7.41 ppm (d, JZ7.5 Hz, 2); 13C NMR (125.8 MHz,
acetone-d6) d 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, MC) calcd for C12H10O2

186.0677, found 186.0681.

4.1.14. (E)-5-(p-Methoxyphenyl)-2-penten-4-ynoic acid
(4c) from 2c. This compound was prepared from 2c in 98%
yield using the procedure described above for the synthesis
of 4a: mp 164–165 8C; IR (HATR) 3200–2300 (broad),
2187, 1675, 1588, and 1414 cmK1; 1H NMR (500 MHz,
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CDCl3) d 3.86 (s, 3), 6.28 (d, JZ15.8 Hz, 1), 6.90 (d, JZ
9.1 Hz, 2), 7.09 (d, JZ15.8 Hz, 1), and 7.46 ppm (d, JZ
9.1 Hz, 2); 13C NMR (125.8 MHz, acetone-d6) d 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, MC) calcd for C12H10O3 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 8C; IR (HATR) 3400–2200
(broad), 2197, and 1671 cmK1; 1H NMR (500 MHz,
CDCl3) d 6.34 (d, JZ15.4 Hz, 1), 7.07 (d, JZ15.4 Hz, 1),
7.36 (d, JZ8.7 Hz, 2), and 7.45 ppm (d, JZ8.7 Hz, 2); 13C
NMR (125.8 MHz, acetone-d6) d 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, MC)
calcd for C11H7O2Cl 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 8C; IR (HATR) 2912, 2194,
1669, 1615, and 1588 cmK1; 1H NMR (500 MHz, CDCl3) d
6.36 (d, JZ16.5 Hz, 1), 6.97 (d, JZ15.8 Hz, 1), 7.24 (m, 3),
and 7.62 ppm (m, 2); 13C NMR (125.8 MHz, acetone-d6) d
85.8, 96.4, 115.9 (d, JZ22.4 Hz), 118.5 (d, JZ3.4 Hz),
124.4, 130.7, 134.2 (d, JZ8.8 Hz), 163.1 (d, JZ250.6 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
(EI, MC) calcd for C11H7O2F 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% HCl and extracted three times with
50 mL of ethyl acetate. The organic layer was then washed
once with water and dried over MgSO4. 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.
q 2004 Elsevier Ltd. All rights reserved.
Scheme 1. Retrosynthesis of ABT-773.
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.1 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.2 In the 1990s, a new class of macrolide
derivatives evolved, which overcome the resistance mechan-
isms of various bacterial organisms.3 These compounds,
known as ketolides, exhibit improved potency and longer
post-antibiotic effects over their therapeutic precursors.4

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
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.027
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(Scheme 1) have a profound effect on the activity of the
agent.5 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.5c,6
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
Tetrahedron 60 (2004) 10171–10180
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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 0 and C-4 00 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.7 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 0, C-4 00 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 w25:1
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
g-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.
Scheme 2. Attempted silylation/alkylation of erythromycin A.

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.8 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.9 Therefore, the identifi-
cation of a strategic blocking regime for the C-9 ketone and
the C-2 0 and C-4 00 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.10 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).10a 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 8a10 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 (NaHSO3, L-tartaric acid,
THF), affording the desired intermediate 9a in only 55%
yield (Table 1). 2 0,4 00-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 00 hydroxyl protective
group. Encouraged by this result, alternate benzoate
protection arrays were studied. Not surprisingly, the
unprotected cladinose moiety of dibenzoate 8c complicated
the alkylation, which was reflected in the 45% yield of
product 9c. 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 00

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 0-hydroxyls
reacted rapidly and completely in the absence of DMAP, but



Scheme 4. Total synthesis of ABT-773. Reagents and conditions: (a) Bz2O, NEt3, DMAP, THF, 82% (b) 10, Pd2(dba)3, dppb, THF (c) 1 M NaOH, iPrOH,
0 8C, 94% (steps (b)–(c)) (d) L-TTA, NaHSO3, THF, H2O, 90 8C, 76% (e) 1,1 0 carbonyldiimidazole, NaHMDS, THF, DMF (f) NH3 (g) KOtBu, 87% (steps (e)–
(g)) (h) 2 N HCl, EtOH, 100% (i) Me2S, N-chlorosuccinimide, NEt3, CH2Cl2, 97% (j) MeOH, reflux, 92%.

Table 1. Study of alkylation/deoximation sequence

Sequence 10 (equiv) Yield alkylation (%) Yield deoximation (%) Overall yield (%)

8a/9a 2.5 92 60 55
8b/9b 2.5 92 70 64
8c/9c 1.5 80 56 45
8d/9d 1.15 99 71 70
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benzoylation of the C-4 00 hydroxyl was extremely sluggish,
requiring addition of 1.0 equiv of DMAP for complete
reaction. Formation of tetrabenzoylated product was mini-
mally competitive. The crude reaction mixture typically
contained 2–3% of tetrabenzoate, which was efficiently
removed by crystallization. NMR studies determined that
the fourth benzoylation occurred exclusively at the C-11
position; benzoylation at the C-6 or C-12 hydroxyls was not
detected. Unreacted benzoic anhydride was difficult to
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.4,11 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.12 Thus, treatment of tribenzoate 8d
with 1.15 equiv of E-3(3-quinolyl)-2-propenyl-1-tert-butyl
carbonate (10), 0.5–1.0 mol% of tris(dibenzylideneacetone)-
dipalladium (Pd2dba3) 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 Pd2dba3 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 10.13
Scheme 5. Synthesis of carbonate 10. Reagents and conditions: (a) ethyl
acrylate, Pd(OAc)2, (n-Bu)4NBr, NaHCO3, DMF (b) DIBAL, CH2Cl2
(c) BOC2O, (n-Bu)4N$HSO4.

Figure 1. Mechanism for the formation of cyclic carbamate 16.
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 0- and 4 00-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,10d–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/
H2O solution of NaHSO3 (3.3 equiv) and L-tartaric acid
(L-TTA, 3.6 equiv) to 90 8C afforded crystalline ketone 9d
in 76% yield and O95% 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 NaHSO3, 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 method15 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/DMF.
This transformation proceeds through two transient inter-
mediates, identified as shown in Figure 1.
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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 K15 8C and treatment with gaseous NH3.
Reaction temperatures below K5 8C 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 KOtBu/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 HCl for
12 h at 45 8C. 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 procedure16

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
CH2Cl2 were investigated, however the solubility of alcohol
19 greatly limited the options. THF was identified as a
practical replacement solvent for CH2Cl2, 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,17 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 0-O-benzoate. It was observed during our investigations
that the 2 0-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 0-O-
acetyl protecting group from the desosamine hydroxyl of
erythromycin A by simple treatment with methanol is
precedented.15,18 This method was extended to the removal
of the C-2 0 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 O98% 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. 1H NMR spectra were taken in CDCl3
(300 MHz) with CHCl3 (7.27 ppm) and/or tetramethylsilane
(0.0 ppm) used as an internal standard. 13C NMR spectra
were taken in CDCl3 (75 MHz) with CDCl3 (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% H3PO4). 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 8C. 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 8C
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 8C and N,N-dimethylethylenediamine
(0.427 kg, 4.9 mol) was added at a rate to maintain an
internal temperature of !10 8C. After addition was
complete, the mixture was stirred for 1 h at C5 8C until
no benzoic anhydride remained. The reaction mixture was
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diluted with MTBE (20 L) and washed with 5% aq KH2PO4

solution (2!20 L), satd aq NaHCO3 solution (20 L), and
satd aq NaCl solution (10 L). The organic layer was
concentrated and diluted with 12 L of isopropanol causing
the product to crystallize. The mixture was cooled to K5 8C
and stirred for 1.5 h. The product was filtered and dried in a
vacuum oven at 50 8C to yield 2.32 kg (82%) of 8d as a
white crystalline solid: mpZ149–152 8C; IR (film, cmK1)
1722, 1450, 1379, 1339, 1262; 1H NMR (CDCl3) d 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, JZ3.6, 10.4 Hz, 1H), 5.02 (d, JZ
4.9 Hz, 1H), 4.93 (d, JZ7.6 Hz, 1H), 4.91 (d, JZ9.8 Hz,
1H), 4.44–4.39 (m, 2H), 3.87 (dd, JZ1.3, 9.2 Hz, 1H),
3.86–3.79 (m, 3H), 3.52 (s, 3H), 3.46 (d, JZ6.7 Hz, 1H),
3.22 (bs, 1H), 2.97 (bs, 1H), 2.81–2.76 (m, 2H), 2.46 (d, JZ
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, JZ5.2, 15.3 Hz, 1H), 1.55 (m, 2H),
1.41 (m, 1H), 1.38 (s, 3H), 1.37 (m, 1H), 1.31 (d, JZ7.0 Hz,
3H), 1.21 (s, 3H), 1.18 (d, JZ6.9 Hz, 3H), 1.17 (m, 3H),
1.10 (s, 6H), 0.90 (d, JZ5.1 Hz, 3H), 0.82 (t, JZ7.3 Hz,
3H), 0.75 (d, JZ7.7 Hz, 3H); 13C NMR (CDCl3) d 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
(2C), 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 (2C),
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
(MHC). Anal. Calcd for C58H80N2O16: 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 8C 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 (2.65 L) was added. The
resulting mixture was washed with H2O (2!1500 mL). The
combined aqueous layers were then back extracted with 1:1
toluene/EtOAc (4!1 L). The organic layers were combined
and washed with satd NaCl solution (3!6 L) then
evaporated to give 217.4 g (65%) of 13: mpZ87–88 8C;
IR (KBr, cmK1) 3053, 2976, 1716, 1635, 1312, 1297, 1263,
1175, 1165; 1H NMR(CDCl3) d 9.06 (d, JZ2.2 Hz, 1H),
8.19 (d, JZ2.2 Hz, 1H), 8.08 (dd, JZ8.5, 1.1 Hz, 1H),7.81
(d, JZ15.8 Hz, 1H), 7.82 (dd, JZ8.5, 1.5 Hz, 1H), 7.72
(ddd, JZ8.5, 7.0, 1.5 Hz, 1H),7.55 (ddd, JZ8.5, 7.0,
1.1 Hz, 1H), 6.63 (d, JZ15.8 Hz, 1H), 4.29 (q, JZ7.2 Hz,
2H), 1.35 (t, JZ7.2 Hz, 3H); 13C NMR (CDCl3), d 166.4,
149.2, 148.5, 141.1, 135.4, 130.5, 129.4, 128.2, 127.6,
127.4, 127.4, 120.2, 60.7, 14.3. MS C14H13NO2 m/z ESIC

[MCH] 228. Anal. Calcd for C14H13NO2: 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-ol (14). Quinoline-3-
propenoic acid, ethyl ester (13, 141 g, 0.621 mol) was
dissolved in anhydrous methylene chloride (2.0 L) and
cooled to K57 8C. Diisobutylaluminum hydride (1.55 L,
1.55 mol, 1.0 M in methylene chloride) was added in a
slow stream, keeping the temperature below K40 8C. The
mixture was stirred for 30 min, until starting ester was
consumed by HPLC. The reaction mixture was cooled to
K78 8C, and methanol (434 mL) was added dropwise,
maintaining the temperature below K40 8C. 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 MgSO4. Evaporation gave 71 g (62%) of 14 as a
pinkish solid: mpZ112–114 8C; IR (KBr, cmK1) 3230,
2908, 2837, 1575, 1498, 1417, 1339, 1227, 1099, 990, 965,
927, 792, 747; 1H NMR (CDCl3) d 8.94 (d, JZ2 Hz, 1H),
8.05 (d, JZ8, 1 Hz, 1H), 7.97 (d, JZ2 Hz, 1H), 7.72 (d, JZ
2 Hz, 1H), 7.65 (m, 1H), 7.48 (m, 1H), 6.72 (appt dd, 1H),
6.55 (dt, JZ16, 6, 1 Hz, 1H,), 4.39 (dd, JZ6, 1 Hz, 2H),
3.36 (brs, 1H); 13C NMR (CDCl3), d 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 C12H11NO m/z ESIC [MCH] 186. Anal. Calcd for
C12H11NO: 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, 115.4 g,
623 mmol), di-tert-butyl dicarbonate (163.2 g, 748 mmol),
and t-butylammonium hydrogen sulfate (6.35 g, 18.7 mmol)
were dissolved in methylene chloride (721 mL), cooled to
0–5 8C and sodium hydroxide (92.7 g, 2.32 mol) in H2O
(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 Na2SO4, 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, cmK1) 2978, 1737,
1367, 1277, 1256, 1161, 970, 860; 1H NMR (CDCl3) d 8.93
(d, JZ2.2 Hz, 1H), 8.02 (d, JZ8.5 Hz, 1H), 7.97 (s, 1H),
7.70 (d, JZ8.1 Hz, 1H), 7.61 (ddd, JZ8.5, 6.6, 1.5 Hz, 1H),
7.46 (t, JZ7.8 Hz, 1H), 6.80 (d, JZ16 Hz, 1H), 6.46 (ddd,
JZ16, 6.3, 6.3 Hz, 1H), 4.73 (dd, JZ6.3, 1.5 Hz, 2H), 1.47
(s, 9H); 13C NMR (CDCl3) d 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 C17H19NO3 m/z 285 APCIC[MCH]
286, DCI/NH3C [MCH] 286, ESIC[MCH] 286. Anal
Calcd for C17H19NO3: C, 71.56; H, 6.71; N, 4.91; Found: C,
71.36; H, 6.64; N, 4.72.

4.1.5. 6-O-3-(3-Quinolyl) propenyl erythromycin A
oxime 2 0,4 00-dibenzoate (15). Erythromycin A oxime
tribenzoate (8d, 1000 g, 0.942 mol) was dissolved in THF
(5 L). The mixture was azeotropically dried by two
successive distillations of THF until a water content of
!2 mol% 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), Pd2(dba)3 (8.61 g,
0.0094 mol), and dppb (8.02 g, 0.018 mol) were added. The
reaction mixture was heated to reflux (65 8C) 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 C15 8C. 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 NaHCO3 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, cmK1) 1728, 1453,
1339, 1265; 1H NMR (CDCl3) d 8.98 (d, JZ2.1 Hz, 1H),
8.18 (d, JZ1.8 Hz, 1H), 8.07–8.01 (m, 7H), 7.80 (dd, JZ
1.0, 8.0 Hz, 1H), 7.63–7.58 (m, 4H), 7.55–7.45 (m, 7H),
6.51 (ddd, JZ4.5, 8.2, 15.7 Hz, 1H), 6.20 (d, JZ15.7 Hz,
1H), 5.31 (dd, JZ2.4, 10.7 Hz, 1H), 5.11 (dd, JZ7.6,
10.4 Hz, 1H), 5.05–5.01 (m, 2H), 4.93 (d, JZ9.5 Hz, 1H),
4.53–4.47 (m, 1H), 4.36–4.30 (m, 1H), 4.14 (dd, JZ3.0,
8.9 Hz, 1H), 3.97–3.91 (m, 1H), 3.86–3.77 (m, 3H), 3.76
(dd, JZ1.5, 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, JZ7.3 Hz, 1H), 2.50
(d, JZ15.3 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, JZ7.0 Hz, 3H), 1.22 (s, 3H), 1.21 (d, JZ
4.3 Hz, 3H), 1.20 (s, 3H), 1.15 (d, JZ7.0 Hz, 3H), 1.10
(s, 3H), 0.95 (d, JZ7.1 Hz, 3H), 0.85 (t, JZ7.6 Hz, 3H),
0.80 (d, JZ7.6 Hz, 3H); 13C NMR (CDCl3) d 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 (2C), 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
(2C), 21.2, 18.9, 18.6, 16.5, 16.0, 15.3, 10.7, 9.5. MS (ESI)
m/z 1228 (MHC). Anal. Calcd for C70H89N3O16: C, 68.44;
H, 7.30; N, 3.42; O, 20.84; Found: C,68.64; H, 7.56; N,
3.28; O, 20.45. For intermediate 15; IR (film, cmK1) 1725,
1598, 1487, 1379, 1342, 1264; 1H NMR (CDCl3) d 10.59
(bs, 1H), 8.80 (d, JZ2.0 Hz, 1H), 8.05 –8.01 (m, 5H), 7.72
(d, JZ1.8 Hz, 1H), 7.63–7.55 (m, 3H), 7.50–7.42 (m, 5H),
7.40 (t, JZ8.2 Hz, 1H), 6.36 (ddd, JZ4.9, 7.0, 16.1 Hz,
1H), 6.17 (d, JZ16.1 Hz, 1H), 5.25 (dd, JZ2.1, 10.7 Hz,
1H), 5.12 (dd, JZ8.3, 10.7 Hz, 1H), 5.01 (d, JZ6.6 Hz,
1H), 4.98 (d, JZ4.9 Hz, 1H), 4.93 (d, JZ9.8 Hz, 1H), 4.69
(s, 1H), 4.58–4.53 (m, 1H), 4.12 (dd, JZ3.8, 11.3 Hz, 1H),
4.02 (dd, JZ7.0, 11.3 Hz, 1H), 3.98 –3.92 (m, 1H), 3.89–
3.84 (m, 1H), 3.78 (d, JZ5.8 Hz, 1H), 3.71, (m, 1H), 3.67
(dd, JZ1.2, 9.8 Hz, 1H), 3.55 (bs, 4H), 3.02– 2.96 (m, 1H),
2.85 (m, 1H), 2.60 (q, JZ7.0 Hz, 1H), 2.47 (d, JZ15.0 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, JZ5.2, 15.2 Hz, 1H), 1.56 (s,
3H), 1.54–1.50 (m, 1H), 1.43–1.37 (m, 3H), 1.24 (d, JZ
6.1 Hz, 3H), 1.21 (s, 3H), 1.16 (d, JZ7.0 Hz, 3H), 1.14 (d,
JZ7.0 Hz, 3H), 1.06 (s, 3H), 1.05 (d, JZ7.0 Hz, 3H), 0.99
(d, JZ5.8 Hz, 3H), 0.79 (t, JZ7.3 Hz, 3H), 0.77 (d, JZ
7.3 Hz, 3H); 13C (CDCl3) d 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 (2C),
128.1, 127.8, 126.3, 126.2, 100.0, 96.2, 79.5, 79.4, 78.9
(2C), 76.8, 74.0, 73.0, 72.7, 70.6, 67.3, 64.7, 63.8, 63.7,
49.5, 44.4, 40.9 (2C), 38.2, 36.6, 35.4, 32.8, 31.8, 25.5 (2C),
21.4 (2C), 21.2, 19.0, 18.6, 16.5, 16.0, 15.2, 10.7, 9.5. MS
(ESI) m/z 1124 (MHC). Anal. Calcd for C63H85N3O15: 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-O-3-(3-Quinolyl)propenyl erythromycin A 2 0,4 00-
dibenzoate (9d). Crude 6-O-3-(3-quinolyl) propenyl
erythromycin A oxime dibenzoate (15, 800 g at 78%
potency, 628 g, 0.559 mol), L-tartaric acid (280 g,
1.87 mol), NaHSO3 (212 g, 2.04 mol), H2O (3.4 L) and
THF (1.2 L) were charged to a pressure vessel. The mixture
was heated to 90 8C over 30 min and held at 85–90 8C 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 K2CO3

solution (3.6 L). The product layer was concentrated and
absolute EtOH (8 L) was added. The resulting slurry was
cooled to 5 8C, filtered, and dried in a vacuum oven at 40 8C
to give 485 g (76%) of 9d as a white crystalline solid: mpZ
214–216 8C; IR (film, cmK1) 1722, 1694, 1265, 1126, 1070;
1H NMR (CDCl3) d 9.13 (d, JZ2.1 Hz, 1H), 8.27 (d, JZ
1.8 Hz, 1H), 8.06–8.02 (m, 5H), 7.79 (dd, JZ1.0, 8.6 Hz,
1H), 7.63–7.58 (m, 3H), 7.52–7.44 (m, 5H), 6.63 (d, JZ
16.2 Hz, 1H), 6.59–6.52 (m, 1H), 5.16 (dd, JZ2.4, 11.0 Hz,
1H), 5.12–5.08 (m, 1H), 5.05 (d, JZ4.9 Hz, 1H), 5.02 (d,
JZ7.6 Hz, 1H), 4.95 (d, JZ9.4 Hz, 1H), 4.52–4.47 (m, 1H),
4.19 (dd, JZ4.0, 10.8 Hz, 1H), 4.02 (dd, JZ7.6, 11.0 Hz,
1H), 3.98–3.92 (m, 1H), 3.81 (d, JZ5.7 Hz, 1H), 3.77 (dd,
JZ1.9, 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, JZ6.4 Hz, 1H), 2.91–2.85 (m,
1H), 2.64–2.659 (m, 1H), 2.50 (d, JZ15.0 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, JZ14.0 Hz, 1H), 1.49 (s, 3H), 1.43–1.37 (m,
2H), 1.24 (d, JZ4.0 Hz, 3H), 1.23 (s, 3H), 1.22 (d, JZ
4.3 Hz, 3H), 1.14 (d, JZ7.0 Hz, 3H), 1.04 (s, 3H), 1.03 (d,
JZ6.8 Hz, 3H), 0.95 (d, JZ6.1 Hz, 3H), 0.84 (t, JZ7.4 Hz,
3H), 0.79 (d, JZ7.6 Hz, 3H);13C (CDCl3) d 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 (2C),
128.3 (2C), 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
(2C), 21.2, 21.1, 18.6, 18.3, 16.3, 16.0, 12.2, 10.7, 9.5. MS
(ESI) m/z 1109 (MHC). Anal. Calcd for C63H84N2O15: 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-O-3-(3-Quinolyl)propenyl-11,12-carbamoyl
erythromycin A 2 0,4 00-dibenzoate (16). Ketone 9d
(892 g, 0.778 mol) was suspended in a mixture of THF
(3.5 L) and DMF (1.25 L). Solid 1,1 0-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 K15 8C
and ammonia gas (927 g) was added via a sub-surface inlet.
The reaction temperature was kept below K5 8C for 1.5 h
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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
(13.5 L) and 5% aq KH2PO4 (13.5 L), agitated, and the
layers separated. The organic layer was washed with 5% aq
KH2PO4 solution (13.5 L), satd aq NaHCO3 solution
(13.5 L), 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 8C for 30 min, then chilled to 4 8C and stirred at this
temperature for 2 h. The product was collected by filtration
and dried at 55 8C in a vacuum oven to give 793 g (87%) of
16 as a white crystalline solid: mpZ166.5–168 8C; IR (film,
cmK1) 1771.3, 1722, 1453, 1265, 1169, 1107; 1H NMR
(CDCl3) d 9.06 (d, JZ2.1 Hz, 1H), 8.23 (d, JZ1.9 Hz, 1H),
8.07–8.03 (m, 5H), 7.81 (d, JZ8.2 Hz, 1H), 7.62–7.58 (m,
3H), 7.55–7.45 (m, 5H), 6.63 (d, JZ16.2 Hz, 1H), 6.40
(ddd, JZ6.4, 7.6, 16.9 Hz, 1H), 5.54 (s, 1H), 5.09 (dd, JZ
7.7, 10.7 Hz, 1H), 5.05 (d, JZ4.9 Hz, 1H), 4.99 (d, JZ
9.7 Hz, 1H), 4.97 (m, 1H), 4.88 (dd, JZ3.0, 9.5 Hz, 1H),
4.51 (m, 1H), 4.14 (dd, JZ6.1, 11.0 Hz, 1H), 3.99 (dd, JZ
7.6, 11.0 Hz, 1H), 3.93 (m, 1H), 3.85 (dd, JZ1.5, 8.8 Hz,
1H), 3.75 (d, JZ6.1 Hz, 1H), 3.71 (s,1H), 3.56 (s, 3H), 3.01
(m, 1H), 2.88 (q, JZ7.0 Hz, 1H), 2.81 (m, 1H), 2.61 (m,
1H), 2.51 (d, JZ15.0 Hz, 1H), 2.36 (6H, s), 1.86–1.72 (m,
5H), 1.58 (dd, JZ1.5, 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, JZ
7.3 Hz, 3H), 1.08 (d, JZ6.7 Hz, 3H), 0.95 (d, JZ6.1 Hz,
3H), 0.78 (d, JZ7.7 Hz, 3H), 0.72 (t, JZ7.5 Hz, 3H); 13C
NMR (CDCl3) d 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
(2C), 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 (MHC).
Anal. Calcd for C64H83N3O15C0.5% H2O: C, 67.16; H,
7.41; N, 3.67; O, 21.69; Found: C, 67.18; H, 7.24; N, 3.45;
O, 21.71.

4.1.8. 6-O-3-(3-quinolyl)propenyl-11,12-carbamoyl-3-
hydroxy erythromycin A 2 0-benzoate (19). Carbamate
16 (750 g, 0.639 mol) was diluted with EtOH (3.64 L) and
2 N HCl (3.64 L) and heated to 45 8C 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 K2CO3 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: mpZ224–226 8C;
IR (film, cmK1) 1771.3, 1727, 1456, 1274, 1159, 1119; 1H
NMR (CDCl3) d 9.06 (d, JZ2.1 Hz, 1H), 8.22 (d, JZ
1.8 Hz, 1H), 8.09 (dd, JZ1.5, 7.0 Hz, 2H), 8.07 (d, JZ
6.7 Hz, 1H), 7.82 (d, JZ6.7 Hz, 1H), 7.65 (s, 1H), 7.57 (t,
JZ7.0 Hz, 1H), 7.51 (t, JZ7.0 Hz, 1H), 7.46–7.44 (m, 2H),
6.65 (d, JZ16.2 Hz, 1H), 6.37 (dt, JZ16, 6.1 Hz, 1H), 5.47
(s, 1H), 5.11 (dd, JZ2.7, 10.4 Hz, 1H), 5.04 (dd, JZ7.6,
10.4 Hz, 1H), 4.88 (d, JZ7.6 Hz, 1H), 3.99–3.95 (m, 2H),
3.82 (d, JZ1.8 Hz, 1H), 3.72 (s, 1H), 3.57–3.53 (m, 2H),
3.41–3.37 (m, 1H), 2.91 (dt, JZ4.0, 12.0 Hz, 1H), 2.85 (q,
JZ6.4 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, JZ6.7 Hz, 3H), 1.08 (m, 9H),
0.81–0.75 (m, 6H); 13C NMR (CDCl3) d 217.5, 175.3,
165.4, 158.1, 149.5, 147.3, 132.8, 132.7, 130.6, 129.8 (3C),
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 (2C), 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 (MHC).
Anal. Calcd for C49H65N3O11: Theory: C, 67.49; H, 7.51; N,
4.82; Found: C, 67.11; H, 7.38; N, 4.60.

4.1.9. 6-O-3-(3-quinolyl)propenyl-11,12-carbamoyl-3-
keto erythromycin A 2 0-benzoate (ABT-773-2 0benzoate,
20). Dimethyl sulfide (63.68 g, 1.026 mol) was added to a
mixture of N-chlorosuccinimide (117.2 g, 880.4 mmol) and
CH2Cl2 (740 mL) while maintaining the internal tempera-
ture at K15 8C. Crude alcohol (19, 558 g by assay,
614 mmol) was dissolved in 1.91 L of CH2Cl2 and added,
followed by triethylamine (70.6 g, 698 mmol). The mixture
was stirred at K10 8C 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 8C, 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: mpZ
150–152 8C; IR (film, cmK1) 1771.3, 1743, 1719, 1697,
1456, 1267.7, 1172, 1104; 1H NMR (CDCl3) d 9.02 (d, JZ
2.1 Hz, 1H), 8.15 (d, JZ2.1 Hz, 1H), 8.06 (d, JZ8.4 Hz,
1H), 8.02 (dd, JZ1.6, 7.6 Hz, 2H), 7.82 (d, JZ7.6 Hz, 1H),
7.64 (t, JZ7.6 Hz, 1H), 7.56 (t, JZ7.6 Hz, 1H), 7.50 (t, JZ
7.6 Hz, 1H), 7.44 (t, JZ7.6 Hz, 2H), 6.56 (d, JZ6.56 Hz,
1H), 6.16 (dt, JZ16, 6.7 Hz, 1H), 5.49 (s, 1H), 5.03 (dd, JZ
7.6, 10.6 Hz, 1H), 4.93 (d, JZ3.2, 9.4 Hz, 1H), 4.59 (d, JZ
7.6 Hz, 1H), 4.29 (d, JZ4.3 Hz, 1H), 3.86–3.80 (m, 3H),
3.69 (dd, JZ6.7, 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, JZ3.4, 7.6, 14.5 Hz, 1H), 1.75–1.82 (m, 1H),
1.63 (dd, JZ11.7, 14.7 Hz, 1H), 1.54 (dd, JZ2.5, 14.7 Hz,
1H), 1.48–142 (m, 2H), 1.44 (s, 3H), 1.39 (s, 3H), 1.36 (d,
JZ16.9 Hz, 3H), 1.21 (d, JZ6.1 Hz, 3H), 1.12 (d, JZ
7.0 Hz, 3H), 1.09 (d, JZ6.7 Hz, 3H), 1.01 (d, JZ7.9 Hz,
3H), 0.76 (t, JZ7.4 Hz, 3H); 13C NMR (CDCl3) d 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
(2C), 128.0 (2C), 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 (MHC). Anal. Calcd for C49H63N3O11:
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 0-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 1 L,
diluted with 97:3 EtOAc/heptane (3 L), 0.5 N HCl (1.35 L),
and agitated. The bottom product-containing layer was
separated, diluted with EtOAc (2.5 L), and treated with 15%
aq K2CO3 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!300 mL), and dried
to give 402 g (92%) of ABT-773 (1) as a white crystalline
solid: mpZ211–213 8C; IR (film, cmK1) 1769.7, 1746.7,
1714, 1701, 1457, 1108, 1049; 1H NMR (CDCl3) d 9.02
(d, JZ2.3 Hz, 1H), 8.17 (d, JZ2.1 Hz, 1H), 8.05 (d, JZ
8.4 Hz, 1H), 7.82 (d, JZ8.1 Hz, 1H), 7.63 (t, JZ6.9 Hz,
1H), 7.50 (t, JZ6.9 Hz, 1H), 6.5 (d, JZ16.0 Hz, 1H), 6.21–
6.16 (m, 1H), 5.48 (s, 1H), 4.94 (dd, JZ3.2, 9.1 Hz, 1H),
4.40 (d, JZ4.7 Hz, 1H), 4.36 (d, JZ7.3 Hz, 1H), 3.96 (q,
JZ6.7 Hz, 1H), 3.91 (s, 1H), 3.84 (dd, JZ6.5, 11.9 Hz,
1H), 3.71 (dd, JZ7.2, 11.9 Hz, 1H), 3.57–3.53 (m, 1H),
3.50 (bs, 1H), 3.22–3.16 (m, 2H), 2.96 (q, JZ6.5 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, JZ11.9 Hz, 1H), 1.69 (dd, JZ1.2,
14.5 Hz, 1H), 1.66 (ddd, JZ1.8, 2.0, 12.6 Hz, 1H), 1.54–
1.51 (m, 1H), 1.48 (s, 3H), 1.43 (s, 3H), 1.40 (d, JZ8 Hz,
3H), 1.39 (d, JZ6.9 Hz, 3H), 1.21 (q, JZ11.0 Hz, 1H), 1.17
(d, JZ6.1 Hz, 3H), 1.13 (d, JZ7.5 Hz, 3H), 1.11 (d, JZ
6.9 Hz, 3H), 0.79 (t, JZ7.5 Hz, 3H); 13C NMR (CDCl3) d
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, 77.5, 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 (MHC). Anal.
Calcd for C42H59N3O10: 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 C10 chain initiation b-cyclogeranyl
sulfone (3) was coupled with the C5 chain extension unit to give the C15 chain-extended allylic sulfone after chemoselective sulfide oxidation.
This chain-extended C15 allylic sulfone underwent the Julia olefination reaction with the C5 and the C10 chain termination units to give retinol
(1) and b-carotene (2), respectively.
q 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.1 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.2 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.1 Chemical syntheses of
these carotene compounds,3 therefore, can be generalized in
a systematic way by utilizing ‘the C5 building blocks,’ as
chemical mimics for IPP or DMAP. The Julia sulfone
olefination protocol4 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 b-carotene (2)
utilizing the sulfone chemistry disintegrate these carotenoid
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.002

Keywords: Carotenoid; Olefination; Retinol; b-Carotene; Total synthesis.

* Corresponding author. Tel.: C82 31 330 6185; fax: C82 31 335 7248;

e-mail: sangkoo@mju.ac.kr
structures systematically into the chain initiation allylic
sulfone 3, the chain extension C5 unit 4, and the chain
termination C5 and C10 units, 5 and 6, respectively (Scheme
1). We herein report the details of our systematic studies on
Tetrahedron 60 (2004) 10181–10185
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).
Scheme 3. Chain extension process to obtain the C15 disulfone compound
10.
2. Results and discussion

b-Cyclogeranyl sulfone (3)5 which can be readily prepared
by the electrophilic cyclization of geranyl sulfone was used
as a chain initiation unit for our carotenoid synthesis. The
C5 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.6 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
C5 and the C10 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 C10 chain
termination unit for b-carotene and lycopene syntheses.6,7

It was envisioned that the chain extension unit 48 and the
chain termination units 59 and 66,7 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 PhSK (PhSH,
K2CO3 in acetone), AcOK (AcOK in DMF) and S2K (Na2S
in CH3OH) discriminated allylic bromide from allylic
chloride of 1-bromo-4-chloro-3-methyl-2-butene (8) to
directly give rise to the C5 chain extension unit, phenyl
4-chloro-3-methyl-2-butenyl sulfide (4)10 in 89% yield and
the C5 and the C10 chain termination units, 4-chloro-3-
methyl-2-butenyl acetate (5)10 and bis(4-chloro-3-methyl-
2-butenyl) sulfide (6) in 94 and 81% yields, respectively.
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 H2O-DMF (78% yield),
followed by PBr3-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 10:1.10

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 C5 chain extension unit 4
produced the chain-extended allylic sulfides 9 (Scheme 3).11

This coupling reaction works well (87% yield) with n-BuLi
as a base. Chemoselective sulfur oxidation of 9 proceeded
smoothly with 2.5 equiv H2O2 under LiNbMoO6 catalyst12

to give the C15 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.
The Julia olefination reaction of the chain-extended allylic
sulfone 10 with the C5 chain termination unit 5 produced
retinol (1). The coupling reaction of the C15 disulfone 10
and the C5 unit 5 under t-BuOK/DMF condition provided
the C20 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 t-BuOK or n-BuLi, where the coupling
reaction proceeded only at the less-substituted secondary
carbanion. The dehydrosulfonation reaction of the C20

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.13 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
Scheme 4. Retinol synthesis.
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dehydrosulfonation reaction produces a E-double bond in
the Julia sulfone olefination.14 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 C10 chain termination unit 6 in
combination with the Ramberg-Bäcklund reaction produced
b-carotene (2). The coupling reaction of the C15 disulfone
10 (2 equiv) with the C10 unit 6 (1 equiv) provided the C40

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 H2O2

(2.5 equiv) under LiNbMoO6 catalyst (0.05 equiv) in 80%
yield,12 where MeCN was used as a solvent to improve the
solubility of the compound 12 containing tetra-benzenesul-
fonyl groups. The Ramberg-Bäcklund reaction of bisallylic
sulfone 13 under Meyers condition15 produced the C40

compound 14 containing the central triene moiety. It was
necessary to apply the dehydrosulfonation reaction to the
crude product 14 without purification because the C40

compound 14 was not stable under air, and furthermore,
some of the premature dehydrosulfonation products at C(7)
were also observed at the Ramberg-Bäcklund 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.
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 C5 chain extension unit 4
and the C5 and the C10 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

1H (300 MHz) and 13C 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 Å) by microwave
oven. All reactions were performed under a dry argon
atmosphere in oven-dried glassware except for those used
H2O 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 8C
was added Na2S (6.76 g, 40.3 mmol). The reaction mixture
was stirred at that temperature for 6 h, and H2O was added.
The mixture was extracted with ether, washed with H2O,
dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The crude product was purified
by SiO2 flash column chromatography to give 6 [7.83 g,
32.7 mmol; (E,E):(E,Z)Z5:1] in 81% yield.

4.2.1. Data for (E,E)-6.7 1H NMR d 1.78 (s, 6H), 3.10 (d,
JZ7.6 Hz, 4H), 4.03 (s, 4H), 5.62 (t, JZ7.6 Hz, 2H) ppm.
Data for (E,Z)-6: 1H NMR d 1.78 (s, 3H), 1.83 (s, 3H), 3.10
(d, JZ7.6 Hz, 2H), 3.12 (d, JZ8.1 Hz, 2H), 4.01 (s, 2H),
4.03 (s, 2H), 5.44 (t, JZ8.1 Hz, 1H), 5.62 (t, JZ7.6 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 8C was added 1.6 M solution of n-BuLi in
hexane (7.5 mL, 12.00 mmol). The mixture was stirred for
1 h, and a solution of 4 (2.55 g, 12.00 mmol) in THF
(10 mL) was added. The mixture was stirred at 0 8C for
1.5 h, quenched with 1 M HCl (20 mL), and extracted with
ether. The organic layer was washed with 1 M HCl and
H2O, dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The crude product was
purified by silica gel column chromatography to give 911

(2.96 g, 8.71 mmol) in 87% yield.

To a stirred solution of 9 (2.94 g, 6.50 mmol) in CH3OH
(30 mL) and benzene (10 mL) at 0 8C were added
LiNbMoO6 (94 mg, 0.30 mmol) and 30% H2O2 solution
(1.84 g, 16.25 mmol). The reaction mixture was warmed up
and stirred at 25 8C for 6 h, and most of solvent was
removed under reduced pressure. The crude material was
diluted with CHCl3 (50 mL), washed with H2O, dried over
anhydrous Na2SO4, 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. 1H NMR d 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, JABZ14.6 Hz, JdZ6.2 Hz, 1H), 3.10
(d of ABq, JABZ14.6 Hz, JdZ7.1 Hz, 1H), 3.64 (d of ABq,
JABZ15.4 Hz, JdZ7.8 Hz, 1H), 3.70 (d of ABq, JABZ
15.4 Hz, JdZ7.8 Hz, 1H), 3.87 (dd, JZ7.1, 6.2 Hz, 1H),
5.23 (dt, JdZ1.0 Hz, JtZ7.8 Hz, 1H), 7.43–7.70 (m, 6H),
7.76–7.93 (m, 4H) ppm; 13C NMR d 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 cmK1; HRMS (CIC)
calcd for C27H35O4S2 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 K20 8C was added t-BuOK (0.29 g, 2.47 mmol).
The mixture was stirred at that temperature for 1 h, and a
solution of C5 chloroacetate 5 (0.25 g, 1.54 mmol) in
DMF (5 mL) was added. The resulting mixture was stirred
at K20 8C for 3 h, and 2 M HCl solution (10 mL) was added
to quench the reaction. The mixture was extracted with
ether, washed with H2O, dried over anhydrous Na2SO4,
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. 1H NMR d 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,
JZ14.3, 11.3 Hz, 1H), 2.62 (dd, JZ15.0, 5.9 Hz, 1H), 2.87
(br d, JZ14.3 Hz, 1H), 3.05 (dd, JZ15.0, 5.9 Hz, 1H), 3.78
(t, JZ5.9 Hz, 1H), 3.91 (ddd, JZ11.3, 10.3, 3.3 Hz, 1H),
4.38–4.55 (m, 2H), 4.95 (d, JZ10.3 Hz, 1H), 5.28 (t, JZ
6.7 Hz, 1H), 7.47–7.70 (m, 6H), 7.75–7.95 (m, 4H) ppm;
13C NMR d 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, 1145 cmK1; HRMS (FABC) calcd for
C22H33O2 (C34H45O6S2K2C6H6SO2) 329.2481, found
329.2485.
4.5. Retinol (1)4

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 H2O and 3 M HCl (40 mL) solution, extracted with
CHCl3, washed with H2O, dried over anhydrous Na2SO4,
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 8C 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 8C for 1 h, quenched with 1 M HCl
solution, extracted with ether, washed with H2O, dried over
anhydrous Na2SO4, 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. 1H NMR d
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; 13C NMR
d 15.8, 18.7, 23.2, 28.5, 28.7, 34.4, 35.5, 35.7, 38.4, 39.4,
40.9, 41.4, 62.6, 65.4, 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 cmK1; HRMS
(FABC) calcd for C52H71S3O4 [C64H83S5O8K2!
(C6H6SO2)] 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 8C were added LiNbMoO6 (20 mg, 0.07 mmol)
and a 35% aqueous solution of H2O2 (0.34 g, 3.53 mmol).
The resulting mixture was stirred at 0 8C for 1 h and at room
temperature for 12 h. The mixture was then extracted with
CH2Cl2, washed with 1 M HCl and H2O, dried over
anhydrous Na2SO4, 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. 1H NMR d
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; 13C NMR
d 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, 65.4, 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 cmK1; HRMS
(FABC) calcd for C46H65S2O4 [C64H83S5O10K3!
(C6H6SO2)] 745.4324, found 745.4333.

4.8. b-Carotene (2)3,7

To a stirred solution of 13 (0.98 g, 0.84 mmol, 1 equiv) in
CCl4 (15 mL) and t-BuOH (10 mL) at 0 8C was added
pulverized KOH (0.47 g, 8.36 mmol, 10 equiv). The result-
ing mixture was stirred at 0 8C for 1 h and at room
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temperature for 10 h, and carefully quenched with H2O. The
mixture was then neutralized with 1 M HCl (10 mL),
extracted with CH2Cl2, dried over anhydrous Na2SO4,
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 HCl solution, extracted with
CHCl3, washed with H2O, dried over anhydrous Na2SO4,
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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Formal synthesis of (K)-anisomycin based on stereoselective
nucleophilic substitution along with 1,2-aryl migration*
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Abstract—The stereoselective conversion of (4R)-5-hydroxy-4-(4 0-methoxyphenyl)-2(E)-pentenoate 4 into the (4S)-4-hydroxy-5-(4 0-
methoxyphenyl)-2(E)-pentenoate 5 using the AgNO3/MS 4 Å/MeNO2 system was accomplished along with complete inversion at the C4-
position, and the synthesis of the intermediate (4S)-7 for the chiral synthesis of (K)-anisomycin 6 from (4S)-7 based on osmium tetroxide-
catalyzed stereoselective hydroxylation was achieved.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

We previously reported that silica gel promotes the
g-lactonization and the concomitant 1,2-aryl migration of
4-aryl-5-tosyloxy pentanoate 1 to give g-lactone 2 along
with complete inversion in high yield.2 In the case of this
reaction, an intramolecular attack of the ester carbonyl
group to the s-bridged phenonium ion A proceeded
selectively at the C4-position to provide the g-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 C4-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 0-
methoxyphenyl)-2(E)-pentenoate 4 into the (4S)-4-
hydroxy-5-(4 0-methoxyphenyl)-2(E)-pentenoate 5 and its
application to the formal total synthesis of (K)-anisomycin
6 via synthetic intermediate (4S)-7.

The antibiotic (K)-anisomycin 6, isolated from the
fermentation broth of Streptomyces sp., was reported to
possess the 2R,3S,4S absolute configuration.3 (K)-Aniso-
mycin 6 exhibits strong and selective activity against
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.012
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pathogenic protozoa and fungi and has clinically been
used with success in the treatment of vaginitis due
to trichomonas vaginilis and of amoebic dysentery3

(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 (G)-4 and
(G)-8 was examined. The reported substrate (G)-44 was
treated with Ts2O to give the corresponding tosylate (G)-9
(96% yield) which was subjected to solvolysis in water-
saturated MeNO2 to provide an inseparable mixture of (G)-
5 and (G)-9. This mixture was subjected to enzymatic
hydrolysis using lipase OF-360 from Candida rugosa to
afford the desired (G)-5 (51% yield) together with the
starting (G)-9 (34% recovery). The structure of (G)-5 was
determined by NMR analysis and finally confirmed by
conversion of (4R)-4 into the synthetic intermediate (4S)-7
for (K)-anisomycin 6 as described later in the text. The
second substrate (G)-84 was also converted to the tosylate
(G)-10 (80% yield) which was subjected to solvolysis
under the same conditions as for (G)-9 to afford the 1,2-
migration product (G)-12 (53% yield). The structure of
(G)-12 was confirmed by NMR analysis and the similar
spectrum of (G)-12 to that of (G)-5. In the case of these
reactions, the reaction rate was found to be sluggish at 90 8C
for 2–4 d. It was apparent that there was no difference in
reactivity between the substrates (G)-9 and (G)-10
(Scheme 2).

Then, the leaving group in the substrate (G)-4 was
exchanged to a bromo group. Bromination of (G)-4 gave
Tetrahedron 60 (2004) 10187–10195



Scheme 1.
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the corresponding bromide (G)-135 (83% yield) which was
subjected to solvolysis in the same manner as in the case of
(G)-9 to afford (G)-5 (6% yield) and an inseparable
mixture (G)-13:(G)-14Z1.5:1) of the starting (G)-13 and
an aryl migration product (G)-14 (Scheme 3).

The structure of (G)-14 could be determined by NMR
analysis and the formation of (G)-14 could be presumed to
be attributed to the fact that the liberated bromo ion attacked
again at the C(4)-position of the s-bridged phenonium ion C
to provide (G)-14. In order to confirm this presumption,
conversion of the bromo group in (G)-14 to an oxygen
functional group was carried out. The above-mentioned
mixture was treated with AgNO3 in the presence of
Scheme 2. (a) Ts2O/pyridine; (b) H2O/MeNO2, 90 8C, 2 d; (c) lipase OF-360; (d
molecular sieves (MS 4 Å) at room temperature for 12 h
to furnish the nitrate (G)-15 in 63% overall yield from (G)-
13. In order to check an effect on the silver salt, six kinds of
silver salts were examined in H2O–saturated MeNO2 and
the results are shown in Table 1.

In the cases of entries 1, 2, 3, 5 and 6, the desired (G)-5 was
obtained in moderate yield. In the case of using silver
trifluoroacetate (entry 4) and silver nitrate (entry 7),
trifluoroacetate (G)-16 and nitrate (G)-15 were obtained
in addition to (G)-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 (G)-15 from (G)-13.
) CH2N2; (e) (1) H2O/MeNO2, 90 8C, 4 d; (2) CH2N2.



Scheme 3. (a) CBr4/Ph3P/CH3CN; (b) H2O/MeNO2, 80 8C, 1 d; (c) AgNO3/MeNO2, MS 4 Å, rt, 12 h; (d) AgNO3/MeNO2, MS 4 Å, rt, 4 h; (e)
Zn/NH4OAc/MeOH, 0 8C, 1 h.
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(Scheme 3) The reaction of (G)-13 and AgNO3, MS 4 Å in
MeNO2 at room temperature for 4 h yielded (G)-15 (91%
yield) which was treated with Zn and NH4OAc in MeOH to
give the desired (G)-5 in 88% yield from (G)-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 0, 4 0 and 6 0

positions of the phenyl ring afforded g-lactone 2 in good
yield.2 From the above-mentioned experiment of this type
reaction, MeNO2 was regarded as the best reaction solvent
and the presence of AgC 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 (G)-13.
Table 1.

Entry Ag salt (equiv) Temperature Tim

1 Ag(CF3SO3) (2.0) K20 to 0 8C
2 AgClO4 (2.0) 08C–rt
3 AgClO4 (0.8) 08C–rt
4 Ag(CF3COO) (2.0) rt
5 Ag2CO3 (2.0) 80 8C 1
6 Ag2SO4 (2.0) 80 8C 1
7 AgNO3 (2.0) rt 2

a Yield after conversion of a mixture of (G)-5 and (G)-16 into (G)-5.
3. Confirmation of the stereochemical course and formal
synthesis of (K)-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 (G)-17 and anisole in the presence of BF3$Et2O was
reported to afford (G)-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 (4S)-18. By applying the reported procedure,6

subsequent treatment of (4S)-18 with 80% aqueous AcOH
at 80 8C afforded the diol (4S)-19 in quantitative yield.
Bromination of (4S)-19 with CBr4 and triphenylphosphine
in CH2Cl2 at reflux provided a mixture of bromohydrins
(4S)-20 and (4R)-21. This mixture was subjected to
silylation followed by chromatographic separation to give
the desired (4S)-20 (32% overall yield from (4S)-18) and
(4R)-22 (15% overall yield from (4S)-18). The bromohydrin
(4S)-20 was treated with K2CO3 in MeOH to afford the
e (h) Products (%)

1 (G)-5 (42%)
1 (G)-5 (38%)
1 (G)-5 (61%)
1 (G)-5C(G)-16 (59%)a

5 (G)-5 (49%)
5 (G)-5 (32%)
1 (G)-5 (28%)C(G)-15 (47%)



Scheme 4. (a) 80% AcOH aq.; (b) CBr4/Ph3P/CH2Cl2; (c) tBuMe2SiCl/imidazole/DMF; (d) K2CO3/MeOH; (e) PhCH2OH/BF3$Et2O/CH2Cl2; (f) AlCl3/m-
xylene/CH2Cl2; (g) anisole/BF3$Et2O/CH2Cl2; (h) AgNO3/MS 4 Å/MeNO2; (i) Zn/NH4OAc/MeOH; (j) (1) OsO4/N-methylmorpholine N-oxide/acetone–H2O,
(2) recrystallization; (k) MOM-Cl/diisoproethylpylamine/MeCN; (l) Dibal-H/benzene.
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desired (4S)-4,5-epoxy-2(E)-pentenoate 17 in 85% yield.
Optical purity of the present (4S)-17 was estimated to be
93% ee by means of HPLC analysis. Conversion of (4S)-17
into (4R)-17 without loss of optical purity was carried out by
modification of the reported procedure.7 The reaction of
(4S)-17 with benzyl alcohol in the presence of BF3$Et2O
gave (4R)-23 ([a]DZK57.0 (cZ0.52, CHCl3) correspond-
ing to 93% ee) in 55% yield. Bromination of (4R)-23
provided (4R)-24 ([a]DZK40.2 (cZ0.52, CHCl3) corre-
sponding to 93% ee; 95% yield)) followed by deprotection
of the benzyl group using the AlCl3/m-xylene system7

afforded bromohydrin (4R)-20 ([a]D K2.50 (cZ0.52,
CHCl3) in 87% yield. An alkaline treatment of (4R)-20
yielded the desired (4R)-17 ([a]DZK29.1 (cZ0.51,
CHCl3) corresponding to 93% ee) in 85% yield. The
reaction of (4R)-17 and anisole in the presence of BF3$Et2O
followed by enzymatic separation gave (4R)-4 ([a]DZ
C2.00 (cZ0.51, CHCl3) corresponding to 93% ee; 47%
yield) and (4R)-8 ([a]DZC17.7 (cZ0.50, CHCl3) corre-
sponding to 93% ee; 14% yield). The former (4R)-4 was
converted into the bromide (4R)-13 ([a]DZC3.00 (cZ0.5,
CHCl3) in 92% yield in the same way as (G)-13. Treatment
of (4R)-13 with AgNO3 and MS 4 Å in MeNO2 furnished
the nitrate (4S)-15 ([a]DZC15.9 (cZ0.51, CHCl3); 91%
yield) which was converted to the desired (4S)-5 ([a]DZ
C1.00 (cZ0.5, CHCl3) corresponding to 93% ee) in 87%
yield in the same way as in the case of (G)-15. Osmium
tetroxide-catalyzed dihydroxylation followed by treatment
with N-methylmorpholine N-oxide gave the 3,4-anti-g-
lactone (4S)-25 ([a]DZK72.2 (cZ0.41, MeOH)
corresponding to 93% ee; 78% yield) and the 3,4-syn-
diastereomer ([a]DZK86.0 (cZ0.11, MeOH); 2% yield).
This high diastereoselectivity (3,4-anti: 3,4-synZ39:1) was
understood by the reported explanation.8 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 g-oxygen. Consequently, osmium
tetroxide attacks from the less stereochemically hindered
b-side. Recrystallization of the 93% ee of (4S)-25 afforded
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the enantiomerically pure (4S)-25. Treatment of (4S)-25
with chloromethyl methyl ether (MOM-Cl) furnished the di-
MOM ether (4S)-26 ([a]DZK19.7 (cZ0.49, CHCl3); 78%
yield). Reduction of (4S)-26 with Dibal-H gave the (4S)-diol
7 ([a]DZK39.3 (cZ0.51, MeOH)) in 81% yield, whose
spectral data were identical with those ([a]DZK22.7 (cZ
16.21, MeOH) and 1H NMR) of the reported (4S)-7.9 The
synthesis of (K)-anisomycin 6 from (4S)-7 is already
achieved.9 From these experiments, conversion of the
bromide (4R)-13 into the nitrate (4S)-15 from a stereo-
chemical point of view was found to occur along with
complete inversion at the C4-position. In conclusion, the
stereoselective conversion of (4R)-5-hydroxy-4-(4 0-
methoxypheny)-2(E)-pentenoate 4 into the (4S)-4-
hydroxy-5-(4 0-methoxyphenyl)-2(E)-pentenoate 5 using
the AgNO3/MS 4 Å/MeNO2 system was accomplished
along with complete inversion at the C4-position, and the
synthesis of the intermediate (4S)-7 for the chiral synthesis
of (K)-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. 1H NMR
spectra were recorded by a JEOL EX 400 spectrometer
(Tokyo, Japan). Spectra were taken with 5–10% (w/v)
solution in CDCl3 with Me4Si 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/EtOHZ
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. (G) Methyl 4-(4 0-methoxyphenyl)-5-tosyloxy-2(E)-
pentenoate 9. A mixture of (G)-4 (2.774 g, 11.7 mmol),
p-toluenesulfonic anhydride (Ts2O, 4.60 g, 14.1 mmol),
pyridine (1.40 g, 17.7 mmol) in benzene (25 mL) was
stirred for 2 d at 50 8C. The generated precipitate was
filtered off with the aid of celite and the filtrate was washed
with 1 M aqueous HCl and 7% aqueous NaHCO3. The
organic layer was dried over MgSO4 and evaporated to give
a residue, which was chromatographed on silica gel (80 g,
n-hexane/AcOEtZ5:1) to afford (G)-9 (4.393 g, 96%) as a
colorless oil. (G)-9: IR (neat): 1722 cmK1; 1H NMR: d 2.44
(3H, s), 3.71 (3H, s), 3.76 (1H, br.q, JZ8 Hz), 3.79 (3H, s),
4.20 (2H, d, JZ7 Hz), 5.79 (1H, dd, JZ2, 16 Hz), 6.81 (2H,
d, JZ8 Hz), 6.97 (1H, dd, JZ8, 16 Hz), 7.00 (2H, d, JZ
8 Hz), 7.30 (2H, d, JZ8 Hz), 7.70 (2H, d, JZ8 Hz). Anal.
Calcd for C20H22SO6: C, 61.52; H, 5.68. Found: C, 61.32;
H, 5.56. MS (FAB) m/z: 391 (MCC1).
4.1.2. (G) Methyl 4-(2 0-methoxyphenyl)-5-tosyloxy-2(E)-
pentenoate 10. A mixture of (G)-8 (1.042 g, 4.41 mmol),
p-toluenesulfonic anhydride (Ts2O, 1.73 g, 5.3 mmol),
pyridine (2 mL) in benzene (15 mL) was stirred for 3 d at
50 8C. The reaction mixture was worked up in the same way
for (G)-9 to afford (G)-10 (1.38 g, 80%) as a colorless oil.
(G)-9: IR (neat): 1722 cmK1; 1H NMR: d 2.44 (3H, s), 3.71
(3H, s), 3.73 (3H, s), 4.16 (1H, q, JZ10 Hz), 4.26 (1H, dd,
JZ6, 10 Hz), 4.30 (1H, dd, JZ7, 10 Hz), 5.80 (1H, dd, JZ
2, 16 Hz), 6.81 (1H, d, JZ8 Hz), 6.87 (1H, t, JZ8 Hz), 7.00
(1H, dd, JZ2, 8 Hz), 7.02 (1H, dd, JZ8, 16 Hz), 7.23 (1H,
dt, JZ2, 8 Hz), 7.295 (2H, d, JZ8 Hz), 7.69 (2H, d, JZ
9 Hz). Anal. Calcd for C20H22SO6: C, 61.52; H, 5.68.
Found: C, 61.09; H, 5.87. MS (FAB) m/z: 391 (MCC1).

4.1.3. Solvolysis of (G)-9. A solution of (G)-9 (0.500 g,
1.28 mmol) in water-saturated nitromethane (50 mL) was
stirred for 2 d at 90 8C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO4 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 8C. The reaction
mixture was extracted with ether and the organic layer was
dried over MgSO4. Evaporation of the organic solvent
gave a residue, which was chromatographed on silica gel
(20 g, n-hexane/AcOEtZ5:1) to afford (G)-9 (0.170 g,
34% recovery). On the other hand, the water layer was
acidified with 1 M aqueous HCl and extracted with ether.
Evaporation of the organic solvent gave a residue (G)-11,
which was treated with CH2N2–ether solution to afford an
oil. It was chromatographed on silica gel (20 g, n-hexane/
AcOEtZ5:1) to afford (G)-5 (0.153 g, 51%) as a colorless
oil. (G)-5: IR (neat): 3456, 1722 cmK1; 1H NMR: d 2.12
(1H, br.s), 2.73 (1H, dd, JZ8, 14 Hz), 2.88 (1H, dd, JZ5,
14 Hz), 3.73 (3H, s), 3.78 (3H, s), 4.47 (1H, dq, JZ2, 5 Hz),
6.05 (1H, dd, JZ2, 16 Hz), 6.85 (2H, d, JZ8 Hz), 6.99 (1H,
dd, JZ5, 16 Hz), 7.13 (2H, d, JZ8 Hz). Anal. Calcd for
C13H16O4: C, 66.09; H, 6.83. Found: C, 65.95; H, 6.85. MS
(FAB) m/z: 237 (MCC1).

4.1.4. Solvolysis of (G)-10. A solution of (G)-10 (0.251 g,
0.64 mmol) in water-saturated nitromethane (40 mL) was
stirred for 4 d at 90 8C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO4 and evaporated to give a residue, which
was treated with CH2N2–ether solution to afford an oil. It
was chromatographed on silica gel (20 g, n-hexane/
AcOEtZ5:1) to afford (G)-12 (0.081 g, 53%) as a colorless
oil. (G)-12: IR (neat): 3451, 1717 cmK1; 1H NMR: d 2.49
(1H, br.s), 2.82 (1H, dd, JZ8, 14 Hz), 3.01 (1H, dd, JZ5,
14 Hz), 3.73 (3H, s), 3.84 (3H, s), 4.56 (1H, ddt, JZ2, 5,
5 Hz), 6.06 (1H, dd, JZ2, 16 Hz), 6.88 (1H, br.d, JZ9 Hz),
6.92 (1H, t, JZ8 Hz), 7.02 (1H, dd, JZ5, 16 Hz), 7.13 (1H,
dd, JZ2, 8 Hz), 7.24 (1H, t, JZ8 Hz). Anal. Calcd for
C13H16O4: C, 66.09; H, 6.83. Found: C, 65.67; H, 6.80. MS
(FAB) m/z: 237 (MCC1).

4.1.5. (G) Methyl-5-bromo-4-(4 0-methoxyphenyl)-2(E)-
pentenoate 13. To a solution of (G)-4 (2.012 g, 8.52 mmol)
in MeCN (40 mL) were added triphenyl phosphine (Ph3P;
10.06 g, 38.4 mmol) and N-bromosuccinimide (NBS;
6.83 g, 38.3 mmol) at 0 8C 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 MgSO4 and evaporated to give a
residue, which was chromatographed on silica gel (80 g,
n-hexane/AcOEtZ5:1) to afford (G)-13 (2.104 g, 83%) as
a colorless oil. (G)-13: IR (neat): 1723 cmK1; 1H NMR: d
3.60 (2H, dd, JZ2, 7 Hz), 3.73 (3H, s), 3.79 (3H, s), 3.80
(1H, br.q, JZ7 Hz), 5.88 (1H, dd, JZ2, 16 Hz), 6.88
(2H, d, JZ9 Hz), 7.09 (1H, dd, JZ8, 16 Hz), 7.11 (2H, d,
JZ9 Hz). Anal. Calcd for C13H15BrO3: C, 52.19; H,
5.05. Found: C, 52.48; H, 4.64. MS (FAB) m/z: 299, 301
(MCC1).

4.1.6. Solvolysis of (G)-13. A solution of (G)-13 (0.500 g,
1.67 mmol) in water-saturated nitromethane (20 mL) was
stirred for 12 h at 80 8C. The reaction mixture was diluted
with water and extracted with ether. The organic layer was
dried over MgSO4 and evaporated to give a residue, which
was chromatographed on silica gel (20 g) to afford a mixture
(0.382 g) of (G)-13 and (G)-14 from n-hexane/AcOEtZ
10:1eluent and (G)-5 (0.024 g, 6%) from n-hexane/
AcOEtZ5:1eluent. To a solution of this mixture (0.382 g)
in MeNO2 (10 mL) were added molecular sieves (4 Å;
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 MgSO4.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (20 g, n-hexane/
AcOEtZ30:1) to afford (G)-15 (0.298 g, 63% overall
yield) as a colorless oil. (G)-15: IR (neat): 1726 cmK1; 1H
NMR: 2.93 (1H, dd, JZ6, 14 Hz), 3.03 (1H, dd, JZ7,
15 Hz), 3.75 (3H, s), 3.79 (3H, s), 5.58 (1H, dq, JZ2, 6 Hz),
6.01 (1H, dd, JZ2, 16 Hz), 6.84 (1H, dd, JZ6, 16 Hz), 6.85
(2H, d, JZ8 Hz), 7.12 (2H, d, JZ8 Hz). Anal. Calcd for
C13H15NO6: C, 55.51; H, 5.38; N, 4.98. Found: C, 55.77; H,
5.32; N, 5.02. MS (FAB) m/z: 281 (MC).

4.1.7. Solvolysis of (G)-13 (Table 1).
1)
 To a solution of (G)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver trifrate
(Ag(CF3SO3); 0.683 g, 2.66 mmol) and the whole
mixture was stirred for 1 h at 0 8C. 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 MgSO4.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (10 g, n-hexane/
AcOEtZ15:1) to afford (G)-5 (0.132 g, 42%).
2)
 To a solution of (G)-13 (0.403 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
perchlorate (AgClO4; 0.555 g, 2.68 mmol) and the
whole mixture was stirred for 1 h at 0 8C. The reaction
mixture was worked up in the same way as 1) to afford
(G)-5 (0.119 g, 38%).
3)
 To a solution of (G)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver
perchlorate (AgClO4; 0.220 g, 1.06 mmol) and the
whole mixture was stirred for 1 h at 0 8C. The reaction
mixture was worked up in the same way as 1) to afford
(G)-5 (0.193 g, 61%).
4)
 To a solution of (G)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
trifluoroacetate (Ag(CF3COO); 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 (G)-5 and
(G)-16. To a solution of the above mixture in MeOH
(8 mL) was added K2CO3 (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 MgSO4. Evaporation of the organic solvent
gave a residue, which was chromatographed on silica
gel (10 g, n-hexane/AcOEtZ15:1) to afford (G)-5
(0.188 g, 59%).
5)
 To a solution of (G)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver
carbonate (Ag2CO3; 0.739 g, 2.68 mmol) and the
whole mixture was stirred for 15 h at 80 8C. The reaction
mixture was worked up in the same way as 1) to afford
(G)-5 (0.155 g, 49%).
6)
 To a solution of (G)-13 (0.401 g, 1.34 mmol) in water-
saturated nitromethane (10 mL) was added silver sulfate
(Ag2SO4; 0.835 g, 2.68 mmol) and the whole mixture
was stirred for 15 h at 80 8C. The reaction mixture was
worked up in the same way as 1) to afford (G)-5
(0.100 g, 32%).
7)
 To a solution of (G)-13 (0.400 g, 1.33 mmol) in water-
saturated nitromethane (10 mL) was added silver nitrate
(AgNO3; 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
(G)-15 (0.175 g, 47%) and (G)-5 (0.087 g, 28%).
4.1.8. Synthesis of (G) methyl-4-hydroxy-5-(4 0-methoxy-
phenyl)-2(E)-pentenoate 5 from (G)-13 via (G)-15. To a
solution of (G)-13 (1.43 g, 4.78 mmol) in nitromethane
(20 mL) were added molecular sieves (4 Å; 2.0 g) and silver
nitrate (AgNO3; 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 (G)-15 to give (G)-15 (1.222 g,
91%). To a mixture of Zn-dust (0.7 g) and CH3COONH4

(0.5 g) in MeOH (5 mL) was added a solution of (G)-15
(0.501 g, 1.78 mmol) in MeOH (5 mL) and the whole
mixture was stirred for 1 h at 0 8C. 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 MgSO4 and evaporated to give a residue, which
was chromatographed on silica gel (20 g, n-hexane/
AcOEtZ5:1) to afford (G)-5 (0.371 g, 88%) as a colorless
oil. The NMR data of the present (G)-5 were identical with
those of the previous (G)-5.

4.1.9. Methyl (4S)-(4,5)-epoxy-2(E)-pentenoate 17. (1) A
solution of commercially available (4S)-18 (31.19 g,
0.17 mol) in 80% aqueous AcOH (200 mL) was stirred for
30 min at 80 8C. The reaction mixture was diluted with
toluene and condensed under reduced pressure to give a
crude diol (4S)-19 (25.21 g, quantitative yield). (2) To a
solution of (4S)-19 (25.21 g) in CH2Cl2 (120 mL) were
added Ph3P (16.92 g, 0.0645 mol) and carbon tetrabromide
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(CBr4; 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/AcOEtZ10:1) to provide an
inseparable mixture (18.81 g) of (4S)-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 tert-butyldimethylsilyl chloride (TBDMSCl; 5.42 g,
0.034 mol) at 0 8C and the whole mixture was stirred for 2 h
at 0 8C. The reaction mixture was diluted with brine and
extracted with ether. The organic layer was dried over
MgSO4 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 (4S)-18) from n-hexane/
AcOEtZ20:1 elute and an oily (4S)-20 (11.11 g, 32%
overall yield from (4S)-18) from n-hexane/AcOEtZ5:1
elute, respectively. (4S)-20: IR (neat): 3451, 1716 cmK1; 1H
NMR: d 2.72 (1H, d, JZ7 Hz), 3.42 (1H, dd, JZ7, 11 Hz),
3.57 (1H, dd, JZ4, 11 Hz), 3.76 (3H, s), 4.51–4.58 (1H, m),
6.16 (1H, dd, JZ2, 16 Hz), 6.88 (1H, dd, JZ5, 16 Hz). MS
(FAB) m/z: 209.211 (MCC1). (4R)-22: IR (neat):
1725 cmK1; 1H NMR: d 0.06 (3H, s), 0.07 (3H, s), 0.88
(9H, s), 3.75 (3H, s), 3.83 (1H, dd, JZ7, 11 Hz), 3.93 (1H,
dd, JZ5, 11 Hz),4.47–4.53 (1H, m), 6.02 (1H, dd, JZ1,
15 Hz), 6.93 (1H, dd, JZ9, 15 Hz). MS (FAB) m/z: 323.325
(MCC1). (4) A mixture of molecular sieves (3 Å; 7.5 g)
and K2CO3 (17.1 g, 0.124 mol) in MeOH (450 mL) was
stirred for 30 min at 0 8C, and (4S)-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
2.5 h at 0 8C 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/AcOEtZ20:1) to afford (4S)-17 (7.51 g, 85%) as
a colorless oil. (4S)-17: [a]D

24ZC22.3 (cZ0.51, CHCl3)
corresponding to 93% ee by means of HPLC analysis).
(4R)-17: tRZ17.1 min, (4S)-17: tRZ20.0 min. The
NMR data of (4S)-17 were identical with those of the
reported (G)-17.4b

4.1.10. Methyl (4R)-(4,5)-epoxy-2(E)-pentenoate 17. (1)
To a solution of (4S)-17 (7.62 g, 0.0595 mol) in CH2Cl2
(80 mL) were added benzyl alcohol (PhCH2OH; 32.12 g,
0.298 mol) and BF3$Et2O (8 mL, 0.064 mol) at K20 8C and
the whole mixture was stirred for 1.5 h at 0 8C. The reaction
mixture was diluted with brine and extracted with CH2Cl2.
The organic layer was dried over MgSO4 and evaporated to
provide a residue, which was chromatographed on silica gel
(200 g, n-hexane/AcOEtZ5:1) to afford (4R)-23 (7.794 g,
56%) as a colorless oil. (4R)-23: [a]D

23ZK57.0 (cZ0.52,
CHCl3) corresponding to 93% ee): IR (neat): 3433,
1721 cmK1; 1H NMR: d 3.65 (1H, dd, JZ8, 12 Hz), 3.73
(1H, br.dd, JZ5, 12 Hz), 3.81 (3H, s), 4.16–4.21 (1H, m),
4.49 (1H, d, JZ12 Hz), 4.71 (1H, d, JZ12 Hz), 6.18 (1H,
dd, JZ2, 16 Hz), 6.92 (1H, dd, JZ6, 16 Hz), 7.32–7.44
(5H, m). MS (FAB) Calcd For C13H16O4 m/z: 237.1127
(MCC1). Found m/z: 237.1154. (2) To a solution of (4R)-
23 (3.00 g, 12.7 mmol) in CH2Cl2 (50 mL) were added Ph3P
(6.66 g, 25.4 mmol) and carbon tetrabromide (CBr4; 8.42 g,
25.4 mmol) at 0 8C 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/AcOEtZ20:1) to provide (4R)-24
(3.596 g, 95%) as a colorless oil. (4R)-24: [a]D
24ZK40.2

(cZ0.52, CHCl3) corresponding to 93% ee); IR (neat):
1722 cmK1; 1H NMR: d 3.41 (1H, dd, JZ7, 12 Hz), 3.46
(1H, dd, JZ7, 12 Hz), 3.77 (3H, s), 4.21 (1H, dq, JZ2,
7 Hz), 4.50 (1H, d, JZ12 Hz), 4.63 (1H, d, JZ12 Hz), 6.13
(1H, dd, JZ2, 15 Hz), 6.86 (1H, dd, JZ7, 15 Hz), 7.28–
7.40 (5H, m). Anal. Calcd for C13H15BrO3: C, 52.19; H,
5.05. Found: C, 51.65; H, 4.88. MS (FAB) m/z: 299.301
(MCC1). (3) To a suspension of AlCl3 (8.92 g, 66.9 mmol)
in CH2Cl2 (120 mL) was added a solution of (4R)-24
(10.167 g, 34 mmol) in m-xylene (25 mL) at K20 8C and
the whole mixture was stirred for 30 min at the same
temperature. The reaction mixture was poured into ice-
water and extracted with CH2Cl2. The organic layer was
dried over MgSO4 and evaporated to provide a residue,
which was chromatographed on silica gel (200 g, n-hexane/
AcOEtZ5:1) to afford (4R)-20 (6.170 g, 87%) as a colorless
oil. (4R)-20: [a]D

23ZK2.50 (cZ0.52, CHCl3) correspond-
ing to 93% ee. The spectral data (IR and NMR) of (4R)-20
were identical with those of (4S)-20. (4) A mixture of
molecular sieves (3 Å; 3.0 g) and K2CO3 (8.98 g, 65 mmol)
in MeOH (350 mL) was stirred for 30 min at 0 8C, 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 8C 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/AcOEtZ20:1) to afford (4R)-17 (7.101 g, 85%) as
a colorless oil. (4R)-17: [a]D

24ZK29.1 (cZ0.51, CHCl3)
corresponding to 93% ee by means of HPLC analysis),
HPLC analysis conditions were the same as for (4S)-17. The
NMR data of (4R)-17 were identical with those of the
reported (G)-17.4b

4.1.11. Methyl (4R)-5-hydroxy-4-(4 0-methoxyphenyl)-
2(E)-pentenoate 4. (1) To a solution of (4R)-17 (3.71 g,
28.9 mmol) in CH2Cl2 (50 mL) were added anisole
(PhOMe; 9.39 g, 86.8 mmol) and BF3$Et2O (7 mL,
56 mmol) at K20 8C and the whole mixture was stirred
for 1 h at K20 8C. The reaction mixture was diluted with
brine and extracted with CH2Cl2. The organic layer was
dried over MgSO4 and evaporated to provide a residue,
which was chromatographed on silica gel (100 g) to afford
(4R)-8 (0.375 g, 5% yield) from n-hexane/AcOEtZ3:1
elute, and 1:3 mixture (2.620 g) of (4R)-8 and (4R)-4 from
n-hexane/AcOEtZ3:1 elute, and (4R)-4 (1.504 g, 22%
yield) from n-hexane/AcOEtZ2:1 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 Ac2O (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 NaHCO3 and dried over MgSO4.
Evaporation of the organic solvent gave a residue, which
was chromatographed on silica gel (60 g, n-hexane/
AcOEtZ10:1) 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 8C for 12 h. The reaction mixture was filtered, and the
precipitate was washed with ether. The combined organic
layer was dried over MgSO4 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/
AcOEtZ7:1 elute and (4R)-4 (1.737 g, total; 3.241 g
(47% overall yield from (4R)-17)) as a homogeneous oil
from n-hexane/AcOEtZ2:1 elute, respectively. (4R)-4:
[a]D

24ZC2.00 (cZ0.51, CHCl3) corresponding to 93% ee
by means of HPLC analysis), The NMR data of (4R)-4 were
identical with those of the reported (G)-4.5 Acetate of (4R)-
8: [a]D

26ZC8.98 (cZ0.50, CHCl3) corresponding to 93%
ee by means of HPLC analysis): IR (neat): 1740 cmK1; 1H
NMR: d 2.02 (3H, s), 3.72 (3H, s), 3.82 (3H, s), 4.23 (1H, br,
q, JZ7.0 Hz), 4.33 (1H, dd, JZ11.0, 5.0 Hz), 4.40 (1H, dd,
JZ11.0, 9.0 Hz), 5.87 (1H, dd, JZ16.0, 2.0 Hz), 6.88 (1H,
dd, JZ8.0, 2.0 Hz), 6.92 (1H, dt, JZ8.0, 2.0 Hz), 7.11 (1H,
dd, JZ8.0, 2.0 Hz), 7.16 (1H, dd, JZ16.0, 7.0 Hz), 7.25
(1H, dt, JZ8.0, 2.0 Hz). FAB MS m/z: 279 (MC1)C; Anal.
Found: C, 64.60; H, 6.50. Calcd for C15H18O5: C, 64.74; H,
6.52%.
4.1.12. Methyl (4S)-4-hydroxy-5-(4 0-methoxyphenyl)-
2(E)-pentenoate 5. (1) To a solution of (4R)-4 (2.01 g,
8.51 mmol) in CH2Cl2 (40 mL) were added triphenyl
phosphine (Ph3P; 4.46 g, 17 mmol) and carbon tetrabromide
(CBr4; 8.46 g, 25.5 mmol) at 0 8C and the whole mixture
was stirred for 1.5 h at room temperature. The reaction
mixture was evaporated to afford a residue, which was
chromatographed on silica gel (80 g, n-hexane/AcOEtZ
30:1) to provide (4R)-13 (2.342 g, 92%) as a colorless oil.
(4R)-13: [a]D

27ZC3.00 (cZ0.50, CHCl3) corresponding to
93% ee by means of HPLC analysis), The NMR data of
(4R)-13 were identical with those of the reported (G)-13.
(2) To a solution of (4R)-13 (1.43 g, 4.8 mmol) in
nitromethane (20 mL) were added molecular sieves (4 Å;
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 (G)-15 to give (4S)-15
(1.22 g, 91%). (4S)-15: [a]D

27ZC15.9 (cZ0.51, CHCl3)
corresponding to 93% ee by means of HPLC analysis), The
NMR data of (4S)-15 were identical with those of the
reported (G)-15. (3) To a mixture of Zn-dust (1.14 g) and
CH3COONH4 (1.14 g) in MeOH (5 mL) was added a
solution of (4S)-15 (1.140 g, 4.06 mmol) in MeOH (7 mL)
and the whole mixture was stirred for 1 h at 0 8C. 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 MgSO4 and evaporated to give a
residue, which was chromatographed on silica gel (40 g,
n-hexane/AcOEtZ5:1) to afford (4S)-5 (0.833 g, 87%) as a
colorless oil. (4S)-5: [a]D

26ZC1.00 (cZ0.50, CHCl3)
corresponding to 93% ee by means of HPLC analysis),
The NMR data of (4S)-5 were identical with those of the
previous (G)-5.
4.1.13. (2S,3S,4S)-4-Hydroxy-2,3-dimethoxymethyl-5-
(4 0-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 (OsO4;
3.16 mL, 10 mol%) in acetone (5 mL) was added a solution
of (4S)-5 (0.588 g, 2.49 mmol) in acetone (5 mL) at 0 8C
and the whole mixture was stirred for 2 h at the same
temperature. The reaction mixture was diluted with 10%
aqueous Na2SO3 (5 mL) at 0 8C 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
HCl. The organic layer was dried over MgSO4 and
evaporated to give a residue, which was chromatographed
on silica gel (30 g, n-hexane/AcOEtZ1:1) to afford
diastereomeric lactone (2S,3R,4S)-25 (0.010 g, 2%) and
the desired (2R,3S,4S)-25 (0.463 g, 78%) in elution order.
Crystallization of (2R,3S,4S)-25 from CHCl3 gave a color-
less crystal. (2R,3S,4S)-25: mp 81–82 8C, [a]D

24ZK72.2
(cZ0.41, MeOH) corresponding to O99% ee by means of
HPLC analysis): IR (KBr): 3298, 1756 cmK1; 1H NMR: d
2.82 (1H, dd, JZ8, 15 Hz), 3.13 (1H, dd, JZ3, 15 Hz), 3.74
(3H, s), 3.88 (1H, t, JZ9 Hz), 4.25 (1H, dt, JZ3, 8 Hz),
4.30 (1H, d, JZ9 Hz), 6.84 (2H, d, JZ9 Hz), 7.17 (2H, d,
JZ9 Hz). Anal. Calcd for C12H14O5: C, 60.50; H, 5.92.
Found: C, 50.90; H, 5.90. MS (FAB) m/z: 239 (MCC1).
(2S,3R,4S)-25: [a]D

22ZK86.0 (cZ0.11, MeOH) corre-
sponding to 93% ee by means of HPLC analysis): IR
(KBr): 3429, 1758 cmK1; 1H NMR: d 2.90 (1H, dd, JZ8,
15 Hz), 3.08 (1H, dd, JZ5, 15 Hz), 3.76 (3H, s), 4.03 (1H,
d, JZ5 Hz), 4.19 (1H, t, JZ5 Hz), 4.72 (1H, dt, JZ5,
8 Hz), 6.84 (2H, d, JZ9 Hz), 7.20 (2H, d, JZ9 Hz). Anal.
Calcd for C12H14O5: C, 60.50; H, 5.92. Found: C, 60.37; H,
5.91. MS (FAB) m/z: 239 (MCC1). (2) To a solution of
(2R,3S,4S)-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 (CH3OCH2Cl; 0.68 g,
8.45 mmol) at 0 8C and the whole mixture was stirred for
24 h at room temperature. The reaction mixture was diluted
with brine and ether at 0 8C, the organic layer was dried over
MgSO4. Evaporation of the organic solvent gave a residue,
which was chromatographed on silica gel (10 g, n-hexane/
AcOEtZ8:1) to afford (2R,3S,4S)-26 (0.107 g, 78%) as a
colorless oil. (2R,3S,4S)-26: [a]D

24ZK18.7 (cZ0.49,
CHCl3) corresponding to O99% ee by means of HPLC
analysis): IR (neat): 1790 cmK1; 1H NMR: d 2.94 (1H, dd,
JZ7, 14 Hz), 3.15 (1H, dd, JZ4, 14 Hz), 3.40 (3H, s), 3.44
(3H, s), 3.79 (3H, s), 4.07 (1H, t, JZ7 Hz), 4.42 (1H, dt, JZ
4, 7 Hz), 4.47 (1H, d, JZ7 Hz), 4.65 (1H, d, JZ7 Hz), 4.73
(1H, d, JZ7 Hz), 4.79 (1H, d, JZ7 Hz), 5.02 (1H, d, JZ
7 Hz), 6.85 (2H, d, JZ8 Hz), 7.18 (2H, d, JZ8 Hz). Anal.
Calcd for C16H22O7: C, 58.89; H, 6.80. Found: C, 58.96; H,
6.97. MS (FAB) m/z: 326 (MC). (3) To a solution of
(2R,3S,4S)-26 (0.076 g, 0.23 mmol) in benzene (5 mL) was
added 1 M diisobutylaluminum hydride (Dibal-H) in
toluene solution (1.41 mL, 1.41 mmol) at 0 8C and the
whole mixture was stirred for 1 h at 0 8C. The reaction
mixture was diluted with brine and extracted with ether. The
organic layer was dried over MgSO4 and evaporated to
give a residue, which was chromatographed on silica gel
(10 g, n-hexane/AcOEtZ1:1) to afford (4S)-7 (0.062 g,
81%) as a colorless oil. (4S)-7: [a]D

24ZK39.3 (cZ0.51,
MeOH) corresponding to O99% ee by means of HPLC
analysis): IR (neat): 3439 cmK1; 1H NMR: d 2.62 (1H, dd,
JZ10, 14 Hz), 2.92 (1H, d, JZ5 Hz), 3.00 (1H, dd, JZ3,
14 Hz), 3.21 (1H, t, JZ6 Hz), 3.41 (3H, s), 3.46 (3H, s),
3.65 (1H, dd, JZ4, 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, JZ
9 Hz), 7.18 (2H, d, JZ9 Hz). Anal. Calcd for C16H26O7: C,
58.17; H, 7.93. Found: C, 57.75; H, 8.06. MS (FAB) m/z:
369 (MCCK).
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Abstract—Various phenols, methoxy aromatic compounds, 3- and 4-hydroxycoumarins and enols smoothly condense with 2-hydroxy-2,2 0-
biindan-1,1 0,3,3 0-tetrone 1 in an acid medium producing 2-aryl/alkyl-2,2 0-biindan-1,1 0,3,3 0-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 0,4-spiro(1 0,3 0-indanedion)-indeno[3,2-b]chromenes in good yields.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The mechanistic details of the formation of Ruhemann’s
Purple from the reaction of ninhydrin with amino acids is
not fully understood, but it is accepted that the formation of
2,2 0-dihydroxy-2,2 0-biindan-1,1 0,3,3 0-tetrone, popularly
known as hydrindantin, is a critical step in the whole
process.1 Although hydrindantin is structurally similar to
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.004

Scheme 1.
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ninhydrin, the instability of the former in acid medium
prevents the study of its electrophilic chemistry towards
various phenols and enolic substrates.1d,2 On the other hand,
the partially reduced derivative of hydrindantin, viz.,
2-hydroxy-2,2 0-biindan-1,1 0,3,3 0-tetrone 1 (Scheme 1),
which can be easily generated by the acid catalyzed
condensation of ninhydrin with 1,3-indanedione,3 is found
to be quite stable in acid medium and therefore creates an
Tetrahedron 60 (2004) 10197–10205
c addition; Chromenes.
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Table 1. Preparation of 2-aryl 2,2 0-biindan-1,1 0,3,3 0-tetrones and chromenes by condensation of phenols with 1 in acid medium

Entry Substrates Products Reaction time (h) Yields (%)a Mp (8C)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 o-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 5a 24.0 65 256–258
9 Orcinol 5b 24.0 60 268–269
10 1,3,5-Trihydroxybenzene 5c 20.0 61 280–281
11 a-Naphthol 5d 3.5 70 264–265
12 b-Naphthol 5e 3.5 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 9f 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

a Yields refer to pure isolated products.
b Mps are uncorrected.
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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.4 Acid catalysed condensation of
ninhydrin with various phenols, enols and aromatic
substrates has been studied extensively.5–10 In all these
cases the protonation of the hydroxy group of ninhydrin is
  

 
 

 

 
 

     
   

Scheme 2.
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.9 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.



Figure 2. X-ray crystal structure of hemi-ketal 5e.
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2. Results and discussion

In the present study it has been noted that 2-hydroxy-2,2 0-
biindan-1,1 0,3,3 0-tetrone 1 like ninhydrin, condenses with
various phenols (Table 1, entries 1–5), polyhydroxy
benzenes (entries 6–10) as well as a- and b-naphthols
(entries 11 and 12). This is done simply by stirring in a
solution of acetic acid and few drops of conc. H2SO4 at
room temperature for a period varying from 2.5 to 24 h to
produce the adducts 2-aryl-2,2 0-biindan-1,1 0,3,3 0-tetrones 4
in high yield (Scheme 2). In general, 1 is found to be slightly
less reactive than ninhydin in acid medium5 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).9a As a result, 1 needs a
few drops of conc. H2SO4 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 0-biindan-1,1 0,3,3 0-tetrones 4a–e. 1H and 13C
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 a- and b-naphthols the
electrophilic attack of carbocation 2b takes place at the
ortho position with respect to the hydroxy groups. 1H and
13C NMR spectra of these adducts 4h–l show an
unsymmetrical structure formation. This observation indi-
cates that they preferably remain in the intramolecular
hemi-ketal form 5 (Scheme 2). Further X-ray studies of the
adducts 5c and 5e 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).11 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
Figure 1. X-ray crystal structure of hemi-ketal 5c.
report7a that the acid catalyzed condensation with ninhydrin
generally fails if an electron-withdrawing group like –NO2,
–CHO, –CO2Et 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 0,4-spiro(1 0,3 0-
indanedion)-indeno[3,2-b]chromenes12 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 0-
biindan-1,1 0,3,3 0-tetrones 7a–i are formed by the nucleo-
philic attack of phenols 6a–i to the carbocation 2b in the
acetic acid and conc. H2SO4 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 C1 0 or C3 0, 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
1H and 13C NMR studies and confirmed for 9a by two
dimensional 13C–1H 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.
H2SO4 at room temperature to furnish the adduct 2-aryl-
2,2 0-biindan-1,1 0,3,3 0-tetrones 10a–e in high yields



  

 

  
  
  

 

 

Scheme 3.

Figure 3. Diamond-plot of chromene 9b with thermal ellipsoids (50%
probability) and atom numbering scheme.

Table 2. Preparation of 2-aryl/alkyl 2,2 0-biindan-1,1 0,3,3 0-tetrones by condensati

Entry Substrates Products

Scheme 4
22 Anisole 10a
23 1,2-Dimethoxybenzene 10b
24 1,3-Dimethoxybenzene 10c
25 1,4-Dimethoxybenzene 10d
26 1,2,3-Trimethoxybenzene 10e

Scheme 5
27 4-Hydroxycoumarin 11a
28 3-Hydroxycoumarin 11b
29 1,3-Indanedione 11c
30 1,3-Cyclohexadione 11d

a Yields refer to pure isolated products.
b Mps are uncorrected.

Scheme 4.
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(Scheme 4). In the case of anisole, the preferred electro-
philic attack is at the para position with respect to the
methoxy group. 1H and 13C 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
on of methoxy aromatic systems and enols with 1 in acid medium

Reaction time (hr) Yields (%)a Mp (8C)b

3.0 75 239–240
4.0 72 225–226
2.5 75 230–231
4.0 70 217–218
4.5 67 221–222

4.0 68 296–298
4.0 65 259–260
5.0 62 Ref.13

4.5 60 288–290



Figure 4. X-ray crystal structure of 10e.
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4- and 3-Hydroxycoumarins (Table 2, entries 27 and 28)
behave like enolic compounds and react with 1 in AcOH/
H2SO4 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 11c and 11d,
respectively. The biologically active trisindanedione 11c
was also synthesized previously from ninhydrin.13 The
adducts 11a–d display somewhat symmetrical 1H and 13C
NMR spectra for the two 1,3-dioxoindane parts, and thus
prefer to remain in the tetraketo form in contrast to adducts
Scheme 5.

Figure 5. X-ray crystal structure of trisindanedione 11c.
4h–l which stay mainly in the hemi-ketal form 5a–e
(Scheme 2). X-ray study of the adduct 11c derived from 1
and 1,3-indanedione shows a structure with a C2 axis of
symmetry (Fig. 5).11

In summary, efficient routes to 2-aryl/alkyl-2,2 0-biindan-
1,1 0,3,3 0-tetrones and some hemi-ketals of the bicyclo-
[3.3.0]octano system have been derived through facile
condensation of 2-hydroxy-2,2 0-biindan-1,1 0,3,3 0-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 0,4-spiro(1 0, 3 0-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 (1H
NMR) and carbon magnetic resonance spectra (13C 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 0-biindan-1,1 0,3,3 0-
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 CHCl3 as the eluent (yieldw87%).

3.1.1. 2-Hydroxy-2,2 0-biindan-1,1 0,3,3 0-tetrone 1. White
solid, mp 189–191 8C, IR (KBr): (cmK1) 3428, 1704, 1586,
1264; 1H NMR (300.13 MHz, CDCl3) d: 8.02–7.83 (8H, m),
5.46 (1H, s), 3.97 (1H, s); 13C NMR (75.47 MHz, CDCl3) d:
197.3 (2C), 196.2 (2C), 142.2 (2C), 141.2 (2C), 136.6 (d,
2C), 136.3 (d, 2C), 124.3 (d, 2C), 123.6 (d, 2C), 76.3, 53.4
(d). Anal. Calcd for C18H10O5: 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 0-biindan-1,1 0,3,3 0-tetrones (entries 1–30)

A mixture of 2-hydroxy-2,2 0-biindan-1,1 0,3,3 0-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. H2SO4 were then
added (for catechol, resorcinol, orcinol and 1,3,5-trihydroxy-
benzene addition of H2SO4 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 CHCl3/pet-ether.

3.2.1. 2-(4-Hydroxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-tet-
rone, 4a. White solid, mp 272–273 8C, IR (KBr): (cmK1)
3482, 1702, 1588, 1263, 771; 1H NMR (300.13 MHz,
acetone-d6) d: 8.68 (1H, br. s), 7.99–7.85 (8H, m), 7.21 (2H,
d, JZ8.8 Hz), 6.82 (2H, d, JZ8.8 Hz), 4.56 (1H, s); 13C
NMR (75.47 MHz, acetone-d6) d: 199.0 (2C), 197.6 (2C),
158.3, 143.2 (2C), 142.5 (2C), 137.1 (d, 2C), 136.6 (d, 2C),
129.8 (d, 2C), 125.1, 124.5 (d, 2C), 123.6 (d, 2C), 116.5 (d,
2C), 65.1, 56.4 (d). Anal. Calcd for C24H14O5: C, 75.39; H,
3.69. Found: C, 75.45; H, 3.74%.

3.2.2. 2-(3-Methyl-4-hydroxyphenyl)-2,2 0-biindan-
1,1 0,3,3 0-tetrone, 4b. White solid, mp 248–250 8C, IR
(KBr): (cmK1) 3292, 1705, 1592, 1264, 757; 1H NMR
(300.13 MHz, acetone-d6) d: 8.55 (1H, s), 7.98–7.83 (8H,
m), 7.13 (1H, d, JZ2.2 Hz), 6.98 (1H, dd, JZ8.6, 2.2 Hz),
6.77 (1H, d, JZ8.6 Hz), 4.55 (1H, s), 2.08 (3H, s); 13C
NMR (75.47 MHz, acetone-d6) d: 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,
2C), 115.9 (d), 64.2, 56.5 (d), 16.4 (q). Anal. Calcd for
C25H16O5: C, 75.75; H, 4.07. Found: C, 75.81; H, 4.14%.

3.2.3. 2-(3-Methoxy-4-hydroxyphenyl)-2,2 0-biindan-
1,1 0,3,3 0-tetrone, 4c. White solid, mp 243–245 8C, IR
(KBr): (cmK1) 3528, 1709, 1515, 1263; 1H NMR
(300.13 MHz, CDCl3) d: 7.99–7.96 (2H, m), 7.90–7.87
(2H, m), 7.85–7.79 (4H, m), 7.03 (1H, d, JZ1.7 Hz), 6.88–
6.81 (2H, m), 5.66 (1H, s), 4.21 (1H, s), 3.89 (3H, s). Anal.
Calcd for C25H16O6: C, 72.81; H, 3.91. Found: C, 72.90; H,
3.85%.

3.2.4. 2-(3-Chloro-4-hydroxyphenyl)-2,2 0-biindan-
1,1 0,3,3 0-tetrone, 4d. White solid, mp 236–237 8C, IR
(KBr): (cmK1) 3221, 1704, 1589, 1266, 761; 1H NMR
(300.13 MHz, CDCl3) d: 8.00–7.96 (2H, m), 7.90–7.79 (6H,
m), 7.42 (1H, d, JZ2.3 Hz), 7.27 (1H, dd, JZ8.7, 2.3 Hz),
6.99 (1H, d, JZ8.7 Hz), 5.69 (1H, s), 4.18 (1H, s). Anal.
Calcd for C24H13O5Cl: 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 0-
biindan-1,1 0,3,3 0-tetrone, 4e. Light yellow solid, mp 228–
230 8C, IR (KBr): (cmK1) 3310, 1703, 1590, 1259, 758; 1H
NMR (300.13 MHz, CDCl3) d: 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,
JZ11.1 Hz); 13C NMR (75.47 MHz, CDCl3) d: 198.5 (2C),
197.0 (2C), 152.3, 142.3 (4C), 137.2, 135.6 (d, 2C), 135.4
(d, 2C), 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 C28H22O5: C, 76.70; H, 5.06. Found: C, 76.78; H, 5.13%.

3.2.6. 2-(2,4-Dihydroxy-3-acetylphenyl)-2,2 0-biindan-
1,1 0,3,3 0-tetrone, 4f. White solid, mp 320–322 8C, IR
(KBr): (cmK1) 3283, 1713, 1638, 1274, 1219; 1H NMR
(300.13 MHz, acetone-d6) d: 7.99–7.66 (8H, m), 7.58 (1H,
d, JZ8.4 Hz), 6.57 (1H, d, JZ8.4 Hz), 4.52 (1H, s), 2.59
(3H, s);13C NMR (125 MHz, acetone-d6): 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 C26H16O7: C, 70.91; H, 3.66. Found: C, 70.85; H,
3.73%.

3.2.7. 2-(3,4-Dihydroxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 4g. Light greenish solid, mp 264–265 8C, IR
(KBr): (cmK1) 3429, 1702, 1589, 1264, 1194, 769; 1H NMR
(500 MHz, acetone-d6) d: 7.99–7.86 (8H, m), 6.92 (1H, d,
JZ2.1 Hz), 6.76 (1H, d, JZ8.3 Hz), 6.67 (1H, dd, JZ8.3,
2.1 Hz), 4.49 (1H, s). Anal. Calcd for C24H14O6: C, 72.36;
H, 3.54. Found: C, 72.43; H, 3.61%.

3.2.8. 2-(2,4-Dihydroxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 4h (remains as hemiketal 5a). White solid, mp
256–258 8C, IR (KBr): (cmK1) 3293, 1709, 1603, 1267,
1136, 767; 1H NMR (500 MHz, acetone-d6) d:8.40 (1H, s),
7.87–7.76 (7H, m), 7.64–7.61 (1H, m), 7.41 (1H, s), 7.27
(1H, d, JZ8.3 Hz), 6.50 (1H, dd, JZ8.3, 2.1 Hz), 6.21 (1H,
d, JZ2.1 Hz), 4.40 (1H, s); 13C NMR (125 MHz, acetone-
d6) d: 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 C24H14O6: C, 72.36; H, 3.54. Found: C,
72. 45; H, 3.64%.

3.2.9. 2-(2,4-Dihydroxy-6-methylphenyl)-2,2 0-biindan-
1,1 0,3,3 0-tetrone, 4i (remains as hemiketal 5b). White
solid, mp 268–269 8C, IR (KBr): (cmK1) 3429, 1704, 1587,
1265, 1214; 1H NMR (500 MHz, acetone-d6) d: 8.27 (1H,
s), 7.85–7.74 (7H, m), 7.64–7.62 (1H, m), 7.33 (1H, s), 6.30
(1H, d, JZ1.5 Hz), 6.03 (1H, d, JZ1.9 Hz), 4.67 (1H, s),
2.58 (3H, s). Anal. Calcd for C25H16O6: C, 72.81; H, 3.91.
Found: C, 72.93; H, 4.01%.

3.2.10. 2-(2,4,6-Trihydroxyphenyl)-2,2 0-biindan-1,1 0,
3,3 0-tetrone, 4j (remains as hemiketal 5c). White solid,
mp 280–281 8C, IR (KBr): (cmK1) 3445, 3325, 1710, 1620,
1465, 1269, 1132; 1H NMR (300.13 MHz, acetone-d6) d:
8.39 (1H, s), 8.05 (1H, s), 7.89–7.80 (8H, m), 7.47 (1H, s),
6.01 (1H, d, JZ1.8 Hz), 5.78 (1H, d, JZ1.8 Hz), 4.67 (1H,
s). Anal. Calcd for C24H14O7: C, 69.56; H, 3.41. Found: C,
69.62; H, 3.50%.

3.2.11. 2-(1-Hydroxynaphthyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 4k (remains as hemiketal 5d). Light yellow
solid, mp 264–265 8C, IR (KBr): (cmK1) 3401, 1704, 1590,
1256, 774; 1H NMR (300.13 MHz, DMSO-d6) d: 8.85 (1H,
d, JZ6.3 Hz), 8.51 (1H, d, JZ8.1 Hz), 8.22 (1H, d, JZ
8.1 Hz), 8.15–7.79 (4H, m), 7.56–7.30 (4H, m), 6.94 (1H,
dd, JZ7.9, 1.5 Hz), 6.84 (1H, d, JZ7.8 Hz), 6.73–6.69 (1H,
m), 5.55 (1H, s); 13C NMR (75.47 MHz, DMSO-d6) 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 C28H16O5: C, 77.77;
H, 3.73. Found: C, 77.83; H, 3.65%.

3.2.12. 2-(2-Hydroxynaphthyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 4l (remains as hemiketal 5e). White solid, mp
255–256 8C, IR (KBr): (cmK1) 3263, 1704, 1593, 1270,
722; 1H NMR (300.13 MHz, DMSO-d6) d: 8.82 (1H, br. s),
8.47 (1H, d, JZ8.5 Hz), 7.89–7.70 (6H, m), 7.61–7.50 (4H,
m), 7.34 (1H, t, JZ7.8 Hz), 7.05 (1H, d, JZ8.8 Hz), 5.10
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(1H, s). Anal. Calcd for C28H16O5: C, 77.77; H, 3.73.
Found: C, 77.85; H, 3.64%.

3.2.13. 6-Methyl-2 0,4-spiro(1 0, 3 0-indanedion)-indeno-
[3,2-b]chromene, 9a. Yellow solid, mp 285–286 8C, IR
(KBr): (cmK1) 1711, 1649, 1396, 1252; 1H NMR
(300.13 MHz, CDCl3) d: 8.16–8.13 (2H, m), 8.00–7.96
(2H, m), 7.41–7.25 (5H, m), 7.12 (1H, dd, JZ8.4, 1.6 Hz),
6.40 (1H, d, JZ1.6 Hz), 2.14 (3H, s); 13C NMR
(75.47 MHz, CDCl3) d: 198.3 (2C), 190.5, 171.3, 149.1,
143.2 (2C), 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
C25H14O4: C, 79.36; H, 3.73. Found: C, 79.30; H, 3.69%.

3.2.14. 7-Methyl-2 0,4-spiro(1 0, 3 0-indanedion)-indeno-
[3,2-b]chromene, 9b. Yellow solid, mp 254–255 8C, IR
(KBr): (cmK1) 3438, 1709, 1650, 1389, 1243; 1H NMR
(300.13 MHz, acetone-d6) d: 8.16–8.15 (4H, m), 7.61–7.33
(5H, m), 6.99 (1H, d, JZ7.9 Hz), 6.66 (1H, d, JZ7.9 Hz).
2.36 (3H, s); 13C NMR (125 MHz, CDCl3) d: 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 C25H14O4: C, 79.36; H 3.73.
Found: C, 79.42; H, 3.81%.

3.2.15. 6-Methoxy-2 0,4-spiro(1 0, 3 0-indanedion)-indeno-
[3,2-b]chromene, 9c. Yellow solid, mp 298–299 8C, IR
(KBr): (cmK1) 3438, 1707, 1645, 1394, 1197; 1H NMR
(300.13 MHz, CDCl3) d: 8.16–8.13 (2H, m), 7.99–7.97 (2H,
m), 7.40–7.26 (5H, m), 6.87 (1H, dd, JZ9.0, 2.9 Hz), 6.12
(1H, d, JZ2.9 Hz), 3.63 (3H, s); 13C NMR (125 MHz,
CDCl3) d: 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 C25H14O5:
C, 76.14; H, 3.58. Found: C, 76.25; H, 3.68%.

3.2.16. 6-Chloro-2 0,4-spiro(1 0, 3 0-indanedion)-indeno-
[3,2-b]chromene, 9d. Yellow solid, mp 276–278 8C, IR
(KBr): (cmK1) 1710, 1651, 1394, 1247; 1H NMR
(300.13 MHz, CDCl3) d: 8.10–8.07 (2H, m), 7.95–7.91
(2H, m), 7.38–7.24 (6H, m), 6.53 (1H, d, JZ1.4 Hz). Anal.
Calcd for C24H11O4Cl: 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 0,4-spiro(1 0, 3 0-indanedion)-indeno-
[3,2-b]chromene, 9e. Yellow solid, mp 304–306 8C, IR
(KBr): (cmK1) 3430, 1708, 1654, 1392, 1256; 1H NMR
(300.13 MHz, CDCl3) d: 8.18–8.15 (2H, m), 8.03–7.99 (2H,
m), 7.45–7.36 (5H, m), 7.27 (1H, apparent d, JZ8.1 Hz),
6.74 (1H, d, JZ2.2 Hz); 13C NMR (125 MHz, CDCl3) d:
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-20,4-spiro(10, 3 0-indanedion)-indeno[3,2-b]-
chromene, 9f. Yellow solid, mp 330–332 8C, IR (KBr):
(cmK1) 3436, 1710, 1651, 1383, 1251; 1H NMR
(300.13 MHz, CDCl3) d: 8.16–8.13 (2H, m), 8.02–7.98
(2H, m), 7.77 (1H, d, JZ1.7 Hz), 7.47–7.33 (5H, m), 6.37
(1H, d, JZ8.2 Hz); 13C NMR (125 MHz, CDCl3) d: 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 0,4-spiro(1 0, 3 0-indanedion)-
indeno[3,2-b]chromene, 9g. Yellow solid, mp 321–322 8C,
IR (KBr): (cmK1) 3438, 1707, 1647, 1377, 1245; 1H NMR
(300 MHz, CDCl3) d: 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); 13C NMR (125 MHz, CDCl3) d: 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 C25H13O4Cl: 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 0,4-spiro(1 0, 3 0-indanedion)-
indeno[3,2-b]chromene, 9h. Yellow solid, mp 225–
226 8C, IR (KBr): (cmK1) 3437, 1712, 1652, 1392, 1258;
1H NMR (500 MHz, CDCl3) d: 8.17–8.15 (2H, m), 8.03
(1H, d, JZ1.8 Hz), 8.01–7.99 (2H, m), 7.93 (1H, dd, JZ
8.6, 1.8 Hz), 7.44–7.34 (4H, m), 6.81 (1H, d, JZ8.6 Hz),
4.26 (2H, q, JZ7.1 Hz), 1.28 (3H, t, JZ7.1 Hz); 13C NMR
(125 MHz, CDCl3) d: 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 C27H16O6: C, 74.31; H, 3.70. Found:
C, 74.40; H, 3.81%.

3.2.21. 6-Carbomethoxy-2 0,4-spiro(1 0, 3 0-indanedion)-
indeno[3,2-b]chromene, 9i. Yellow solid, mp 258–
259 8C, IR (KBr): (cmK1) 3410, 1711, 1390, 1255; 1H
NMR (300.13 MHz, CDCl3) d: 8.18–8.15 (2H, m), 8.04
(1H, d, JZ1.8 Hz), 8.03–7.99 (2H, m), 7.47–7.34 (6H, m),
3.80 (3H, s); 13C NMR (125 MHz, CDCl3) d: 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, 106.3, 54.7, 52.7. Anal. Calcd for C26H14O6: C,
73.93; H, 3.34. Found: C, 74.01; H, 3.41%.

3.2.22. 2-(4-Methoxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 10a. Light yellow solid, mp 239–240 8C, IR
(KBr): (cmK1) 1705, 1594, 1511, 1264, 762; 1H NMR
(300.13 MHz, CDCl3) d: 7.95–7.80 (8H, m), 7.35 (2H, d,
JZ8.2 Hz), 6.88 (2H, d, JZ8.2 Hz), 4.23 (1H, s), 3.77 (3H,
s); 13C NMR (75.47 MHz, CDCl3) d: 197.9 (2C), 196.5
(2C), 159.8, 142.2 (2C), 141.6 (2C), 135.8 (d, 2C), 135.5 (d,
2C), 128.9 (d, 2C), 124.7, 123.9 (d, 2C), 123.2 (d, 2C), 114.4
(d, 2C), 63.1, 55.9 (q), 55.2 (d). Anal. Calcd for C25H16O5:
C, 75.75; H, 4.07. Found: C, 75.82; H, 4.13%.

3.2.23. 2-(3,4-Dimethoxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 10b. Light yellow solid, mp 225–226 8C, IR
(KBr): (cmK1) 1703, 1591, 1513, 1255, 764; 1H NMR
(300.13 MHz, CDCl3) d: 7.98–7.78 (8H, m), 7.05 (1H, d,
JZ2.1 Hz), 6.89 (1H, dd, JZ8.5, 2.1 Hz), 6.80 (1H, d, JZ
8.5 Hz), 4.23 (1H, s), 3.87 (3H, s), 3.76 (3H, s); 13C NMR
(75.47 MHz, CDCl3) d: 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
C26H18O6: C, 73.23; H, 4.25. Found: C, 73.31; H, 4.33%.

3.2.24. 2-(2,4-Dimethoxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 10c. Light yellow solid, mp 230–231 8C, IR
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(KBr): (cmK1) 1710, 1592, 1264, 791; 1H NMR
(300.13 MHz, CDCl3) d: 7.94–7.75 (8H, m), 7.29 (1H, d,
JZ8.7 Hz), 6.54 (1H, dd, JZ8.7, 2.2 Hz), 6.39 (1H, d, JZ
2.2 Hz), 4.67 (1H, s), 3.76 (3H, s), 3.52 (3H, s); 13C NMR
(75.47 MHz, CDCl3) d: 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 C26H18O6:
C, 73.23; H, 4.25. Found: C, 73.29; H, 4.31%.

3.2.25. 2-(2,5-Dimethoxyphenyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 10d. White solid, mp 217–218 8C, IR (KBr):
(cmK1) 1707, 1594, 1502, 1266, 1228, 759; 1H NMR
(300.13 MHz, CDCl3) d: 7.96–7.77 (8H, m), 7.02 (1H, d,
JZ2.1 Hz), 6.85–6.78 (2H, m), 4.64 (1H, s), 3.77 (3H, s),
3.48 (3H, s); 13C NMR (75.47 MHz, CDCl3) d: 197.1 (2C),
196.5 (2C), 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 C26H18O6: C, 73.23; H, 4.25. Found: C,
73.34; H, 4.36%.

3.2.26. 2-(2,3,4-Trimethoxyphenyl)-2,2 0-biindan-1,1 0,
3,3 0-tetrone, 10e. White solid, mp 221–222 8C, IR (KBr):
(cmK1) 1708, 1594, 1267, 784; 1H NMR (300.13 MHz,
CDCl3) d: 7.94–7.76 (8H, m), 7.25 (1H, d, JZ9.0 Hz), 6.75
(1H, d, JZ9.0 Hz), 4.48 (1H, s),3.84 (3H, s), 3.73 (3H, s),
3.51 (3H, s); 13C NMR (75.47 MHz, CDCl3) d: 197.1 (2C),
196.6 (2C), 153.9 (2C), 151.6, 142.3 (2C), 142.2 (2C), 135.4
(d, 2C), 135.1 (d, 2C), 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 C27H20O7: C, 71.05; H, 4.42. Found: C,
71.13; H, 4.51%.

3.2.27. 2-[3-(4-Hydroxy coumarin)]-2,2 0-biindan-1,1 0,
3,3 0-tetrone, 11a. White solid, mp 296–298 8C, IR (KBr):
(cmK1) 3190, 1739, 1696, 1273, 757; 1H NMR
(300.13 MHz, DMSO-d6) d: 7.91–7.80 (8H, m), 7.61 (1H,
t, JZ8.5 Hz), 7.52 (1H, d, JZ7.7 Hz), 7.41 (1H, d, JZ
8.4 Hz), 7.27 (1H, t, JZ7.5 Hz), 5.32 (1H, s); 13C NMR
(75.47 MHz, DMSO-d6) d: 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 C27H14O7: C, 72.00;
H, 3.13. Found: C, 72.08; H, 3.21%.

3.2.28. 2-[4-(3-Hydroxy coumarin)]-2,2 0-biindan-1,1 0,
3,3 0-tetrone, 11b. White solid, mp 259–260 8C, IR (KBr):
(cmK1) 3289, 1713, 1274, 758; 1H NMR (300.13 MHz,
DMSO-d6) d: 9.43 (1H, s), 8.18 (1H, d, JZ7.6 Hz), 7.90–
7.76 (8H, m), 7.69–7.67 (1H, m), 7.49–7.36 (2H, m), 5.16
(1H, s); 13C NMR (75.47 MHz, DMSO-d6) d: 196.6 (2C),
196.5 (2C), 153.1, 150.9, 148.9, 141.7 (2C), 141.0 (2C),
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 C27H14O7: C, 72.00; H, 3.13.
Found: C, 72.10; H, 3.19%.

3.2.29. 2-(2,6-Dioxocyclohexanyl)-2,2 0-biindan-1,1 0,3,3 0-
tetrone, 11d. White solid, mp 288–290 8C, IR (KBr):
(cmK1) 3430, 1709, 1588, 1266; 1H NMR (300.13 MHz,
DMSO-d6) d: 9.00 (1H, s), 7.90–7.60 (8H, m), 4.65 (1H, s),
2.47–2.33 (6H, m). Anal. Calcd for C24H16O6: C, 71.99; H,
4.03. Found: C, 72.12; H, 4.12%.

3.3. X-ray structure analyses.11

3.3.1. Compound 5c. Formula C24H14O7$H2O, MZ432.37,
colourless crystal 0.35!0.30!0.30 mm3, aZ15.516(1) Å,
bZ8.764(1) Å, cZ15.268(1) Å, bZ104.49(1)8, VZ
2010.1(3) Å3, rcalcZ1.429 g cmK3, mZ1.09 cmK1, empiri-
cal absorption correction (0.963%T%0.968), ZZ4, mono-
clinic, space group P21/c (No. 14), lZ0.71073 Å, TZ
198 K, u and f scans, 11435 reflections collected (Gh, G
k, Gl), [(sin q)/l]Z0.66 ÅK1, 4745 independent (RintZ
0.036) and 3691 observed reflections [IR2s(I)], 298 refined
parameters, RZ0.043, wR2Z0.102, max. residual electron
density 0.33 (K0.28) e ÅK3, hydrogens at water molecule
from difference fourier calculations, other calculated and all
refined as riding atoms.

3.3.2. Compound 5e. Formula C28H16O5$C3H6O, MZ
490.49, colourless crystal 0.15!0.10!0.05 mm3, aZ
8.525(1) Å, bZ17.239(1) Å, cZ16.290(1) Å, bZ
93.92(1)8, VZ2388.4(3) Å3, rcalcZ1.364 g cmK3, mZ
0.95 cmK1, empirical absorption correction (0.986%T%
0.995), ZZ4, monoclinic, space group P21/n (No. 14), lZ
0.71073 Å, TZ198 K, u and f scans, 15689 reflections
collected (Gh, Gk, Gl), [(sin q)/l]Z0.66 ÅK1, 5689
independent (RintZ0.059) and 3234 observed reflections
[IR2s(I)], 337 refined parameters, RZ0.057, wR2Z0.112,
max. residual electron density 0.21 (K0.24) e ÅK3, hydro-
gens calculated and refined as riding atoms.

3.3.3. Compound 9b. Formula C25H14O4, MZ378.36,
yellow crystal 0.20!0.10!0.06 mm3, aZ7.267(1) Å, bZ
9.641(1) Å, cZ14.351(1) Å, aZ103.85(1)8, bZ101.49(1)8,
gZ103.89(1)8, VZ911.86(2) Å3, rcalcZ1.378 g cmK3, mZ
0.93 cmK1, empirical absorption correction (0.982%T%
0.994), ZZ2, triclinic, space group P1bar (No. 2), lZ
0.71073 Å, TZ198 K, u and f scans, 7847 reflections
collected (Gh, Gk, Gl), [(sin q)/l]Z0.62 ÅK1, 3692
independent (RintZ0.050) and 2306 observed reflections
[IR2s(I)], 263 refined parameters, RZ0.052, wR2Z0.108,
max. residual electron density 0.23 (K0.22) e ÅK3, hydro-
gens calculated and refined as riding atoms.

3.3.4. Compound 10e. Formula C27H20O7, MZ456.43,
colourless crystal 0.30!0.30!0.15 mm3, aZ7.689(1) Å,
bZ22.698(1) Å, cZ12.166(1) Å, bZ95.31(1)8, VZ
2114.2(3) Å3, rcalcZ1.434 g cmK3, mZ1.04 cmK1, no
absorption correction (0.969%T%0.985), ZZ4, mono-
clinic, space group P21/c (No. 14), lZ0.71073 Å, TZ
198 K, u and f scans, 8798 reflections collected (Gh, Gk,
Gl), [(sin q)/l]Z0.66 ÅK1, 5003 independent (RintZ
0.026) and 3888 observed reflections [IR2s(I)], 310 refined
parameters, RZ0.043, wR2Z0.108, max. residual electron
density 0.29 (K0.24) e ÅK3, hydrogens calculated and
refined as riding atoms.

3.3.5. Compound 11c. Formula C27H14O6, MZ434.38,
orange crystal 0.25!0.20!0.20 mm3, aZ12.511(1) Å,
bZ10.591(1) Å, cZ15.533(1) Å, bZ95.39(1)8, VZ
2049.1(3) Å3, rcalcZ1.408 g cmK3, mZ1.0 cmK1, empiri-
cal absorption correction (0.975%T%0.980), ZZ4,
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monoclinic, space group C2/c (No. 15), lZ0.71073 Å, TZ
198 K, u and f scans, 6663 reflections collected (Gh, Gk,
Gl), [(sin q)/l]Z0.66 ÅK1, 2435 independent (RintZ
0.031) and 2085 observed reflections [IR2s(I)], 150 refined
parameters, RZ0.039, wR2Z0.094, max. residual electron
density 0.23 (K0.16) e ÅK3, 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.
q 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.1 Purealin,2–4 Lipopurealin A–E,5–6

Purealidin A–S,6–11 Psammaplysin A–B,12 Purpuramine
A–J,11,13 Aplysamines 2-5,14 Macrocyclic peptides Basta-
dins15 etc. have been previously reported from the sponge
Psammaplysilla sp. In our earlier communication we
reported the isolation of known compounds 16-Debromoa-
plysamine-49,16 and Purpuramine I.13,16 The present paper
deals with the isolation, structures and in vitro bioactivity of
bromotyrosine metabolites Purpurealidin A–D and F–H
along with Purealidin Q10 and Purpurealidin E.17
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 L!3) and
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.009
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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 1H and 13C 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 C23H27N3O4Br4. 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. d 4.05) of H-1 in CD3OD.18 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.
Tetrahedron 60 (2004) 10207–10215



Figure 1. Structures of compounds 1–11 from the sponge Psammaplysilla purpurea.
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Table 1. 1H, 13C NMR of Purealidin Q (1) and Purpurealidin A (2), in CD3OD

Carbon Nos. 1 2

13C NMR 1H NMR 13C NMR 1H NMR

1 130.9, d 6.29 (1H, s) 130.9, d 6.29 (1H, s)
2 121.4, s 121.4, s
3 147.5, s 147.5, s
4 113.3, s 113.3, s
5 73.8, d 4.33 (1H, s) 73.8, d 4.33 (1H, s)
6 91.9, s 91.9, s
7 38.8, t 2.98 (1H, d, JZ18.3 Hz) 38.8, t 2.98 (1H, d, JZ18.3 Hz)

3.92 (1H, d, JZ18.6 Hz) 3.92 (1H, d, JZ18.6 Hz)
8 153.9, s 153.9, s
9 159.2, s 159.2, s
10 40.1, t 3.54 (2H, t, JZ12.2, 6.6 Hz) 40.1, t 3.54 (2H, t, JZ12.2, 6.6 Hz)
11 34.2, t 2.77 (2H, t, JZ12.6, 6.8 Hz) 34.2, t 2.77 (2H, t, JZ12.6, 6.8 Hz)
12 137.2, s 137.2, 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
15 151.5, s 151.5, s
18 71.0, t 4.05 (2H, t, JZ12.0, 5.6 Hz) 71.0, t 4.05 (2H, t, JZ12.0, 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, JZ5.6 Hz) 56.0, t 2.92 (2H, t, JZ5.6 Hz)
–OCH3 60.0, q 3.74 (3H,s) 60.0, q 3.74 (3H, s)
–N (CH3)2 44.5, q 2.89 (6H, s) 44.5, q 2.89 (6H, s)
–NH 7.40 (1H, s)
–N–CH3 39.3, t 3.4 (3H, s)

Scheme 1. Fragmentation patterns of Purealidin Q (1).

Scheme 2. Fragmentation patterns of Purpurealidin A (2).
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The monoisotopic peaks at m/z 58, 86 also help in
confirming the side chain to be dimethylpropylamine.

The Purpurealidin B (3) contains a dibromospirocyclohexa-
dienonyldihydroisoxazole moiety of the type found in
Verongida metabolites but differing in having one bromine
atom and dienone ring system.19,20 The mass spectrum of
Purpurealidin B showed a 1.06:3.13:3.06:1.0 quartet for the
pseudomolecular ion peak [MCH]C at m/z 631.8, 633.8,
635.8, 637.8, indicative of the presence of three bromine



Table 2. 1H, 13C NMR and COSY of Purpurealidin B (3), in CDCl3

Carbon Nos. 13C NMR 1H NMR COSY HMBC

1 144.2, d 7.27 (1H, d, JZ2.2 Hz) H5 C2, C3, C5
2 125.8, s
3 177.9, s
4 127.7, d 6.34 (1H, d, JZ9.8 Hz) H5 C2, C6
5 144.2, d 6.87 (1H, dd, JZ2.2, 9.8 Hz) H1, H4 C3
6 84.5, s
7 43.1, t 3.48 (1H, d, JZ18.0 Hz)

3.90 (1H, d, JZ18.0 Hz) C5, C8
8 153.4, s
9 158.4, s
10 40.4, t 3.57 (2H, t, JZ7.0 Hz) H11 C9, C11, C12, C13, 17
11 34.1, t 2.81 (2H, t, JZ7.2 Hz) H10 C10
12 137.3, s
13,17 132.9, d 7.34 (2H, s) C11, C13,17, C15, C14,16
14,16 117.9, s
15 150.8, s
18 69.5, t 4.04 (2H, t, JZ5.6 Hz) H19 C19, C20
19 25.2, t 2.38 (2H, m) H20, H18 C18, C20
20 55.7, t 3.42 (2H, t, JZ5.6 Hz) H19 C18, C19
–NH 7.4 C8
–N (CH3)2 43.1, q 2.89(6H, s)
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atoms in the molecule, which is appropriate for the
molecular formula C22H24N3O4Br3. The 13C 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 dH 7.27 (1H, d, JZ
2.2 Hz), 6.87 (1H, dd, JZ2.2, 9.8 Hz) and 6.34 (1H, d, JZ
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 H1–H5, H4–H5 and
H5–H1–H4 for the 2, 3, 6-trisubstituted aromatic moieties.
The HMBC experiment showed that the proton signal at dH

7.27 is connected to C2, C3, C5 and dH 6.34 to C2, C6, C5
and dH 6.87 to C3. The presence of signal at dC 177.18 in the
13C 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
H10–H11 and also the H18–H19–H20 methylene chain.
The HMBC showed a proton signal at dH 7.34 (2H, s)
Scheme 3. Fragmentation patterns of Purpurealidin B (3).
connected to C11, C13, 17, C15, C14, 16 for the
tetrasubstituted aromatic ring. A 6H singlet at dH 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 dH 5.3, the carbonyl signal at dC

173.6, and methylene signals at dC 27.0–32.7 (dH 1.19)
indicative of the presence of an additional amide carbonyl
group and long straight fatty chain. A doublet at dH 0.80
(6H, JZ6.8 Hz) was assigned to the isopropyl group. The
structure is also confirmed by 1H, 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
m/z 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 dH 0.70 (t) and 13C signal at dC 14.0
suggested for terminal methyl group in 5 (see Table 4). The



Table 3. 1H, 13C NMR, COSY and HMBC of Purpurealidin C (4), in CDCl3

Carbon Nos. 13C NMR 1H NMR COSY HMBC

1 74.0, d 4.28 (1H, s) C3, C2, C5
2 112.7, s
3 148.0, s
4 121.4, s
5 130.0, s 6.24 (1H, s) C4, C3
6 91.5, s
7 38.8, t HaZ2.93 (1H, d, JZ18.6 Hz) Hb C5, C1, C8

HbZ3.88 (1H, d, JZ18.3 Hz) Ha
8 154.9, s
9 159.1, s
10 40.3, t 3.54 (2H, t, JZ13.2, 6.6 Hz) H11 C11
11 34.4, t 2.67 (2H, t, JZ12.6, 7.8 Hz) H10 C10, C12, C13
17
12 138.0, s
13,17 132.9, d 7.34 (2H, s) C11, C13,17, C15, C14,16
14,16 118.2, s
15 151.2, s
18 71.0, t 4.01 (2H, t, JZ12.0, 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)
23–32 27.0–32.

7, t
1.19 (24H, s)

33 29.0, d 1.53 (2H, m) C34,35
34,35 22.6, q 0.80 (6H, d, JZ6.8 Hz) H33
–N-9 7.43 (1H, d)
–N-20 5.30 (1H, s)
–OCH3 60.0, q 3.67 (3H, s) C3
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fragmentation pattern of 4 and 5 (Scheme 4) is different
from the Arapplysillin II isolated from the Psammaplysilla
purpurea21 and agrees well with the structure assigned.

The mass spectrum of Purpurealidin E (6) showed a
pseudomolecular ion peak [MCH]C at m/z 378.9768,
380.9757, 382.97 in the ratio 1.05:2.05:1.0, characteristic
Table 4. 1H, 13C NMR, COSY and HMBC of Purpurealidin D (5), in CDCl3

Carbon Nos. 13C NMR 1H NMR

1 74.0, d 4.28 (1H, s)
2 112.7, s
3 148.0, s
4 121.4, s
5 130.0, s 6.24 (1H, s)
6 91.5, s
7 38.8, t HaZ2.93 (1H, d, JZ18.6

HbZ3.88 (1H, d, JZ18.3
8 154.9, s
9 159.1, s
10 40.3, t 3.54 (2H, t, JZ13.2, 6.6 H
11 34.4, t 2.67 (2H, t, JZ12.6, 7.8 H
12 138.0, s
13,17 132.9, d 7.34(2H, s)
14,16 118.2, s
15 151.2, s
18 71.0, t 4.01 (2H, t, JZ12.0, 6.0 H
19 29.2, t 2.06 (2H, m)
20 37.0, t 3.63 (2H, t)
21 173.6, s
22 34.4, t 2.67 (2H, m)
23–34 27.0–32.

7, t)
1.19 (24H, s)

35 29.0, d 1.53 (2H, m)
36 14.0, q 0.70 (3H, t)
–N-9 7.43 (1H, s)
–N-20 5.40 (1H, s)
–OCH3 60.0, q 3.67 (3H, s)
for the presence of two bromine atoms. Examination of the
1H and 13C 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
m/z 394.9, 396.9, 398.9 and 451.0, 453.0, 455.0 compounds
Purpuealidin F (7) and G (8). The 1H NMR signal at 3.77
(1H, m) and dC 59.6 is accounted for the hydroxy methine at
COSY HMBC

C3, C2, C5

C4, C3

Hz) Hb C5, C1, C8
Hz) Ha

z) H11 C11
z) H10 C10, C12, C13, 17

C11, C13,17, C15, C14,16

z) H19 C15, C19, C20
H18, H20 C18, C20
H19 C18, C19

C35
H35 C34

C3



Scheme 4. Fragmentation patterns of Purpurealidin C (4) and D (5).
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C2 in 7 and 8 (see Table 5). The carbonyl signal at dC 173.0,
methylene signal at dC 29.2 (dH 1.20, s) and methyl signal at
dC 14.0 (dH 0.81, t, JZ7.0 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 [MCH]C 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 13C 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, JZ2.0 Hz), 6.86 (1H, d,
JZ8.4 Hz) and 7.02 (1H, dd, JZ8.4, 2.0 Hz) in the 1H
NMR spectrum indicated the presence of tetra and 1,2,4-
trisubstituted aromatic moieties. The IR absorptions at
3350, 1655, and 1624 cmK1 and 13C NMR signals at 163.8
and 152.3 ppm were indicative of amide and oxime groups.
The exchangeable proton signals at dH 11.40 (2H, br m),
8.70 (1H, br s,) and 7.90 (1H, br s,) in the 1H NMR spectrum
indicated the presence of NH2, 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
Table 5. 1H, 13C NMR and COSY of Purpurealidin E (6), F (7), G (8) in CD3OD

Carbon Nos. 6

13C NMR 1H NMR 13C NMR

1 40.0, t 2.73 (2H, t, JZ13.2, 6.6 Hz) 40.0, t 2.7
2 33.6, t 3.24 (2H, t) 59.6, t 3.7
3 130.3, s 130.3, s
4,8 133.0, t 7.43 (2H,s) 133.0, t 7.4
5,7 117.3, s 117.3, s
6 150.7, s 150.7, s
9 69.8, t 4.05 (2H, t, JZ5.6 Hz) 69.8, t 4.0
10 25.0, t 2.23 (2H, m) 25.0, t 2.2
11 55.8, t 3.44 (2H, t) 55.8, t 3.4

JZ5.6 Hz) JZ
12,13 42.7, q 2.90 (6H, s) 42.7, q 2.9
NH2 7.63 (br, s)
NH 8.1
CO
CH2

CH3
of aplysamine/purpuramine, indicated its molecular formula
to be C21H24Br3N3O4. 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 O35 ppm.1 It also
shows additional singly charged [MCH]C 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.10

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.
7 8

1H NMR 13C NMR 1H NMR

3 (2H, t, JZ13.2, 6.6 Hz) 40.0, t 2.73 (2H, t, JZ13.2, 6.6 Hz)
7 (1H, m) 59.6, t 3.77 (1H, m)

130.3, s
3 (2H, s) 133.0, t 7.43 (2H, s)

117.32, s
150.72, s

5 (2H, t, JZ5.6 Hz) 69.8, t 4.05 (2H, t, JZ5.6 Hz)
3 (2H, m) 25.0, t 2.23 (2H, m)
4 (2H, t) 55.8, t 3.44 (2H, t, JZ5.6 Hz)
5.6 Hz) JZ5.6 Hz)
0 (6H, s) 42.7, q 2.90 (6H, s)

0 (br, s) 8.10 (br, s)
173.0
29.2 1.20 (2H, s)
14.0 0.81 (3H, t, JZ7.0 Hz)



Table 6. Effect of compounds 1, 3, 9 and 11 on growth of microbial strains (MIC in mg/ml)

Compounds E. Coli S. aureus Salmonella typhi Shigella flexineri Vibrio cholarae

Purealidin Q (1) — — O25 — —
Purpurealidin B (3) O12 10 — 100 25
16-Debromo aplysamine 4 (9) 250 200 O50 — 100
Purpuramine I (11) 100 50 — — 100
Streptomycin 10 10 10 10 10

Good activity: 10–25 mg/ml. Moderate activity: 26–100 mg/ml. Weak activity: O100 mg/ml.
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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.
† Real ratios of the pseudomolecular ion peaks.
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
250!10 mm, MeOH/H2O 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 (1H, 13C, 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 L!3) 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 (1.5 g) was further purified by repeated1 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
250!10 mm2, MeOH/H2O 85/15, flow rate 2 mL/min and
UV detection at lmax 254 nm) which afforded 16-Debromo
aplysamine-4, Purpurealidin-H (Rt 18.4 min) (20 mg) and
Purpuramine I (Rt 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) lmax

277 nm (3 1700), 284 nm (3 1400); [a]D
28ZC9.5 (c 0.2,

MeOH); IR (neat) nmax 3418, 2922, 1668, 1537, 1458.1,
1254, 1051, 920, 737 cmK1; 1H and 13C recorded in CD3OD
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],† [MCH]C, found
741.8691 C23H27N3O5Br4 requires 741.8764; [MCHK
Br]C 662.9, 664.9, 666.9, 668.9; [MCHCBrCCH3]C

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) lmax

277 nm (3 1700), 284 nm (3 1400); [a]D
28ZC9.5 (c 0.2,

MeOH); IR (neat) nmax 3418, 2922, 1668, 1537, 1458.1,
1254, 1051, 920, 737 cmK1; 1H and 13C recorded in CD3OD
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],† [MCH]C, found 755.8819
C24H29N3O5Br4 requires 755.8920.
3.3.3. Purpurealidin B (3). White amorphous solid, mp
175.8 8C; UV (MeOH) lmax 283 (1320); IR (KBr pellet)
nmax 3302, 2932, 2689, 1678, 1605, 1541, 1460, 1383, 1259,
910 and 739 cmK1. 1H and 13C recorded in CDCl3 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],† [MCH]C, found 631.8403
C22H24N3O4Br3 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) lmax

282(10,000), 218(2500), [a]D
28ZC158.5 (c 0.2, CHCl3); IR

(KBr pellet) nmax 3319, 2925, 2854, 1660, 1605, 1456, 1257,
739 cmK1, 1H and 13C recorded in CDCl3 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],† [MCH]C,
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found 938.05 C36H51N3O6Br4 requires 938.0591; 615, 617,
619; 379, 381, 383.

3.3.5. Purpurealidin D (5).2 Colorless oil, UV (MeOH)
lmax 282(10,000), 218(2500); IR (KBr pellet) nmax 3319,
2925, 2854, 1660, 1605, 1456, 1257, 739 cmK1, 1H (CDCl3,
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)
[1.06:4.3:6.3:4.0:1.0],† [MCH]C, found 952.07
C37H53N3O6Br4 requires 952.0747; 655, 657, 659, 661,
662; 601, 603, 605; 379, 381, 383.

3.3.6. Purpurealidin E (6). Colourless oil, UV (MeOH)
lmax 282 (3 950), 277 (3 925); IR (neat) nmax 3302, 2933,
1666, 1545, 1458, 1259, 1039, 739 cmK1, 1H and 13C
recorded in CDCl3 see Table 5; HRMS: m/z (relative
heights) 378.9768(37), 380.9757(72), 382.97(35)
[1.05:2.05:1.0],† [MCH]C, found 378.9768
C13H20N2OBr2 requires 378.9943.

3.3.7. Purpurealidin F (7). Colourless oil, UV (MeOH)
lmax 282 (3 950), 277 (3 925); IR (neat) nmax 3302, 2933,
1666, 1545, 1458, 1259, 1039, 739 cmK1, 1H and 13C
recorded in CDCl3 see Table 5; HRMS: m/z (relative
heights) 394.9667(16), 396.9661(32), 398.9618(15)
[1.06:2.1:1.0],† [MCH]C, found 394.9667
C13H20N2O2Br2 requires 394.9970.

3.3.8. Purpurealidin G (8). Colorless oil, UV (MeOH) lmax

282 (3 950), 277 (3 925); IR (neat) nmax 3302, 2933, 1666,
1545, 1458, 1259, 1039, 739 cmK1, 1H and 13C recorded in
CDCl3 see Table 5; HRMS: m/z (relative heights)
451.0220(10), 453.0210(20), 455.0301(10) [1:2:1], [MC
H]C, found 451.0220 C16H24N2O3Br2 requires 452.0232.

3.3.9. 16-Debromo aplysamine-4 (9). Colorless amorphous
solid (MeOH): mp 124–126 8C; UV (MeOH) lmax 218 nm
(3 12675), 280 nm (3 2675); IR (KBr pellet) nmax 3350,
3205, 2958, 1655, 1624, 1541, 1497, 1472, 1421, 1256,
1203, 1049, 993 and 739 cmK1; 1H (CD3OD, 300 MHz) dH

11.40 (2H, br m, –NH2), 8.70 (1H, brs, –NH), 7.90 (1H, brs,
–OH), 7.4 (2H, s, H-1, 5), 7.33 (1H, d, JZ2.0 Hz, H-13),
7.02 (1H, dd, JZ2.0, 8.4 Hz, H-17), 6.86 (1H, d, JZ8.4 Hz,
H-16), 4.06 (2H, t, JZ6.5 Hz, H-18), 3.75 (3H, s, –OCH3),
3.74 (1H, s, H-7), 3.34 (2H, t, JZ7.0 Hz, H-10), 3.15 (2H, t,
JZ6.8 Hz, H-20), 2.65 (2H, s, JZ7.0 Hz, H-11), 2.09 (2H,
m, H-19); 13C NMR(CD3OD, 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],† [MC
H]C, found 619.8797 C21H24N3O4Br3 requires 619.9396.

3.3.10. Purpurealidin H (10). Colorless amorphous solid
(MeOH); UV (MeOH) lmax 218 nm (3 12675), 280 nm
(3 2675); IR (KBr pellet) nmax 3350, 3205, 2958, 1655,
1624, 1541, 1497, 1472, 1421, 1256, 1203, 1049, 993 and
739 cmK1; 1H (CD3OD, 300 MHz) dH 11.40 (2H, br m,
–NH2), 8.70 (1H, brs, –NH), 7.90 (1H, brs, –OH), 7.4 (2H, s,
H-1, 5), 7.33 (1H, d, JZ2.0 Hz, H-13), 7.02 (1H, dd, JZ2.0,
8.4 Hz, H-17), 6.86 (1H, d, JZ8.4 Hz, H-16), 4.06 (2H, t,
JZ6.5 Hz, H-18), 3.75 (3H, s, –OCH3), 3.74 (1H, s, H-7),
3.34 (2H, t, JZ7.0 Hz, H-10), 3.15 (2H, t, JZ6.8 Hz,
H-20), 2.764 (3H, s, –NCH3), 2.65 (2H, s, JZ7.0 Hz, H-11),
2.09 (2H, m, H-19); 13C NMR (CD3OD, 300 MHz) d 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), 27.615
(q, –NCH3); 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],† [MCH]C, found 633.9220
C22H26N3O4Br3 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 8C, 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 8C. Nystatin was used as
a positive control.
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Novel antifungal polyene amides from the myxobacterium
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Abstract—Three new unstable metabolites, (6E,10Z)-2 0-O-methylmyxalamide D (1), 2 0-O-methylmyxalamide D (2) and (6E)-2 0-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.
q 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.1–3 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 X12.4,5

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-13278.6–8 On the
other hand, a further search for additional antifungal agents
from C. fuscus has resulted in the isolation of three new
polyene amides that are structurally related to myxalamide
D (4),5 namely, (6E,10Z)-2 0-O-methylmyxalamide D (1),
2 0-O-methylmyxalamide D (2) and (6E)-2 0-O-methyl-
myxalamide D (3) (Fig. 1). This paper reports the isolation,
Tetrahedron 60 (2004) 10217–10221
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.013

Figure 1. Structures of myxalamide D (4) and its new derivatives 1–3.

Keywords: Myxobacteria; Cystobacter fuscus; Antifungal; Polyene

antibiotics.
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Table 2. 13C NMR chemical shifts for 1–3 in CDCl3 (150 MHz)

Position 1a 2a 3

B. A. Kundim et al. / Tetrahedron 60 (2004) 10217–1022110218
structure elucidation, antifungal activity and absolute
stereochemistry for these new metabolites.
1 168.3 168.3 168.3
2 129.8b 130.5 129.6
3 133.6 133.5 133.7
4 127.7 128.0 127.3b

5 138.1 133.2 138.3
6 132.8 128.4 132.0
7 136.1 132.5 136.0
8 130.0b 122.3 127.2b

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 37.2
13 82.7 82.7 82.8
14 135.6 135.7 135.6
15 123.6 123.4 123.5
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

1 0 45.0 45.0 45.0

2 0 75.6 75.6 75.6

3 0 17.8 17.8 17.8

2 0-OCH3 59.1 59.1 59.1

a Chemical shifts were partially determined by HMQC and HMBC data.
b Interchangeable signals.
2. Results and discussion

Production of the antibiotics was performed as reported
previously for the isolation of the cystothiazoles.6,7 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 cystothiazoles6–8 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 C24H37NO3 for all
three compounds were determined by HRMS measurement.
The resonances at 168.3 ppm in the 13C NMR spectra
indicated the presence of an amide carbonyl carbon in all
compounds, which was confirmed by the characteristic IR
absorption band at 1653 cmK1. 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
1H NMR spectrum of 1 (Table 1) are characteristic of
polyenes like the myxalamides.5,9 The proton–carbon direct
Table 1. 1H NMR spectral data for 1–3 in CDCl3 (600 MHz)

Position 1 2 3

dH (m, J in Hz) dH (m, J in Hz) dH (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,

11.0)
6.48 (dd, 14.5,
11.0)

6.45 (dd, 14.6,
11.3)

5 6.54 (dd, 14.6,
10.6)

6.99 (dd, 14.5,
11.0)

6.53 (dd, 14.6,
10.0)

6 6.39 (dd, 14.5,
10.6)

6.10 (dd, 11.0,
11.0)

6.35 (dd, 15.0,
10.0)

7 6.48 (dd, 14.5,
10.8)

6.16 (dd, 11.3,
11.0)

6.40 (dd, 15.0,
10.0)

8 6.36 (dd, 15.0,
10.8)

6.69 (dd, 15.1,
11.3)

6.26 (dd, 15.0,
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) 5.43 (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 0 4.25 (m) 4.25 (m) 4.25 (m)

2 0 3.43 (dd, 9.5,
4.0)

3.43 (dd, 9.5,
4.0)

3.42 (dd, 9.5,
4.0)

3.39 (dd, 9.5,
4.0)

3.39 (dd, 9.5,
4.0)

3.39 (dd, 9.5,
4.0)

3 0 1.23 (d, 6.8) 1.23 (d, 6.8) 1.22 (d, 6.2)

2 0-OCH3 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)
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 0(H3 0)–H2 0 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
d 3.38 (3H) in the 1H NMR spectrum was easily determined
to be the 2 0-O-methyl group from the HMBC correlation to
C2 0. The geometry of the double bonds at C4, C6, and C8
were determined from the proton coupling constants of
J4,5Z14.6 Hz, J6,7Z14.5 Hz, J8,9Z15.0 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
2E, 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 0, Thus, the
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 0-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 J4,5Z14.5 Hz,
J6,7Z11.0 Hz, J8,9Z15.1 Hz, respectively. The 2E, 10E,
14E geometry of the trisubstituted double bonds was
determined from the NOESY correlations of H4/H20, H9/
H11, H12/H19, and H13/H15. These findings revealed that
the compound 2 was 2 0-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 (6E)-2 0-O-methyl-
myxalamide D. The steric repulsion effect in the 13C
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 (DdK7.8) in 1, C5 (DdK5.1) and C8 (DdK4.9)
in 2.

To determine the absolute stereochemistry of the myxal-
amide D derivatives 1–3, we followed the methodology
described by Jansen et al.9 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
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 0 a mixture of the acetates of 1–3 was treated with ozone
followed by Me2S to obtain keto amide (K)-6 (Scheme 1).
The configuration of (K)-6 was determined by the synthesis
of (S)-6 from phthalimide 710 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]D

23 K138 (c 0.3, CHCl3) [natural: K178 (c
0.03, CHCl3)]. The NMR spectra and other spectral data
including specific rotations of both synthetic and natural 6
were identical, indicating the 1 0S configuration of 1–3. The
stereochemistry of 1–3 is therefore the same as that of the
known myxalamides.
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 mg/disc for all three compounds. The acetates of 1–3 as a
mixture showed antifungal activity at a minimum dose of
5 mg/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 aurantiaca11 and others2

after the original discovery from M. xanthus,4,5 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 0-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.4,12 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 F254 plates (Art. 5715, Merck) or
RP-18 F254 plates (Art. 15389, Merck). Open column
chromatography was performed using silica gel BW-300
(Fuji Silysia) or Cosmosil 75C18-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 dH 7.26 (residual
CHCl3) and dC 77.0 for CDCl3 solutions or dH 3.30 (residual
CHD2OD) and dC 49.0 for CD3OD solutions. The assay
method was the same as the previously reported one for the
cystothiazoles.6,7
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.6,7 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 (: 20!
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 (: 20!250 mm),
TOSOH, 72% aq MeOH, 5 mL/min, detected at 380 nm] to
obtain (6E,10Z)-2 0-O-methylmyxalamide D (1) (0.6 mg,
tRZ101.0 min), 2 0-O-methylmyxalamide D (2) (0.6 mg,
tRZ105.4 min), and (6E)-2 0-O-methylmyxalamide D (3)
(2.4 mg, tRZ114.6 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 0-O-Methylmyxalamide D (1). Pale
yellow oil; [a]D

21 K128 (c 0.03, MeOH); IR (film) nmax

3370 (br), 1653, 1522, 1108, 1000 cmK1; UV (MeOH) lmax

260 (3 6000), 340 (sh), 355 (30,000), 370 (sh) nm; MS
(ESIC) m/z 388 [MCH]C, 410 [MCNa]C. HRMS found
388.2794, calcd for C24H38NO3 [MCH]C 388.2846. For
NMR data refer to Tables 1 and 2.

3.2.2. 2 0-O-Methylmyxalamide D (2). Pale yellow oil;
[a]D

21 K278 (c 0.04, MeOH); IR (film) nmax 3367 (br), 1653,
1522, 1107, 1000 cmK1; UV (MeOH) lmax 260 (3 6000),
340 (sh), 355 (30,000), 370 (sh) nm; MS (ESIC) m/z 388
[MCH]C, 410 [MCNa]C. HRMS found 388.2805, calcd
for C24H38NO3 [MCH]C 388.2846. For NMR data refer to
Tables 1 and 2.

3.2.3. (6E)-2 0-O-Methylmyxalamide D (3). Pale yellow
oil; [a]D

21 K318 (c 0.017, MeOH); IR (film) nmax 3365 (br),
1653, 1522, 1106, 998 cmK1; UV (MeOH) lmax 257 (3
3000), 340 (sh), 356 (30,000), 370 (sh) nm; MS (ESIC) m/z
388 [MCH]C, 410 [MCNa]C. HRMS found 388.2807,
calcd for C24H38NO3 [MCH]C 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 Ac2O
(2 mL) 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%): 1H NMR (400 MHz,
CDCl3) d 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 0),
3.35–3.45 (2H, m, H-2 0), 3.33, 3.37 and 3.38 (total 3H, s
each, 2 0-OCH3), 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, JZ6.8 Hz, H-3 0), 0.87 and 0.88 (total 3H, d
each, JZ6.8 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 K78 8C. A
stream of ozone (8%) in oxygen was passed through this
solution for 1 h. The solution was flushed with oxygen,
treated with Me2S (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]D

23 K178 (c 0.03, CHCl3). 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 H2O2

and subsequent esterification of the resulting carboxylic
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acid with p-bromophenacyl bromide (26 mg, 0.094 mmol)
to give 5 (0.7 mg, 3%): [a]D

23 C108 (c 0.06, CHCl3) (lit.:9

[a]D
20 C118 (c 0.3, CHCl3)). 1H NMR spectrum was

identical to that reported in the literature.9

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 710

(592 mg, 2.9 mmol) in CH3CN (7.5 mL) was added Ag2O
(2 g, 8.7 mmol) and the mixture was heated at reflux
temperature for 5 h in the dark. Ag2O 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]D

23 C208 (c 0.83, CHCl3); 1H
NMR (400 MHz, CDCl3) d 7.81 (2H, m), 7.69 (2H, m), 4.61
(1H, m), 3.97 (1H, t, JZ9.8 Hz), 3.53 (1H, dd, JZ5.4,
9.8 Hz), 3.32 (3H, s), 1.44 (3H, d, JZ7.1 Hz); 13C NMR
(100 MHz, CDCl3) d 168.5, 133.8, 132.1, 123.1, 72.9, 58.7,
46.3, 15.0; UV (MeOH) lmax 219 (3 31,000), 240 (7600, sh),
295 (1600) nm; IR (film) nmax 2984, 2939, 2894, 1775,
1714, 1705, 1468, 1394, 1373, 1337, 1111, 1042, 878, 720,
532 cmK1; HRMS m/z 220.0967 (MCH)C, calcd for
C12H14NO3 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 mL,
0.48 mmol), and the tube was sealed and heated at 75 8C
for 5 h. After cooling to room temperature, Et3N (0.61 mL,
4.4 mmol) was added and stirred for 5 min before cooling to
K10 8C. Then methacryloyl chloride (0.43 mL, 4.4 mmol)
was added dropwise and the mixture was stirred at 0 8C for
5 h. The reaction mixture was diluted with water and
extracted with EtOAc three times. The combined organic
layers were dried (anhyd Na2SO4) 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

23 K108 (c 0.23, CHCl3); 1H NMR
(400 MHz, CDCl3) d 6.02 (NH, br s), 5.65 (1H, s), 5.29
(1H, s), 4.19 (1H, m), 3.39 (1H, dd, JZ4.2, 9.4 Hz), 3.36
(1H, dd, JZ4.1, 9.4 Hz), 3.35 (3H, s), 1.94 (3H, s), 1.19
(3H, d, JZ6.8 Hz); 13C NMR (100 MHz, CDCl3) d 167.8,
140.2, 119.2, 75.4, 59.0, 44.8, 18.6, 17.6; UV (MeOH) lmax

203 (3 8700) and 296 (350, sh) nm; IR (film) nmax 3312,
2981, 2930, 1721, 1678, 1659, 1624, 1530, 1455, 1154,
1111, 1038, 935 cmK1; HRMS m/z 180.0991 (MCNa)C,
calcd for C8H15NO2Na 180.0995.

3.4.3. (S)-N-(2-Methoxy-1-methylethyl)-2-oxopropana-
mide [(S)-6)]. A stream of ozone (8% in O2) was passed
through a solution of 9 (26.3 mg, 0.17 mmol) in MeOH
(1.5 mL) at K78 8C for 1 h. After removal of ozone, the
reaction mixture was concentrated to obtain (S)-6 (6.6 mg,
25%): colorless oil, [a]D

23 K138 (c 0.3, CHCl3); 1H NMR
(400 MHz, CDCl3) d 7.06 (NH, br s), 4.10 (1H, m), 3.37
(2H, dd, JZ1.0, 4.4 Hz), 3.35 (3H, s), 2.46 (3H, s), 1.21
(3H, d, JZ6.8 Hz); 13C NMR (100 MHz, CDCl3) d 197.2,
159.6, 75.1, 59.1, 45.1, 24.4, 17.2; UV (MeOH) lmax 230 (3
1440, sh) nm; IR (film) nmax 3400, 1718, 1684, 1522, 1169,
1110, 669 cmK1; HRMS m/z 182.0778 (MCNa)C, calcd
for C7H13NO3Na 182.0788. It must be noted that product
(S)-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 [3C3] annulation. The method featured regioselective introduction of C-6 substituents in
glutarimides 7. Synthesis of tribenzyl lactam 8 and the formal synthesis of (G)-homopumiliotoxin 223G were also reported.
q 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.1 Numerous syntheses
of these classes of compounds have been reported.2,4

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-d-lactams 6 have been reported as
precursors for the synthesis of 2,6-disubstituted piperidine-
3-ol 5.2c,k,r,u,3 In 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
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.09.001

Figure 1.

Keywords: 3-Piperidinol; [3C3] Annulation; Regioselective reduction.
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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 (G)-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 a-sulfonyl acetamide 9a and ester 10 via
stepwise [3C3] cycloaddition5 in 80% yield. The stereo-
chemistry of 7a was established by X-ray analysis (Fig. 3).6
Tetrahedron 60 (2004) 10223–10231
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Figure 2.

Scheme 1.

Figure 3. X-ray crystallography of 7a.

Scheme 2.

Figure 4. Meaningful NOE and coupling constants for 13.
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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 LiAlH4 afforded hydroxy lactam 11.7 Without
purification, 11 was converted to 5,6-dimethoxy-d-lactam
12 in methanol solution in the presence of BF3–OEt2. (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
Scheme 3.
was established by NMR spectra (Fig. 4). (3) Treatment of
13 with various nucleophiles in the presence of BF3–OEt2
furnished the corresponding N-benzyl-6-substituted-5-
methoxy-d-lactams 14a–14e as shown in Table 1.8 Attempts
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).2a,b

The reaction of propargyl trimethylsilane with dimethoxy d-
lactam 12 in the presence of BF3–OEt2 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 NaBH4 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 NaHCO3 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. d-Lactam
8 was obtained from 18 in 51% yield (Scheme 4). The
spectroscopic data of 8 were identical with those reported in
the literature.2a,b

2.4. Formal synthesis of (G)-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 BF3–OEt2, 19 smoothly reacted
with allylsilane to yield the diallyl adduct 20 as a mixture of
three diastereomers (ca. 33:33:34 as judged by 1H 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



Table 1. Treatment of 13 with various nucleophiles in the presence of BF3–OEt2

Entry Nucleophile Product (yield)a

1 cis 62%
trans 27%

2
71%

3 TMSCN cis 26%
trans 55%

4
cis 41%
trans 43%

5 Et3SiH
96%

a Isolated yields after column chromatography.

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

Figure 5. Meaningful NOE and coupling constants for 15.
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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 NaI and
TMSCl provided mixture 22. Removal of the sulfonyl
function was effected with sodium amalgam to afford
hydroxy lactam 23 as a mixture of two isomers (ca. 30:70 as
judged by 1H NMR). After oxidation of 23 with Jones
reagent, the resulting ketone 24 underwent stereoselectively
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.4a The present work constitutes a formal synthesis
of (G)-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-d-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 (G)-homo-
pumiliotoxin 223G was also reported.



Scheme 5. Formal synthesis of (G)-homopumiliotoxin 223G.
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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 f254 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 CH2Cl2 (3!
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), P2O5

(3.05 g, 21.52 mmol) was added under strong stirring. The
mixture was heated for 6 h at 100 8C, cooled to room
temperature, poured on to saturated aqueous NaHCO3

(15 mL) and extracted with Et2O (3!20 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 [3C3] 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 (15 mL) 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 NH4Cl (1 mL)
in an ice bath, and concentrated under reduced pressure. The
residue was diluted with water (5 mL) and extracted with
EtOAc (3!20 mL). The combined organic layers were
washed with brine, dried, filtered and evaporated. Purifi-
cation on silica gel chromatography (hexane/ethyl acetateZ
4/1–2/1) produced products.

For 7a. Yield 80%; white solid; mp 146.6 8C; IR (CHCl3,
cmK1) 1685; FAB-MS: C20H21NO5S m/z (%)Z91 (100),
137 (36), 154 (35), 388 (MCC1, 12); HRMS (FAB, MCC
1) Calcd for C20H22NO5S 388.1219, found 388.1216; 1H
NMR (500 MHz, CDCl3) d 7.65 (d, JZ8 Hz, 2H), 7.32 (d,
JZ8 Hz, 2H), 7.30–7.23 (m, 5H), 4.95 (d, JZ14.5 Hz, 1H),
4.88 (d, JZ14.5 Hz, 1H), 4.39 (dd, JZ4.5, 8.5 Hz, 1H),
4.31 (t, JZ6.5 Hz, 1H), 3.55 (S, 3H), 2.85 (ddd, JZ4.5, 6.5,
14.5 Hz, 1H), 2.52 (ddd, JZ6, 8.5, 14.5 Hz, 1H), 2.64 (S,
3H); 13C NMR (125 MHz, CDCl3) d 170.34, 164.22,
145.73, 136.00, 134.52, 129.77 (2C), 129.25 (2C), 128.52
(2C), 128.39 (2C), 127.61, 74.11, 64.30, 59.30, 43.74,
24.44, 21.77. Anal. Calcd for C20H21NO5S: 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 7b. Yield 73%; colorless oil; IR (CHCl3, cmK1) 1738,
1687; FAB-MS: C16H19NO5S m/z (%)Z91 (100), 151 (38),
155 (9), 182 (14), 337 (MC, 1); HRMS (FAB, MCC1)
Calcd for C16H20NO5S 337.0978, found 337.0980; 1H NMR
(500 MHz, CDCl3) d 7.78 (d, JZ8.0 Hz, 2H), 7.38 (d, JZ
8.0 Hz, 2H), 5.78–5.70 (m, 1H), 5.18 (dd, JZ1, 17.5 Hz,
1H), 5.14 (dd, JZ1, 10 Hz, 1H), 4.37–4.30 (m, 4H), 3.85 (s,
3H), 2.83 (ddd, JZ4, 7, 15 Hz, 1H), 2.55 (ddd, JZ6, 11.5,
15 Hz, 1H), 2.46 (s, 3H); 13C NMR (125 MHz, CDCl3) d
169.92, 164.00, 145.74, 134.86, 130.95, 129.79 (2C),
129.25 (2C), 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 K10 8C. The
resulting mixture was stirred for 3 h, quenched with
saturated aqueous NH4Cl (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 (3!20 mL). 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 BF3–OEt2 (0.24 mL, 2.0 mmol) at
room temperature. After 15 h, the resulting mixture was
diluted with saturated aqueous NaHCO3, concentrated
under reduce pressure and extracted with CH2Cl2 (3!
20 mL). The combined organic layers were washed with
brine, dried, filtered and evaporated. Purification on silica
gel chromatography (hexane/ethyl acetateZ4/1–2/1) pro-
duced products.
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For 12. Yield 67%; colorless oil; IR (CHCl3, cmK1) 1654;
FAB-MS: C21H25NO5S m/z (%)Z91 (100), 69 (61), 372
(8), 404 (MCC1, 9); HRMS (FAB, MCC1) Calcd for
C21H26NO5S 404.1532, found 404.1529; 1H NMR
(500 MHz, CDCl3) d 7.38 (d, JZ8 Hz, 2H), 7.33 (d, JZ
8 Hz, 2H), 7.27–7.18 (m, 5H), 5.24 (d, JZ15.5 Hz, 1H),
4.34 (dd, JZ1.5, 3 Hz, 1H), 4.22 (dd, JZ7, 11.5 Hz, 1H),
4.06 ((d, JZ15.5 Hz, 1H), 3.69 (dt, JZ4.5, 2.5 Hz, 1H),
3.35 (S, 3H), 3.20 (S, 3H), 2.76 (ddd, JZ2.5, 11.5, 14.5 Hz,
1H), 2.59–2.54 (m, 1H), 2.43 (S, 3H); 13C NMR (125 MHz,
CDCl3) d 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 C21H25NO5S: 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 (CHCl3, cmK1) 1740,
1689; FAB-MS: C17H23NO5S m/z (%)Z166 (100%), 91
(12), 168 (7), 354 (MCC1, 7); HRMS (FAB, MCC1)
Calcd for C17H24NO5S 354.1375, found 354.1374; 1H NMR
(500 MHz, CDCl3) d 7.77 (d, JZ8.5 Hz, 2H), 7.34 (d, JZ
8.5 Hz, 2H), 5.66–5.58 (m, 1H), 5.12 (dd, JZ17, 1.5 Hz,
1H), 5.08 (dd, JZ10, 1 Hz, 1H), 4.39 (dd, JZ15.5, 4 Hz,
1H), 4.37 (d, JZ1.5 Hz, 1H), 4.09 (dd, JZ11.5, 7 Hz, 1H),
3.68–3.66 (m, 1H), 3.51 (dd, JZ15.5, 7 Hz, 1H), 3.33 (s,
3H), 3.32 (s, 3H), 2.62 (ddd, JZ14, 12, 2 Hz, 1H), 2.53–
2.48 (m, 1H), 2.38 (s, 3H); 13C NMR (125 MHz, CDCl3) d
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 C17H23NO5S: 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!10 mL). The combined organic layers were
concentrated to obtain the crude product. The crude product
was purified by silica gel chromatography (hexane/ethyl
acetateZ2/1–1/1) to afford 13 (433 mg, 87%) as colorless
oil; IR (CHCl3, cmK1) 1654; FAB-MS: C14H19NO3 m/z
(%)Z91 (100), 69 (43), 218 (16), 250 (MCC1, 71); HRMS
(FAB, MCC1) Calcd for C14H20NO3 250.1443, found
250.1442; 1H NMR (500 MHz, CDCl3) d 7.32–7.25 (m,
5H), 5.34 (d, JZ15 Hz, 1H), 4.34 (dd, JZ1.5, 2.5 Hz, 1H),
4.06 (d, JZ15 Hz, 1H), 3.52 (dt, JZ4.5, 2.5 Hz, 1H), 3.35
(s, 3H), 3.25 (s, 3H), 2.58 (ddd, JZ7, 12, 18.5 Hz, 1H), 2.41
(ddd, JZ3, 9.5, 17.5 Hz, 1H), 2.14–2.09 (m, 1H), 1.97–1.92
(m, 1H); 13C NMR (125 MHz, CDCl3) d 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 CH2Cl2 (5 mL), BF3–
OEt2 (0.12 mL, 1.0 mmol) was added at 0 8C. The reaction
was allowed to warm to room temperature and was
monitored by TLC. When the reaction was finished,
saturated aqueous NaHCO3 (5 mL) was added and the
water layer was extracted with CH2Cl2 (3!10 mL). The
combined organic layers were washed with brine, dried,
filtered and evaporated. Purification on silica gel (hexane/
ethyl acetateZ2/1–1/1) produced products.

For cis-6-allyl-1-benzyl-5-methoxypiperidin-2-one (cis-
14a). Yield 62%; colorless oil; IR (CHCl3, cmK1) 3071,
1638; FAB-MS: C16H21NO2 m/z (%)Z91 (100), 117 (42),
218 (18), 260 (MCC1, 69); HRMS (FAB, MCC1) Calcd
for C16H22NO2 260.1650, found 260.1653; 1H NMR
(500 MHz, CDCl3) d 7.32–7.21 (m, 5H), 5.87–5.79 (m,
1H), 5.43 (d, JZ15 Hz, 1H), 5.13 (dd, JZ17.5, 3 Hz, 1H),
5.09 (d, JZ10 Hz, 1H), 3.94 (d, JZ15 Hz, 1H), 3.49–3.42
(m, 2H), 3.25 (s, 3H), 2.65 (dt, JZ18, 5.5 Hz, 1H), 2.59–
2.49 (m, 2H), 2.34–2.28 (m, 1H), 1.98–1.93 (m, 2H); 13C
NMR (125 MHz, CDCl3) d 169.67, 137.22, 135.38, 128.59
(2C), 127.83 (2C), 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 (CHCl3, cmK1)
3076, 1638; FAB-MS: C16H21NO2 m/z (%)Z91 (100), 133
(52), 260 (MCC1, 34); HRMS (FAB, MCC1) Calcd for
C16H22NO2 260.1650, found 260.1651; 1H NMR
(500 MHz, CDCl3) d 7.31–7.24 (m, 5H), 5.70–5.63 (m,
1H), 5.44 (d, JZ15.5 Hz, 1H), 5.12–5.08 (m, 2H), 3.94 (d,
JZ15.5 Hz, 1H), 3.44–3.43 (m, 2H), 3.12 (s, 3H), 2.64
(ddd, JZ8, 11, 18 Hz, 1H), 2.54–2.49 (m, 1H), 2.40 (ddd,
JZ3, 6.5, 18 Hz, 1H), 2.19–2.13 (m, 1H), 2.05–1.94 (m,
2H); 13C NMR (125 MHz, CDCl3) d 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, cmK1) 1960, 1648; FAB-MS: C16H19NO2 m/z
(%)Z91 (100), 133 (43), 258 (MCC1, 26); HRMS (FAB,
MCC1) Calcd for C16H20NO2 258.1494, found 258.1497;
1H NMR (500 MHz, CDCl3) d 7.31–7.24 (m, 5H), 5.32 (d,
JZ15 Hz, 1H), 5.03 (dd, JZ6, 13 Hz, 1H), 4.92–4.90 (m,
2H), 4.00–3.98 (m, 1H), 3.79 (d, JZ15 Hz, 1H), 3.43 (dt,
JZ4.5, 2 Hz, 1H), 3.15 (s, 3H), 2.61 (ddd, JZ7.5, 12,
18 Hz, 1H), 2.41 (ddd, JZ2, 6.5, 18 Hz, 1H), 2.17–2.20 (m,
1H), 2.00–1.95 (m, 1H); 13C NMR (125 MHz, CDCl3) d
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 (CHCl3, cmK1) 2391,
1654; FAB-MS: C14H16N2O2 m/z (%)Z154 (100), 91 (70),
137 (72), 245 (MCC1, 65); HRMS (FAB, MCC1) Calcd
for C14H17N2O2 245.1290, found 245.1288; 1H NMR
(500 MHz, CDCl3) d 7.37–7.26 (m, 5H), 5.56 (d, JZ
15 Hz, 1H), 4.31 (dd, JZ1.5, 5 Hz, 1H), 3.91 (d, JZ15 Hz,
1H), 3.57 (dt, JZ11, 4.5 Hz, 1H), 3.38 (s, 3H), 2.77 (ddd,
JZ3.5, 6.5, 18.5 Hz, 1H), 2.52 (ddd, JZ7, 11, 18.5 Hz,
1H), 2.21–2.17 (m, 1H), 2.16–2.07 (m, 1H); 13C NMR
(125 MHz, CDCl3) d 168.17, 135.00, 129.06 (2C), 128.46
(2C), 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 (CHCl3,
cmK1) 2303, 1658; FAB-MS: C14H16N2O2 m/z (%)Z91
(100), 136 (85), 145 (87), 245 (MCC1, 42); HRMS (FAB,
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MCC1) Calcd for C14H17N2O2 245.1290, found 245.1291;
1H NMR (500 MHz, CDCl3) d 7.36–7.26 (m, 5H), 5.67 (d,
JZ15 Hz, 1H), 4.24 (t, JZ2.5 Hz, 1H), 3.86 (d, JZ15 Hz,
1H), 3.80 (dt, JZ4.5, 2.5 Hz, 1H), 3.17 (s, 3H), 2.70 (ddd,
JZ7, 12, 18.5 Hz, 1H), 2.54 (ddd, JZ2.5, 6.5, 18.5 Hz,
1H), 2.30–2.22 (m, 1H), 2.18–2.12 (m, 1H); 13C NMR
(125 MHz, CDCl3) d 168.48, 134.98, 128.91 (2C), 128.25
(2C), 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 (CHCl3, cmK1)
3123, 3045, 1638; FAB-MS: C17H19NO3 m/z (%)Z91
(100), 154 (95), 286 (MCC1, 60); HRMS (FAB, MCC1)
Calcd for C17H20NO3 286.1443, found 286.1443; 1H NMR
(500 MHz, CDCl3) d 7.43 (d, JZ1 Hz, 1H), 7.34–7.18 (m,
5H), 6.39 (dd, JZ2, 3 Hz, 1H), 6.26 (d, JZ3.5 Hz, 1H),
5.46 (d, JZ15.5 Hz, 1H), 4.61 (d, JZ4.5 Hz, 1H), 3.61 (dt,
JZ11, 5 Hz, 1H), 3.51 (d, JZ15.5 Hz, 1H), 3.31 (s, 3H),
2.77 (ddd, JZ3, 7, 18 Hz, 1H), 2.58 (ddd, JZ8, 11, 18 Hz,
1H), 2.05–1.97 (m, 2H); 13C NMR (125 MHz, CDCl3) d
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, cmK1)
3108, 3040, 1641; FAB-MS: C17H19NO3 m/z (%)Z91
(100), 136 (38), 154 (36), 286 (MCC1, 32); HRMS (FAB,
MCC1) Calcd for C17H20NO3 286.1443, found 286.1442;
1H NMR (500 MHz, CDCl3) d 7.38 (d, JZ2 Hz, 1H), 7.32–
7.21 (m, 5H), 6.36 (dd, JZ1.5, 3 Hz, 1H), 6.22 (d, JZ3 Hz,
1H), 5.60 (d, JZ15.5 Hz, 1H), 4.58 (s, 1H), 3.64 (dt, JZ4.5,
2.5 Hz, 1H), 3.58 (d, JZ15.5 Hz, 1H), 3.20 (s, 3H), 2.71
(ddd, JZ7.5, 12.5, 18.5 Hz, 1H), 2.50 (ddd, JZ2.5, 6.5,
18.5 Hz, 1H), 2.06–2.00 (m, 1H), 1.96–1.91 (m, 1H); 13C
NMR (125 MHz, CDCl3) d 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 (CHCl3, cmK1) 1638; FAB-MS:
C13H17NO2 m/z (%)Z91 (59), 220 (MCC1, 100); HRMS
(FAB, MCC1) Calcd for C13H18NO2 220.1338, found
220.1338; 1H NMR (500 MHz, CDCl3) d 7.33–7.24 (m,
5H), 4.61 (d, JZ15 Hz, 1H), 4.56 (d, JZ15 Hz, 1H), 3.59–
3.56 (m, 1H), 3.30 (dd, JZ4, 13 Hz, 1H), 3.25 (s, 3H), 3.23
(ddd, JZ1, 4.5, 13 Hz, 1H), 2.62 (ddd, JZ6.5, 16, 17.5 Hz,
1H), 2.40 (dt, JZ6, 17.5 Hz, 1H), 2.02–1.89 (m, 2H); 13C
NMR (125 MHz, CDCl3) d 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 CH2Cl2 (5 mL), BF3–OEt2
(0.7 mL, 5.6 mmol) was added at 0 8C. The reaction was
allowed to warm to room temperature and monitored by
TLC. When the reaction was finished, saturated aqueous
NaHCO3 (5 mL) was added and the water layer was
extracted with CH2Cl2 (3!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 acetateZ2/1–1/1) to afford
15 (386 mg, 67%) as colorless oil; IR (CHCl3, cmK1) 1963,
1654; EI-MS: C23H25NO4S m/z (%)Z91 (100), 411 (MC,
0.59); HRMS (FAB, MCC1) Calcd for C23H26NO4S
412.1583, found 412.1584; 1H NMR (500 MHz, CDCl3) d
7.85 (d, JZ8.5 Hz, 2H), 7.35 (d, JZ8.5 Hz, 2H), 7.32–7.18
(m, 5H), 5.39 (d, JZ15 Hz, 1H), 5.10 (dd, JZ6.5, 13 Hz,
1H), 5.00–4.91 (m, 2H), 4.28 (dd, JZ7.5, 12 Hz, 1H), 3.99
(m, 1H), 3.77 (d, JZ15 Hz, 1H), 3.58 (dt, JZ4.5, 2.5 Hz,
1H), 3.05 (s, 3H), 2.69 (ddd, JZ2, 12, 14 Hz, 1H), 2.59–
2.54 (m, 1H), 2.43 (s, 3H); 13C NMR (125 MHz, CDCl3) d
208.76, 161.98, 144.52, 136.84, 136.10, 129.37 (2C),
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
CH2Cl2 (5 mL) at K78 8C 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 5 h. The
solution was concentrated under reduce pressure followed
diluted with MeOH (10 mL), NaBH4 (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 (3!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 acetateZ2/1–1/1) to afford 16 (147 mg, 76%) as a
colorless oil; IR (CHCl3, cmK1) 3432, 1660; FAB-MS:
C21H25NO5S m/z (%)Z117 (100), 91 (43), 219 (12), 404
(MCC1, 2); HRMS (FAB, MCC1) Calcd for C21H26NO5S
404.1532, found 404.1532; 1H NMR (500 MHz, CDCl3) d
7.82 (d, JZ8.5 Hz, 2H), 7.35 (d, JZ8.5 Hz, 2H), 7.28–7.21
(m, 5H), 5.11 (d, JZ15.5 Hz, 1H), 4.27 (dd, JZ8, 10.5 Hz,
1H), 4.21 (d, JZ15.5 Hz, 1H), 3.80–3.78 (m, 3H), 3.58–
3.55 (m, 1H), 3.05 (s, 3H), 2.79 (ddd, JZ3, 10.5, 15 Hz,
1H), 2.55–2.49 (m, 1H), 2.44 (s, 3H); 13C NMR (125 MHz,
CDCl3) d 162.65, 144.76, 136.39, 136.35, 129.46 (2C),
129.10 (2C), 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-oxo-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 NaHCO3 (5 mL) at 0 8C
and extracted with EtOAc (3!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 acetateZ2/1–1/1) to afford
17 (298 mg, 85%) as colorless oil; IR (CHCl3, cmK1) 1747,
1654; FAB-MS: C23H27NO6S m/z (%)Z91 (100), 133 (24),
290 (3), 446 (MCC1, 6); HRMS (FAB, MCC1) Calcd for
C23H28NO6S 446.1637, found 446.1637; 1H NMR
(500 MHz, CDCl3) d 7.83 (d, JZ8.5 Hz, 2H), 7.36 (d, JZ
8.5 Hz, 2H), 7.30–7.21 (m, 5H), 5.27 (d, JZ15 Hz, 1H),
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4.28–4.23 (m, 3H), 4.06 (d, JZ15 Hz, 1H), 3.70 (dd, JZ3,
6.5 Hz, 1H), 3.66–3.63 (m, 1H), 3.03 (s, 3H), 2.68 (ddd, JZ
2.5, 10.5, 15 Hz, 1H), 2.62–2.57 (m, 1H), 2.45 (s, 3H), 2.11
(s, 3H); 13C NMR (125 MHz, CDCl3) d 170.43, 162.39,
144.75, 136.45, 136.01, 129.46 (2C), 129.13 (2C), 128.53
(2C), 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 CH2Cl2 (5 mL) at 0 8C 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 NaHCO3 (10 mL) at 0 8C. The resulting
mixture was stirred for 20 min and extracted with CH2Cl2
(3!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
acetateZ1/1–1/2) to afford 18 (188 mg, 72%) as colorless
oil; IR (CHCl3, cmK1) 3401, 1640; FAB-MS: C20H23NO5S
m/z (%)Z91 (100), 136 (74), 390 (MCC1, 30); HRMS
(FAB, MCC1) Calcd for C20H24NO5S 390.1375, found
390.1375; 1H NMR (500 MHz, CDCl3) d 7.82 (d, JZ
8.5 Hz, 2H), 7.36 (d, JZ8.5 Hz, 2H), 7.33–7.22 (m, 5H),
5.10 (d, JZ15 Hz, 1H), 4.41–4.39 (m, 1H), 4.33 (t, JZ9 Hz,
1H), 4.25 (d, JZ15 Hz, 1H), 3.81–3.79 (m, 2H), 3.40 (dd,
JZ4, 9 Hz, 1H), 2.84 (ddd, JZ2.5, 9, 14.5 Hz, 1H), 2.44 (s,
3H), 2.42–2.39 (m, 1H); 13C NMR (125 MHz, CDCl3) d
162.60, 144.91, 136.33, 136.22, 129.53 (2C), 129.23 (2C),
128.82 (2C), 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 (2!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!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 acetateZ2/1–1/1) to afford
8 (72 mg, 51%) as colorless oil; IR (CHCl3, cmK1) 1640;
FAB-MS: C27H29NO3 m/z (%)Z91 (100), 154 (86), 416
(MCC1, 8); HRMS (FAB, MCC1) Calcd for C27H30NO3

416.2226, found 416.2224; 1H NMR (500 MHz, CDCl3) d
7.36–7.19 (m, 15), 5.36 (d, JZ15 Hz, 1H), 4.45 (d, JZ
12 Hz, 1H), 4.41 (d, JZ12 Hz, 1H), 4.38 (d, JZ12 Hz, 1H),
4.30 (d, JZ12 Hz, 1H), 3.97 (d, JZ15 Hz, 1H), 3.86 (dd,
JZ2.5, 6.5 Hz, 1H), 3.68–3.66 (m, 1H), 3.55 (dd, JZ4,
10 Hz, 1H), 3.45 (dd, JZ7, 9.5 Hz, 1H), 2.70 (ddd, JZ8,
10, 18 Hz, 1H), 2.43 (ddd, JZ4, 6.5, 18 Hz, 1H), 2.04–2.00
(m, 2H); 13C NMR (125 MHz, CDCl3) d 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 CH2Cl2
(20 mL), BF3$OEt2 (1.46 mL, 11.6 mmol) was added at
0 8C. The reaction was allowed to warm to room
temperature and monitored by TLC. When the reaction
was finished, saturated aqueous NaHCO3 (5 mL) was added
and the water layer was extracted with CH2Cl2 (3!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; 1H NMR (500 MHz, CDCl3) d 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,
JZ10 Hz, 0.3H), 4.11 (t, JZ10 Hz, 0.3H), 4.06 (tt, JZ5,
8 Hz, 0.3H), 3.97 (dt, JZ9.5, 4 Hz, 0.3H), 3.65 (q, JZ3 Hz,
0.3H), 3.63 (q, JZ4.5 Hz, 0.3H), 3.57–3.34 (comp, 2.3H),
3.41 (s, 1H), 3.38 (s, 3H), 3.30 (s, 1H), 2.74 (dt, JZ15,
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 CH2Cl2 (20 mL) and stirred for 12 h
at room temperature The resulting mixture was concentrated
and purified by silica gel chromatography (hexane/ethyl
acetateZ2/1–1/1) 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 (CHCl3, cmK1) 3045, 1639; FAB-MS: C17H21NO4S
m/z (%)Z154 (100), 136 (87), 219 (30), 336 (MCC1, 28);
HRMS (FAB, MCC1) Calcd for C17H22NO4S 336.1270,
found 336.1271; 1H NMR (500 MHz, CDCl3) d 7.83 (d, JZ
8 Hz, 2H), 7.34 (d, JZ8 Hz, 2H), 5.85–5.81 (m, 1H), 5.66–
5.63 (m, 1H), 4.55 (dd, JZ3.5, 18.5 Hz, 1H), 4.10 (t, JZ
7 Hz, 1H), 4.04 (ddd, JZ3, 5, 8 Hz, 1H), 3.57 (dt, JZ11.5,
4 Hz, 1H), 3.54 (d, br, JZ19 Hz, 1H), 3.46 (s, 3H), 2.64
(ddd, JZ3, 7, 14 Hz, 1H), 2.52 (ddd, JZ6, 9, 15 Hz, 1H),
2.44 (s, 3H), 2.36–2.32 (m, 1H), 2.12 (d, br, JZ17 Hz, 1H);
13C NMR (125 MHz, CDCl3) d 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
(2!5 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
Me3SiCl added dropwise. The mixture was refluxed for
15 h. After cooling to room temperature, few drops of
aqueous 10% NH4Cl were added, follow by CH2Cl2
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(2!10 mL) extraction. The organic layer was sequentially
washed with aqueous 20% Na2S2O3 and brine, dried,
filtered and evaporated. The crude product was purified by
silica gel chromatography (hexane/ethyl acetateZ2/1–1/1)
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 8C; IR
(CHCl3, cmK1) 3447, 1640; FAB-MS: C16H21NO4S m/z
(%)Z136 (100), 77 (93), 154 (88), 324 (MCC1, 23);
HRMS (FAB, MCC1) Calcd for C16H22NO4S 324.1269,
found 324.1270; 1H NMR (500 MHz, CDCl3) d 7.84 (d, JZ
8 Hz, 2H), 7.33 (d, JZ8 Hz, 2H), 4.59 (d, br, JZ13.5 Hz,
1H), 4.32–4.29 (m, 2H), 3.35 (d, JZ11.5 Hz, 1H), 2.59 (dt,
JZ13, 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, JZ13, 3 Hz, 1H), 1.46–1.39
(m, 1H), 1.30 (dtt, JZ13, 4 Hz, 1H); 13C NMR (125 MHz,
CDCl3) d 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 C16H21NO4S: 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 (2!10 mL). The combined organic layers were
concentrated to obtain the crude product. The crude product
was purified by silica gel chromatography (hexane/ethyl
acetateZ1/1–1/2) 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; 1H NMR (500 MHz, CDCl3) d 4.62–4.59
(comp, 1H), 3.95–3.94 (m, 0.7H), 3.65–3.62 (m, 0.3H), 3.22
(ddd, JZ3, 4, 12 Hz, 0.7H), 3.10 (ddd, JZ2.5, 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
CH2Cl2 (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 acetateZ1/1) to afford 24 (89 mg,
68%) as colorless oil; IR (CHCl3, cmK1) 1731, 1638; EI-
MS: C9H13NO2 m/z (%)Z83 (100), 167 (MC, 21); HRMS
(EI, MC) Calcd for C9H13NO2 167.0946, found 167.0943;
1H NMR (500 MHz, CDCl3) d 4.67 (d, br, JZ13 Hz, 1H),
3.69 (dd, JZ12, 3 Hz, 1H), 2.77–2.64 (m, 4H), 2.48 (dt, JZ
12.5, 3 Hz, 1H), 2.15 (d, br, JZ13 Hz, 1H), 1.79 (d, br, JZ
13 Hz, 1H), 1.74–1.72 (m, 1H), 1.58–1.34 (m, 3H); 13C
NMR (125 MHz, CDCl3) d 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
(5 mL) was added MeMgBr (3 M 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 (3!20 mL).
The combined organic layers were washed with brine, dried,
filtered and evaporated. Purification on silica gel (hexane/
ethyl acetateZ1/1) produced 25 (74 mg, 76%). The 1H, 13C
NMR data was in accordance with the reported in the
literature.4a
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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 MgBr2 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.
q 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.1–4 Among these alkenes, the Baylis–Hillman adducts
are particularly useful for serving as chemically and
biologically important precursors.5 The b-iodo Baylis–
Hillman ketones were first synthesized by Kishi et al.6 via
a TiCl4-promoted conjugative addition of tetrabutyl-
ammonium iodide ((n-Bu)4NI) to a,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 K78 8C, Z isomer products were
the most abundant; however, at a temperature of 0 8C, the E
isomer was exclusively produced.

Recently, we have developed several methods for the
synthesis of b-halo Baylis–Hillman adducts,7 which were
based on using TiCl4, TiBr4, TiCl4/(n-Bu)4I, Et2AlI, MgI2

and TMSI as halogen sources and promoters. The TiCl4,
TiBr4, and TiCl4/(n-Bu)4NI systems were reacted at 0 8C
and resulted in the E isomer being the major product, while
the Et2AlI, MgI2 and TMSI system produced the Z isomer as
the major product. Recently, Kataoka8 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 8C in the
presence of chalogenides such as 2,6-diphenylselenopyrin-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.097
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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
TiBr4 mainly produces the E-isomer of the Baylis–Hillman
adducts, with very little or no Z-isomer products detected in
the reaction system.7d,8,9 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 MgI2 is an excellent Lewis acid for
the synthesis of (Z)-b-iodo Baylis–Hillman hydroxy ketones
and esters.7a Consequently, we tried to extend the scope of
this reaction to determine if MgI2 can be replaced by MgBr2

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 MgBr2 (1.2 equiv) in CH2Cl2 at 0 8C as
previously described.7a Unfortunately, the reaction did not
go to completion even after a prolonged reaction time of
24 h, with less than 90% consumption of benzaldehyde.
Tetrahedron 60 (2004) 10233–10237



Scheme 1.

Table 1. Results of the MgBr2-mediated reaction for synthesis of b-iodo Baylis–Hillman adducts

Entry Substrate Product Z/E selectivity (%)a Yield (%)b,c

1 Benzaldehyde 1 87/13 82

2 4-p-Tolualdehyde 2 86/14 74

3 4-Fluorobenzaldehyde 3 85/15 86

4 4-Chlorobenzaldehyde 4 82/18 86

5 4-Bromobenzaldehyde 5 82/18 85

6 Crotonaldehyde 6 82/18 84

7 n-Valeraldehyde 7 71/29 68d

8 n-Valeraldehyde 8 63/37 74d,e

9 p-Anisaldehyde 9 86/14 55e

10 Propionaldehyde 10 70/30 67d,f

a Z/E selectivity was estimated by crude 1H NMR determination.
b Yields after purification by column chromatography.
c Unless otherwise noted, reactions were carried out at room temperature for 5 h.
d Two isomers were inseparable.
e Reaction for 20 h.
f Reaction for 10 h.
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Table 2. 1H 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
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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 1H NMR analysis. Unlike our
previous MgI2-based system,7a in which the reaction
required mixing benzaldehyde and MgI2 in CH2Cl2 at
room temperature for 20 min before adding the 3-butyn-2-
one, this new synthesis can be conveniently conducted by
mixing three components; MgBr2, aldehydes and a,b-
acetylenic ketones together in a dichloromethane solution.
Also, the present reaction needs a longer time to proceed to
completion than the MgI2-based process. This is due to the
fact that MgBr2 is a relatively weaker Lewis acid and less
reactive toward a,b-acetylenic ketone for the Michael-type
addition. Competition experiments also demonstrated that
only MgI2 could react with methyl propynoate for the
Michael-type addition while MgBr2 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 MgI2-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
Scheme 2.
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 (20 h for entry 9, Table 1) and low yield
(74% for entry 2, Table 1). With regard to aliphatic
aldehydes (entries 6–8 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 1H
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 1H NMR
data of adduct 1 in Table 1 with our previous 1H NMR data
of the same product.7d
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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.6 In their system, not only was the (n-Bu)4NI/TiCl4
combination employed but they also used Et2AlI and TiI4

for the reaction. The exclusive Z-stereoselectivity of b-iodo
Baylis–Hillman ketones was obtained at K78 8C, while the
high E-stereoselectivity was observed at 0 8C. 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 TiBr4-based systems, our
new process gives much higher yields of desired products.
The new protocol utilizes MgBr2 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. 1H NMR spectra were recorded on a
Varian 500 MHz NMR spectrometer. 13C NMR spectra
were recorded at 125 MHz using CDCl3 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 (150!22 mm2) 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 NaHCO3 (3 mL). The resulting two phases were
separated, and the aqueous phase was extracted with ethyl
acetate (3!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) n 1671 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.29 (s, 3H), 3.17 (d, JZ5.0 Hz, 1H), 5.45 (d,
JZ5.0 Hz, 1H), 6.60 (d, JZ1.5 Hz, 1H), 7.26–7.35 (m,
5H); 13C NMR (125 MHz, CDCl3): d 30.1, 75.6, 109.4,
126.4!2, 128.3, 128.7!2, 139.7, 148.1, 203.1. MS (CI,
CH4): m/z (%) 255 [M]C; HRMS calcd for 253.9942; found:
253.9954. 1E: 1H NMR (500 MHz, CDCl3): d 2.31 (s, 3H),
4.42 (d, JZ11.0 Hz, OH), 5.93 (d, JZ11.0 Hz, 1H), 7.28–
7.40 (m, 5H), 7.74 (s, 1H); 13C NMR (125 MHz, CDCl3): d
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) n 1668 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.29 (s, 3H), 2.33 (s, 3H), 2.99 (d, JZ5.0 Hz,
OH), 5.42 (d, JZ5.0 Hz, 1H), 6.59 (d, JZ1.5 Hz), 7.14–
7.22 (m, 4H); 13C NMR (125 MHz, CDCl3): d 21.1, 31.1,
75.4, 109.1, 126.4!2, 129.3, 136.8, 138.1, 148.3, 203.1.
MS (CI, CH4): m/z (%) 269 [M]C; HRMS calcd for
268.0099; found: 268.0108. 2E: 1H NMR (500 MHz,
CDCl3): d 2.26 (s, 3H), 2.32 (s, 3H), 4.48 (d, JZ11.0 Hz,
OH), 5.88 (d, JZ11.0 Hz, 1H), 7.08–7.30 (m, 4H), 7.70 (s,
1H).

2.2.3. Compound 3Z. 233 mg, 86%; colorless oil. IR
(CHCl3) n 1666 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.34 (s, 3H), 3.01 (d, JZ5.0 Hz, OH), 5.48 (d,
JZ5.0 Hz, 1H), 6.67 (d, JZ1.5 Hz, 1H), 7.05 (m, 2H), 7.29
(m, 2H); 13C NMR (125 MHz, CDCl3): d 31.2, 75.1, 110.2,
115.5, 115.7, 128.1, 128.2, 135.6, 147.7, 161.6, 202.7. MS
(CI, CH4): m/z (%) 273 [M]C; HRMS calcd for 271.9848;
found: 271.9851. 3E: 1H NMR (500 MHz, CDCl3): d 2.35
(s, 3H), 4.57 (d, JZ11.0 Hz, OH), 5.87 (d, JZ11.0 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) n 1666 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.34 (s, 3H), 3.26 (d, JZ5.0 Hz, 1H), 5.44 (d,
JZ5.0 Hz, 1H), 6.67 (d, JZ1.5 Hz, 1H), 7.24–7.34 (m,
4H); 13C NMR (125 MHz, CDCl3): d 31.2, 75.0, 110.6,
127.7!2, 128.8!2, 134.1, 138.4, 147.5, 202.7. MS (CI,
CH4): m/z (%) 289 [M]C; HRMS calcd for 287.9553; found:
287.9564. 4E: 1H NMR (500 MHz, CDCl3): d 2.33 (s, 3H),
4.37 (d, JZ11.5 Hz, OH), 5.88 (d, JZ11.2 Hz, 1H), 7.28–
7.32 (m, 4H), 7.75 (s, 1H).

2.2.5. Compound 5Z. 281 mg, 85%; colorless oil. IR
(CHCl3) n 1667 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.34 (s, 3H), 3.20 (d, JZ5.0 Hz, 1H), 5.44 (d,
JZ5.0 Hz, 1H), 6.67 (d, JZ1.5 Hz, 1H), 7.20 (m, 2H), 7.47
(m, 2H); 13C NMR (125 MHz, CDCl3): d 31.3, 75.1, 110.8,
122.2, 128.1!2, 131.8!2, 138.9, 147.4, 202.7. MS (CI,
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CH4): m/z (%) 333 [M]C; HRMS calcd for 331.9048; found:
331.9052. 5E: 1H NMR (500 MHz, CDCl3): d 2.31 (s, 3H),
4.51 (d, JZ11.5 Hz, OH), 5.82 (d, JZ11.2 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) n 1678 cmK1 (C]O); 1H NMR (300 MHz,
CDCl3): d 1.70 (d, JZ10.0 Hz, 3H), 2.47 (s, 3H), 3.12 (d,
JZ5.1 Hz, OH), 4.83 (m, 1H), 5.50 (m, 1H), 5.78 (m, 1H),
6.62 (d, JZ1.5 Hz, 1H). MS (CI, CH4): m/z (%) 219 [M]C;
HRMS calcd for 217.9942; found: 217.9948. 6E: 1H NMR
(300 MHz, CDCl3): d 1.68 (d, JZ10.0 Hz, 3H), 2.42 (s,
3H), 3.86 (d, JZ10.5 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. 1H NMR
(300 MHz, CDCl3) for Z isomer d 2.49 (s, 3H), 3.08 (d, JZ
5.0 Hz, OH), 4.32 (m, 1H), 6.61 (s, 1H), other resonances
could not be discerned from E isomer; 1H NMR (300 MHz,
CDCl3) for E isomer d 2.35 (s, 3H), 3.72 (d, JZ11.2 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. 1H NMR
(300 MHz, CDCl3) for Z isomer d 2.93 (d, JZ5.1 Hz, OH),
3.26 (m, 1H), 4.31 (m, 1H), 6.61 (s, 1H), other resonances
could not be discerned from E isomer; 1H NMR (300 MHz,
CDCl3) for E isomer d 3.15 (m, 1H), 3.72 (d, JZ11.0 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) n 1680 cmK1 (C]O); 1H NMR (500 MHz,
CDCl3): d 2.33 (s, 3H), 3.72 (s, 3H), 4.95 (d, JZ5.0 Hz,
1H), 6.63 (d, JZ1.5 Hz, 1H), 7.02 (m, 2H), 7.22 (m, 2H).
MS (CI, CH4): m/z (%) 285 [M]C; HRMS calcd for
284.0048; found: 284.0053.

2.2.10. Compound 10. 180 mg, 67%; yellowish oil. 1H
NMR (300 MHz, CDCl3) for Z isomer d 1.61 (m, 2H), 2.54
(d, JZ5.2 Hz, OH), 4.38 (m, 1H), 6.71 (s, 1H), other
resonances could not be discerned from E isomer; 1H NMR
(300 MHz, CDCl3) for E isomer d 1.83 (m, 2H), 3.55 (d, JZ
11.2 Hz, OH), 4.79 (m, 1H), 6.83 (s, 1H), other resonances
could not be discerned from Z isomer.
Acknowledgements

We thank D. Purkiss for expert NMR technical support. The
Robert A. Welch Foundation (D-1478 and D-1361)
provided financial assistance.
References and notes

1. Lee, V. J. In Comprehensive Organic Synthesis; Trost, B. M.,

Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 4, pp 139–168.

2. (a) Trost, B. M.; Pinkerton, A. B. J. Am. Chem. Soc. 1999, 121,

1988. (b) Trost, B. M.; Pinkerton, A. B. Angew. Chem., Int. Ed.

2000, 39, 360.

3. Wori, M.; Kuroda, S.; Dekura, F. J. Am. Chem. Soc. 1999, 121,

5591.

4. Denmark, S. E.; Choi, J. Y. J. Am. Chem. Soc. 1999, 121, 5821.

5. For reviews regarding the Baylis–Hillman reaction see: (a)

Ciganek, E. Org. React. 1997, 51, 201. (b) Basavaiah, D.; Rao,

P. D.; Hyma, R. S. Tetrahedron 1996, 52, 8001.

6. (a) Taniguchi, M.; Kobayashi, S.; Nakagawa, M.; Hino, T.;

Kishi, Y. Tetrahedron Lett. 1986, 34, 4763. (b) Taniguchi, M.;

Hino, T.; Kishi, Y. Tetrahedron Lett. 1986, 39, 4767.

7. (a) Wei, H.-X.; Hu, J. L.; Purkiss, D. W.; Paré, P. W.
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Abstract—Sequential treatment of u-bromoalkyl triflates with an alkynyllithium at 0 8C followed by addition of a second alkynyllithium
and NaI 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.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

There are many insect pheromones which contain non-
conjugated dienes as part of their structures.1 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 alkenes2 or Li/NH3 reductions to produce E
alkenes3). Chemoselective reductions could be achieved
using proximity effects such as hydroaluminations of
propargyl and homopropargylic alcohols.4

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).5

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 u-bromotriflates.
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.094
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2. Results and discussions

Previous attempts to chemoselectively monoalkynylate
chloroiodoalkanes have met with limited success, with
variable yields.6,7 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.8 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
Tetrahedron 60 (2004) 10239–10244
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Scheme 2.
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conditions.9 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.10 As
u-bromoalkanols are readily available,11 it seemed that the
derived u-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;
Tf2O, py, CH2Cl2). Treatment of 2b with 1-hexynyllithium
at 0 8C 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 107

times faster than bromides.12

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
NaI or n-Bu4NI is added.8 Since the alkynylation of triflates
is also run in THF but at 0 8C, development of a sequential
reaction was relatively simple. Thus the bromotriflate of
interest in THF was treated initially with an alkynyllithium
at 0 8C and then a second alkynyllithium was added along
with 10 mol% NaI 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

Entry R R 0

1 CH2OTHP n-C6H1

2 (CH2)2OTHP n-C4H9

3 CH2OTHP n-C4H9

4 (CH2)2OTHP n-C4H9

5 (CH2)2OTHP n-C6H1

6 (CH2)2OTHP n-C8H1

7 CH2OTHP n-C4H9

8 (CH2)2OTHP n-C4H9

a Isolated yield of purified 4.
column chromatography. Isolated yields of crude triflates
were near quantitative but purified material could only be
obtained in w70% 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 u-bromoalcohols are commercially available or
easily prepared in quantity by treatment of diols with HBr in
toluene,11 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 4c 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,13Z)-3,13-octadecadienyl acetate, both of which are
components of the cherrytree borer pheromone13 (Scheme
4). The E,Z isomer (or its alcohol) is also a component of
many other lepidopteran pheromone blends.7a Removal of
the THP group in 4d was readily accomplished (PPTS,
EtOH, 99%) to furnish the diynol 5. Semi-hydrogenation of
n Product (% yield)a

3 6 4a (62)
6 4b (70)
8 4c (55)
8 4d (58)

3 8 4e (75)

7 8 4f (78)
9 4g (67)
10 4h (73)



  
  

Scheme 4.
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5 (H2, Pd/CaCO3) 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 D13 triple bond would not be reduced.4a However,
prolonged heating of 5 with LiAlH4 (diglyme, 120 8C, 40 h),
conditions previously used to affect reductions of homo-
propargylic alcohols,14 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 CDCl3 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 CaH2.
Reagents were purchased from Aldrich Chemical Co. and
used without further purification. n-BuLi was titrated using
N-benzylbenzamide before use.15 Silica gel 60 (40–63 mm)
from EM Science was used for flash chromatography.
Bromoalcohols were prepared from the corresponding
diols.11

4.2. General procedure A: preparation of bromotriflates
from bromoalcohols

To a cold (K15 8C), stirred solution of bromoalcohol 1 in
CH2Cl2 (4 mL/mmol) was added pyridine (1.0 equiv)
followed by triflic anhydride (1.2 equiv). The reaction was
stirred at 0 8C for 1 h then diluted with hexanes (2!volume
of CH2Cl2) 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. 1H NMR (300 MHz, CDCl3) d 4.53 (2H, t,
JZ6.3 Hz), 3.40 (2H, t, JZ6.7 Hz), 1.92–1.77(4H, m),
1.55–1.40 (4H, m); 13C NMR (75 MHz, CDCl3) d 118.58 (q,
JC–FZ320 Hz), 77.36, 33.30, 32.27, 29.00, 27.31, 24.25; IR
(neat) 1413, 1248, 1207, 1146, 936 cmK1; 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. 1H NMR (300 MHz, CDCl3) d 4.52 (2H, t,
JZ6.3 Hz), 3.39 (2H, t, JZ6.7 Hz), 1.90–1.77 (4H, m),
1.52–1.28 (8H, m); 13C NMR (75 MHz, CDCl3) d 118.61 (q,
JC–FZ319 Hz), 77.61, 33.73, 32.60, 29.12, 28.60, 28.39,
27.89, 24.91; IR (neat) 1413, 1247, 1208, 1146, 934 cmK1;
MS (EI) m/z 260 (1), 69 (100), 55 (55).

4.2.3. 1-Trifluoromethanesulfonyloxy-9-bromononane
(2c). This compound was prepared from 9-bromo-1-nonanol
using General procedure A (Section 4.2) in 83% yield after
purification. 1H NMR (300 MHz, CDCl3) d 4.52 (2H, t,
JZ6.3 Hz), 3.39 (2H, t, JZ6.7 Hz), 1.92–1.77 (4H, m),
1.55–1.30 (10H, m); 13C NMR (75 MHz, CDCl3) d 118.63
(q, JC–FZ319 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 cmK1; 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. 1H NMR (300 MHz, CDCl3) d 4.52
(2H, t, JZ6.3 Hz), 3.39 (2H, t, JZ6.7 Hz), 1.92–1.78 (4H,
m), 1.50–1.28 (12H, m); 13C NMR (75 MHz, CDCl3) d
118.62 (q, JC–FZ319 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 cmK1; 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 8C), stirred
solution of 1-hexyne (130 mL, 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 8C then cooled to K78 8C.
Bromotriflate 1a (338 mg, 0.99 mmol) was slowly added
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and the reaction mixture was stirred at K78 8C for 5 min then
at 0 8C for 1 h. Standard aqueous work-up using ether and satd
aqueous NH4Cl 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 known16 alkyne 3 as a
colorless liquid. 1H NMR (300 MHz, CDCl3) d 3.39 (2H, t,
JZ7 Hz), 2.12 (4H, m), 1.83 (2H, quintet, JZ7 Hz), 1.5–1.2
(14H, m), 0.88 (3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d
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 (EI)m/z 272 (MC, 79Br,
0.1), 215 (3), 95 (59), 81 (100), 67 (84).

4.3. General procedure B: sequential dialkynylation of
bromotriflates

To a cold (K78 8C), 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 8C for 15 min then cooled to
K78 8C 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 8C for 1 h to generate the intermediate
bromoalkyne. A THF solution (2 mL/mmol) of an alkynyl-
lithium (freshly prepared from a terminal alkyne and
n-BuLi, K78 8C/0 8C, 15 min, 2.0 equiv) and NaI (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. 1H NMR (300 MHz, CDCl3) d 4.77
(1H, t, JZ3 Hz), 4.20 (2H, AB of ABX2, DnZ25.6 Hz,
JABZ15.2 Hz, JAXZJBXZ2 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, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 247 (MCKTHP, 11), 85
(100), 67 (40), 55 (38). Anal. Calcd for C22H36O2: 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. 1H NMR (300 MHz, CDCl3) d 4.62 (1H, t, JZ
3 Hz), 3.90–3.73 (2H, m), 3.54–3.44 (2H, m), 2.45 (2H, tt,
JZ7, 3 Hz), 2.12 (6H, br t, JZ7 Hz), 1.88–1.36 (18H, m),
0.88 (3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1;
MS (EI) m/z 85 (100), 67 (15), 55 (13). Anal. Calcd for
C21H34O2: C, 79.19; H, 10.76. Found: C, 79.36; H, 10.67.

4.3.3. 1-Tetrahydropyranyloxy-2,12-heptadecadiyne
(4c). This compound was prepared following General
procedure B (Section 4.3) from bromoalcohol 1b in 55%
yield after purification. 1H NMR (300 MHz, CDCl3) d 4.78
(1H, t, JZ3 Hz), 4.21 (2H, AB of ABX2, DnZ25.9 Hz,
JABZ15.2 Hz, JAXZJBXZ2 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, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 96.50,
86.62, 80.09, 80.04, 75,64, 61.86, 54.54, 31.18, 30.21,
29.05, 28.95 (2C), 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 cmK1;
MS (EI) m/z 247 (MCKTHP, 1), 85 (100), 67 (59), 55 (72).
Anal. Calcd for C22H36O2: 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. 1H NMR (300 MHz, CDCl3) d 4.61 (1H, t, JZ
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, JZ7 Hz); 13C
NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z
85 (100), 67 (20), 55 (20). Anal. Calcd for C23H38O2: 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. 1H NMR (300 MHz, CDCl3) d 4.61 (1H, t, JZ
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, JZ7 Hz), 1.82–1.22 (26H, m), 0.85
(3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 289 (MCKTHP, 0.3),
85 (100), 67 (20), 55 (23). Anal. Calcd for C25H42O2: 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. 1H NMR (300 MHz, CDCl3) d 4.61 (1H, t, JZ
3 Hz), 3.90–3.70 (2H, m), 3.52–3.42 (2H, m), 2.40 (2H, br t,
JZ7 Hz), 2.09 (6H, br t, JZ7 Hz), 1.82–1.23 (30H, m),
0.84 (3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 85 (100),
67 (24), 55 (20). Anal. Calcd for C27H46O2: 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. 1H NMR (300 MHz, CDCl3) d 4.76 (1H, t, JZ
3 Hz), 4.18 (2H, AB of ABX2, DnZ24.2 Hz, JABZ15.2 Hz,
JAXZJBXZ2 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, JZ
7 Hz); 13C NMR (75 MHz, CDCl3) d 96.39, 86.51, 79.97
(2C), 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 cmK1;
MS (EI) m/z 261 (MCKTHP, 1), 85 (100), 67 (50), 55 (50).
Anal. Calcd for C23H38O2: 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. 1H NMR (300 MHz, CDCl3) d 4.61 (1H, t, JZ
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, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 85 (100), 67 (20), 55 (19). Anal.
Calcd for C25H42O2: 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, 4.4 mmol) and PPTS (200 mg) in ethanol
(25 mL) was heated at 60 8C for 4 h. It was cooled to rt
and solid NaHCO3 was added before removal of volatiles by
rotoevaporation. Standard extractive workup (ether, satd
NaHCO3 then brine) gave crude material which was purified
by flash chromatography on silica gel using hexanes/ether,
2:1 to yield the known17 alcohol 5 (1.15 g, 99%) as a low-
melting colorless solid. 1H NMR (300 MHz, CDCl3) d 3.63
(2H, t, JZ7 Hz), 2.42–2.35 (2H, m), 2.14–2.07 (6H, m),
1.48–1.23 (16H, m), 0.86 (3H, t, JZ7 Hz); 13C NMR
(75 MHz, CDCl3) d 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. (3Z,13Z)-3,13-Octadecadien-1-yl acetate (6). A
mixture of diyne 5 (135 mg) and 5% Pd/CaCO3 poisoned
with lead (28 mg) in hexanes (2 mL) was stirred under an
atmosphere of H2 for 18 h. The mixture was filtered through
Celite and volatiles were removed by rotoevaporation. The
residue was stirred with pyridine (1.5 mL), Ac2O (0.5 mL)
and DMAP (w3 mg). Removal of volatiles in vacuo
followed by flash chromatography on silica gel using
hexanes/ether, 50:1 as eluent provided Z,Z-diene 612

(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 13C signals at d 124.9 and 133.5 (3E olefinic
carbons) and 130.2 (13E olefinic carbons). 1H NMR
(300 MHz, CDCl3) d 5.50–5.25 (4H, m), 4.02 (2H, t, JZ
7 Hz), 2.33 (2H, app q, JZ7 Hz), 2.05–1.95 (6H, m), 1.99
(s, 3H), 1.36–1.22 (16H, m), 0.86 (3H, t, JZ7 Hz); 13C
NMR (75 MHz, CDCl3) d 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-ol (7). To a solution of
diene 5 (156 mg, 0.6 mmol) in DME (4 mL) was carefully
added LiAlH4 (92 mg, 2.4 mmol) and the mixture was
heated at reflux for 18 h. The reaction mixture was cooled to
0 8C, diluted with ether and carefully quenched with satd
NH4Cl. 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. 1H NMR (300 MHz, CDCl3) d 5.56–5.25 (2H, m), 3.57
(2H, t, JZ7 Hz), 2.23 (2H, app q, JZ7 Hz), 2.15–2.04 (4H,
m), 1.94 (2H, app q, JZ7 Hz), 1.75–1.20 (16H, m), 0.86
(3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 233 (MCK
CH2OH, 0.2), 95 (43), 81 (90), 67 (100), 55 (93). Anal.
Calcd for C18H32O: 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), Ac2O (0.5 mL) and DMAP (w3 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. 1H
NMR (300 MHz, CDCl3) d 5.55–5.25 (2H, m), 4.02 (2H, t,
JZ7 Hz), 2.27 (2H, app q, JZ7 Hz), 2.15–2.05 (4H, m),
2.00 (3H, s), 1.95 (2H, app q, JZ7 Hz), 1.50–1.20 (16H, m),
0.87 (3H, t, JZ7 Hz); 13C NMR (75 MHz, CDCl3) d 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 cmK1; MS (EI) m/z 264
(MCKC2H2O, 0.2), 93 (48), 81 (69), 79 (62), 67 (100), 55
(55). Anal. Calcd for C20H34O2: 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/CaCO3 poisoned
with lead (15 mg) in hexanes (2 mL) was stirred under an
atmosphere of H2 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
known7a E,Z-diene 9 (147 mg, 97%) as a colorless liquid.
1H NMR (300 MHz, CDCl3) d 5.50–5.24 (4H, m), 4.01 (2H,
t, JZ7 Hz), 2.25 (2H, app q, JZ7 Hz), 2.02–1.90 (6H, m),
1.99 (s, 3H), 1.34–1.20 (16H, m), 0.85 (3H, t, JZ7 Hz); 13C
NMR (75 MHz, CDCl3) d 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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Microwave-assisted epoxidation of hindered homoallylic alcohols
using VO(acac)2: application to polypropionate synthesis
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Abstract—The VO(acac)2 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.
q 2004 Elsevier Ltd. All rights reserved.
 

Scheme 1. Epoxidation of homoallylic alcohols.
1. Introduction

The 3,4-epoxy alcohol functionality has been widely used in
organic synthesis, particularly in the preparation of 1,3-
diols.1 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.2 Among the available methods, the
most frequently used approaches are based on iodocycliza-
tions3 and on transition metal catalyzed epoxidation
reactions.4 Regarding the area of iodocyclizations, the
iodocarbonatation/methanolysis (carbonate extension) reac-
tion is the most useful method for the stereoselective
epoxidation of homoallylic alcohols.3a–c,5 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.5 For example, in the case of the trans homoallylic
alcohol 1, the reaction produced a mixture of the desired
3,4-epoxy alcohol 2, the mixed carbonate 3 and the cyclic
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.095
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by-product 4 in variable ratios, depending on the
methanolysis conditions (Scheme 1).
Concerning the area of transition metal-catalyzed epoxida-
tions, the VO(acac)2/tert-butyl hydroperoxide procedure
has been extensively used for the epoxidation of homo-
allylic alcohols.4 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)2 catalyzed epoxidation
reaction is very good for cis alkenols, generally favoring the
syn product. However, this procedure exhibits poor
Tetrahedron 60 (2004) 10245–10251
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selectivity when applied to trans homoallylic alcohols
(Scheme 1).4b 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).5,6 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.5 When the
traditional VO(acac)2 catalyzed epoxidation conditions
were applied to these hindered systems, the reaction was
too slow to be of practical significance (6 days, 19%).
  

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,4d and that a potential
microwave induced rate enhancement is greater for those
reactions were the polarity is altered during the reaction
progress,7a,b we decided to investigate the application of
microwave heating. Microwave irradiation has been
Scheme 3. Stereochemical possibilities on the epoxidation of diastereomeric 2-m
introduced as a tool to enhance the efficacy of many organic
reactions.7 However, there is a paucity of accounts in the
area of applying this technique to epoxide synthesis.8 Since
the vanadium/tert-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 119 and sub-
jected them to a microwave-assisted VO(acac)2 epoxidation
(Scheme 3).
2. Results and discussion

Initial optimization of the VO(acac)2-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,10 or microencapsulating the catalyst11 did
not cause notable improvement. Having achieved a set of
optimized conditions in terms of time and yield for the
VO(acac)2 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
ethyl-3-alkenols.



Table 1. Results on the transition metal-catalyzed epoxidation of 2-methyl-3,4-epoxyalcohols

Entry Alkenol Methoda Time Major
productb

% Yieldc syn/anti
Selectivityd

1 11a VO(acac)2/CH 6 days 8a syn 19 52:48
2 11a VO(acac)2/MW 3 h 8a syn 63 62:38
3 11a Mo(CO)6/MW 3 h 8a syn 85e 52:48
4 11b VO(acac)2/CH 6 days 8b anti 65e !5:95f

5 11b VO(acac)2/MW 3 h 8b anti 65 !5:95f

6 11c VO(acac)2/CH 4 days 8c syn 60e O95:5f

7 11c VO(acac)2/MW 45 min 8d syn 90 O95:5f

8 11d VO(acac)2/CH 10 days 8d syn 88e 63:37
9 11d VO(acac)2/MW 3 h 8d syn 90 63:37
10 11d Mo(CO)6/MW 3 h 8d syn 82 63:37

a 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.
b The relative configuration of the 2-methyl-3,4-epoxy alcohols 8 was determined by spectral comparison with reported values.5
c Isolated yield (for microwave procedure).
d Determined by 13C and 1H NMR spectroscopy.
e Some starting material was present.
f Only one isomer was observed by NMR analysis.
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systems using conventional heating.4b,c 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 11a
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.
Figure 1. Heating profiles at 1000 W for 3 min in an open-vessel for (a) react
(c) 0.091 M TBHP in toluene (1.1 mol equiv), (d) 0.001 M VO(acac)2 in toluene
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)6

as catalyst, which is known to proceed without coordination
to the hydroxy group (entries 3 and 10).4a As expected,
although the yields were slightly better, there was no
difference in the diastereoselectivity using Mo(CO)6 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 (3Z2.38), 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
ion mixture, (b) 0.083 M solution of homoallylic alcohol 11a in toluene,
(1.4 mol%), (e) and neat toluene.



 

 
  

Scheme 4. Epoxidation of polypropionate model systems.
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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.12 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 11c (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.14 When 12 was subjected to the
VO(acac)2 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
Table 2. Relationship between the 13C NMR chemical shifts for the epoxide (C-

Entry Compound d C-3

1 8a syn 61.5
2 8a anti 61.7
3 8b anti 58.5
4 8c syn 57.7
5 8d syn 60.6
6 8d anti 62.1
7 17 56.9
8 18b 57.1

a Relative configuration between the C-2 methyl and the epoxide.
b Diol resulting from the acetonide hydrolysis of 13.
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 13C NMR. (Table 2). As previously
reported for cis-2-methyl-3,4-epoxy alcohols,6a when an
anti 2-methyl-3-epoxide relationship is present (8b anti and
8c syn, entries 3 and 4), the epoxide carbons show 13C NMR
signals around 51 and 57 ppm (Ddw6.5 ppm relative to
higher values for the syn relationship). This observation
holds for epoxy alcohols 17 and 18, showing a Dd of 6.5 and
6.6 ppm, respectively (entries 7 and 8). For the trans
epoxides, when the relative configuration between the
2-methyl and the 3-epoxide moiety is syn (8a syn and 8d
anti, entries 1 and 6), a difference of 7.1–7.5 ppm is
observed. For a 2-methyl-3-epoxide anti relationship (8a
anti and 8d syn, entries 2 and 4), the difference ranges from
8.0 to 8.2. The characterization of the polypropionate
system 13, 15 and 17 was performed by 1D and 2D NMR
analysis. The acetonides were prepared to aid in the
determination of their relative configuration. In this way,
the characteristic syn acetonide dimethyl 13C shifts (around
20 and 30 ppm)15 and the expected J values of 10.3–10.5 for
vicinal axial–axial proton relationship (equatorially
3, C-4) carbons and the 2-methyl-3-epoxide relative configuration

d C-4 Dd Configurationa

54.0 7.5 syn
53.5 8.2 anti
51.9 6.5 anti
51.1 6.6 anti
52.6 8.0 anti
55.0 7.1 syn
50.3 6.6 anti
50.6 6.5 anti
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substituted acetonide rings) were observed for these
products, confirming the relative configuration of the
remaining chiral carbons.
3. Conclusions

The VO(acac)2 catalyzed epoxidation of hindered homo-
allylic alcohols under microwave dielectrical heating
dramatically reduced the reaction time and improved the
reaction yield. Excellent diastereoselectivities were
observed for cis-2-methyl-3-alkenols. The scope was
extended to more elaborated systems establishing the
applicability and utility of this epoxidation approach for
homoallylic alkenols.
4. Experimental

4.1. General comments

All reactions were carried out under nitrogen. All solvents
were distilled before use. Dichloromethane and 1,2-
dichloroethane were distilled from calcium hydride.
Toluene was distilled from sodium/benzophenone prior to
use. All commercially available compounds were used as
received. Compounds 11a, 11b, 11c, and 11d were prepared
by published procedures.5 Unless otherwise noted, all
compounds were purified by silica gel column chromato-
graphy and fully characterized by 1D and 2D 1HNMR and
13CNMR (500 or 300 MHz spectrometer) as solutions in
deuterochloroform. NMR chemical shifts (d) are given in
ppm relative to TMS, coupling constants (J) in Hz.
Elemental analysis was done by Atlantic Microlabs, Inc.
Norcross, GA.

4.2. Microwave reactor

An Ethos 1660 Labstation (Milestone, Inc.) multimode
microwave reactor was used in the standard configuration as
delivered for organic synthesis in a open glass vessel. This
reactor has dual independent magnetrons (2!800 W,
2.45 GHz) that can deliver a power of up to 1000 W in
10 W increments (variable pulsed irradiation). A rotating
diffuser ensures a homogeneous microwave distribution
throughout the Teflon plasma coated stainless steel oven
compartment (35 cm!35 cm!35 cm). The reaction
mixture was stirred using the built-in magnetic stirrer and
a Teflon-coated stirring bar. The experiment time, tempera-
ture and power were controlled/monitored with the
proprietary easyWave software package (version 3.2.1).
The temperature was monitored using a shielded thermo-
couple (ATC 400CE) immersed into the reaction mixture.
The reaction temperature was set to 113 8C. This equipment
has the capability to regulate the power (1000 W maximum)
to achieve and maintain the selected temperature.

Caution. Because of the relatively long reaction times and
high microwave irradiation power, this method has been
specifically developed for the above hardware. This
synthetic microwave system has a series of built-in
interlocks and safety features that allow long irradiation
times. A built-in exhaust system (for the oven cavity and
system electronics) is connected to a fume-hood in case that
any fume leaks into the microwave cavity.

4.3. General procedure for the microwave-assisted
epoxidation of homoallylic alcohols

VO(acac)2 (0.015 g, 0.014 equiv) was added to a round-
bottom flask equipped with a reflux condenser, followed by
toluene (3 mL, 0.083 M) and the alkenol 11a–d (0.60 g,
2.1 mmol). A microwave ramp (1000 W maximum) was
applied until a temperature of 113 8C was reached (approx.
15 min). When the reaction mixture started to reflux, the
irradiation was paused and 0.65 mL of t-butyl hydro-
peroxide (4.24 M in toluene, 1.1 equiv) was carefully added.
Microwave irradiation was continued maintaining the
reaction temperature at 113 8C. The reaction mixture
changed from red to yellow during the course of reaction.
It was refluxed until completion as judged by TLC. After the
irradiation period, the reaction was cooled to room
temperature (approx. 20 min). The crude product mixture
was diluted with saturated Na2S2O3, the aqueous phase was
extracted with ether. The organic phase was filtered through
Celite and silica with the aid of ether and dried over MgSO4

prior to concentration under reduced pressure. The crude
product was purified by flash chromatography (9:1 hexane/
EtOAc), to yield the pure epoxy alcohol as a clear oil. In the
case of the trans alkenols, were syn/anti product mixtures
were obtained, the isomers were separated, of which the
typically less polar anti isomer eluted first.

4.4. Preparation of acetonides

Although the epoxy alcohols prepared from 12, 14 and 16
could be purified by chromatography (with concomitant
decomposition), it was best to carry these compounds
through the subsequent protection without purification due
to its instability on silica gel. The resulting crude was
converted to the acetonide using PPTS (0.06 equiv) and
2-methoxypropene, (5 equiv, 0.105 M CH2Cl2 at 0 8C) to
produce the protected 3,4-epoxides.

Compounds 8a–d were spectroscopically identical with
those prepared by the iodocarbonatation procedure.5 The
purity was assessed by NMR and elemental analysis.

4.4.1. (G)-(2R*,3R*,4S*,5S*)-4,5-Epoxy-3-methyl-1-
[(triisopropylsilyl)oxy]-2-hexanol (8a). 0.60 g (2.1 mmol)
of alkenol 11a produced 0.38 g (63% yield) of a 62:38 syn/
anti mixture of epoxy alcohols 8a syn and 8a anti. For 8a
syn: 1H NMR (CDCl3): d 3.76 (dd, JZ2.18, 8.1 Hz, 1H),
3.67 (mult., 1H), 2.86 (qd, JZ5.2, 2.2 Hz, 1H), 2.60 (dd,
JZ6.6, 2.3 Hz, 1H), 1.65 (s, 1H, OH), 1.54 (mult., 1H), 1.29
(d, JZ5.2 Hz, 3H), 1.10 (mult., 24H); 13C NMR (CDCl3): d
73.5, 65.4, 61.5, 54.0, 38.1, 17.9, 17.6, 11.9. Anal. Calcd for
C16H34O3Si: C, 63.52; H, 11.33. Found: C, 63.78; H, 11.51.
For the anti isomer 8a anti: 1H NMR (CDCl3): d 3.84 (dd,
JZ9.7, 3.6 Hz, 1H), 3.71 (mult., 1H), 3.59 (dd, JZ9.7,
8.1 Hz, 1H), 2.78 (qd, JZ5.2, 2.5 Hz, 1H), 2.65 (s, 1H, OH),
2.45 (dd., JZ2.2, 7.4 Hz, 1H), 1.35 (mult., 1H), 1.30 (d, JZ
5.2 Hz, 3H), 1.10 (mult., 24H); 13C NMR (CDCl3): d 73.8,
65.9, 61.7, 53.5, 38.8, 17.7, 12.36, 11.9, 11.6. Anal. Calcd
for C16H34O3Si: C, 63.52; H, 11.33. Found: C, 63.74; H,
11.47.
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4.4.2. (G)-(2R*,3R*,4R*,5S*)-4,5-Epoxy-3-methyl-1-
[(triisopropylsilyl)oxy]-2-hexanol (8b anti). 0.60 g
(2.1 mmol) of alkenol 11b produced 0.39 g (65% yield) of
epoxide 8b anti; 1H NMR (CDCl3): d 3.91 (dd, JZ9.5,
3.3 Hz, 1H), 3.71 (ddd, JZ8.3, 6.7, 3.3 Hz, 1H), 3.61 (dd,
JZ9.5, 8.3 Hz, 1H), 3.05 (qd, JZ5.6, 4.4 Hz, 1H), 2.78 (dd,
JZ9.4, 4.4 Hz, 1H), 1.65 (s, 1H, –OH), 1.40 (mult., 1H),
1.27 (d, JZ5.6 Hz, 3H), 1.10 (mult., 24H); 13C NMR
(CDCl3): d 74.3, 66.0, 58.5, 51.9, 34.8, 17.8, 12.9, 11.8,
11.6; MS m/z (relative intensity) 173.2 (25), 131.2 (67),
119.1 (19), 111.1 (29), 103.1 (100), 75.1 (62), 69.1 (27),
59.0 (18). Anal. Calcd for C16H34O3Si: C, 63.52; H, 11.33.
Found: C, 63.43; H, 11.27.

4.4.3. (G)-(2R*,3S*,4S*,5R*)-4,5-Epoxy-3-methyl-1-
[(triisopropylsilyl)oxy]-2-hexanol (8c syn). 0.60 g
(2.1 mmol) of alkenol 11c produced 0.56 g (90% yield) of
epoxide 8c syn; 1H NMR (CDCl3): d 3.80 (mult., 3H), 3.04
(mult., 2H), 2.78 (s, 1H, OH), 1.51 (mult., 1H), 1.27 (d, JZ
5.4 Hz, 3H), 1.07 (mult., 21H), 1.03 (d, JZ7.3 Hz, 3H); 13C
NMR (CDCl3): d 75.4, 66.0, 57.7, 51.1, 34.5, 17.9, 13.2,
11.9, 11.6. Anal. Calcd for C16H34O3Si: C, 63.52; H, 11.33.
Found: C, 63.38; H, 11.31.

4.4.4. (G)-(2R*,3S*,4S*,5S*)-4,5-Epoxy-3-methyl-1-
[(triisopropylsilyl)oxy]-2-hexanol (8d). 0.60 g
(2.1 mmol) of alkenol 11d produced 0.57 g (90% yield) of
a 63:37 syn/anti mixture of epoxy alcohols 8d syn and 8d
anti. For 8d syn: 1H NMR (CDCl3): d 3.9–3.5 mult., 3H),
2.87 (qd, JZ5.2, 2.2 Hz, 1H), 2.66 (dd, JZ7.4, 2.2 Hz, 1H),
2.70 (s, 1H, OH), 1.48 (mult., 1H), 1.30 (d, JZ5.2 Hz, 3H),
1.10 (mult., 24H); 13C NMR (CDCl3): d 74.1, 65.4, 60.6,
52.6, 38.5, 17.9, 12.9, 11.9, 11.8. For 8d anti: 1H NMR
(CDCl3): d 3.9–3.5 mult., 3H), 2.78 (qd, JZ5.2, 2.5 Hz,
1H), 2.65 (s, 1H, OH), 2.45 (dd, JZ7.4, 2.2 Hz, 1H), 1.35
(mult., 1H), 1.30 (d, JZ5.2 Hz, 3H), 1.10 (mult., 24H); 13C
NMR (CDCl3): d 74.9, 65.7, 62.1, 55.0, 38.3, 17.9, 17.6,
11.9, 11.3. Anal. Calcd for C16H34O3Si: C, 63.52; H, 11.33.
Found: C, 63.72; H, 11.44.

4.4.5. (G)-(4R*,5S*,S*)-4-[(1R*,2R*,3S*)-(2,3-Epoxy-1-
methylbutyl)]-2,2,5-trimethyl-6-[(triisopropylsilyloxy)
methyl]-1,3-dioxane (13). 5.34 g (15.52 mmol) of alkenol
12 produced 4.69 g (81% yield) of epoxy acetonide 13; 1H
NMR (CDCl3): d 3.82 (dd, JZ10.8, 3.5 Hz, 1H), 3.71 (dd,
JZ10.8, 5.1 Hz, 1H), 3.52 (ddd, JZ10.3, 5.3, 3.5 Hz, 1H),
3.48 (dd, JZ10.5, 2.1 Hz, 1H), 3.09 (dd, JZ9.2, 4.5 Hz,
1H), 2.93 (dq, JZ5.5, 4.5 Hz, 1H), 1.86 (ddq, JZ10.5, 10.3,
6.5 Hz, 1H), 1.70 (ddq, JZ9.2, 7.1, 2.1 Hz, 1H), 1.41 (s,
3H), 1.36 (s, 3H), 1.27 (d, JZ5.5 Hz, 3H), 1.08 (m, 21H),
0.96 (d, JZ7.1 Hz, 3H), 0.85 (d, JZ6.5 Hz, 3H). 13C NMR
(CDCl3): d 97.8, 77.4, 76.1, 66.3, 56.4, 50.3, 33.6, 33.0,
29.9, 19.4, 13.9, 13.4, 12.1, 12.0. Anal. Calcd for
C22H44O4Si: C, 65.95; H, 11.07. Found: C, 65.87; H, 11.14.

4.4.6. (G)-(4R*,5S*,6S*)-4-[(1R*,2R*,3S*)-(2,3-Epoxy-4-
methoxy-1-methylbutyl)]-2,2,5-trimethyl-6-[(triisopro-
pylsilyloxy) methyl]-1,3-dioxane (15). 0.21 g (0.61 mmol)
of alkenol 14 produced 0.203 g (86% yield) of epoxy
acetonide 15; 1H NMR (CDCl3): d 3.82 (dd, JZ10.8,
3.4 Hz, 1H), 3.71 (dd, JZ10.8, 5.2 Hz, 1H), 3.66 (dd, JZ
11.0, 4.0 Hz, 1H), 3.53 (ddd, JZ10.3, 5.2, 3.4 Hz, 1H), 3.45
(dd, JZ10.5, 2.0 Hz, 1H), 3.43 (s, 3H), 3.37 (dd, JZ11.0,
6.7 Hz, 1H), 3.21 (dd, JZ9.2, 4.4 Hz, 1H), 3.07 (ddd, JZ
6.7, 4.4, 4.0 Hz, 1H), 1.87 (ddq, JZ10.5, 10.3, 6.5 Hz, 1H),
1.71 (ddq, JZ9.2, 7.2, 2.0 Hz, 1H), 1.40 (s, 3H), 1.35 (s,
3H), 1.06 (m, 21H), 0.96 (d, JZ7.2 Hz, 3H), 0.86 (d, JZ
6.5 Hz, 3H). 13C NMR (CDCl3): d 97.8, 77.5, 76.1, 70.9,
66.3, 59.1, 55.6, 53.0, 33.5, 33.5, 29.9, 19.4, 18.0, 14.2,
12.1, 12.0. HRMS-FAB (m/z): [MCLi]C calcd for C23H46-
O5SiLi, 437.328; found, 437.326.
4.4.7. (G)-(4S*,5S*,6S*)-4-[(1S*,2S*,3S*,4R*,5S*)-1,3-
Dimethyl-2-hydroxy-4,5-epoxyhexyl]-6-[(triisopropyl-
silyloxy)methyl]-2,2,5-trimethyl-1,3-dioxane (17). 0.35 g
(0.80 mmol) of alkenol 16 produced 0.390 g (87% yield) of
epoxy acetonide 17; 1H NMR (CDCl3): d 3.78 (dd, JZ10.9,
3.3 Hz, 1H), 3.70 (dd, JZ10.9, 5.1 Hz, 1H), 3.60 (dd, JZ
10.5, 2.6 Hz, 1H), 3.51 (ddd, JZ10.3, 5.1, 3.3 Hz, 1H), 3.47
(dd, JZ10.9, 1.4 Hz, 1H), 3.11 (dd, JZ9.2, 4.6 Hz, 1H),
2.98 (dq, JZ5.4, 4.6 Hz, 1H), 2.28 (ddq, JZ10.9, 7.0,
2.6 Hz, 1H), 1.95 (ddq, JZ10.5, 10.3, 6.5 Hz, 1H), 1.69 (s,
1H, OH), 1.61 (ddq, JZ9.2, 6.9, 1.4 Hz, 1H), 1.42 (s, 3H),
1.39 (s, 3H), 1.28 (d, JZ5.4 Hz, 3H), 1.05 (m, 24H), 0.96
(d, JZ7.0 Hz, 3H) 0.91 (d, JZ6.5 Hz, 3H). 13C NMR
(CDCl3): d 98.1, 80.2, 78.3, 76.5, 65.8, 56.9, 50.3, 36.6,
35.1, 34.5, 30.2, 18.2, 17.9, 14.7, 13.4, 12.6, 12.0. Anal.
Calcd for C25H50O5Si: C, 65.45; H, 10.99. Found: C, 65.72;
H, 11.22.
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Abstract—A hydrogen bonding approach has been developed to facilitate the self-assembly of a new series of rigid and planar
metallocyclophanes. Two new anthranilamide derivatives 1 and 2, which are incorporated with two acetylene units, respectively, have been
synthesized and characterized. X-ray analysis (for 1), 1D and 2D 1H NMR and IR experiments reveal that, due to the formation of
intramolecular three-centered hydrogen bonding, both compounds adopt rigid and planar conformations with the two acetylene units located
at the same side of the anthranilamide skeleton. Two new metallocyclophanes 17 and 18 have been constructed in moderate yields from the
reaction of 1 and 2 with trans-Pt(PEt3)2Cl2, respectively, in dichloromethane in the presence of diethylamine and cupric chloride. Fluorescent
and 1H NMR investigations reveal that both 17 and 18 can efficiently complex mono- and disaccharide derivatives in chloroform, with a
binding selectivity for disaccharides, which is driven by intermolecular hydrogen bonding.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade, the development of supramolecular
macrocyclic architectures has received intensive interest.1

Among various non-covalent forces, the coordination
bonding motif between transition metal ions and organic
ligands has proven itself to be a highly useful tool for their
preparation.2 In order to overcome the entropic disadvant-
age and to achieve high assembling efficiency, rigid
aromatic ligands are usually used. Over years a large
number of metallosupramolecular assemblies have been
constructed from covalently bonded aromatic ligands.
Nevertheless, functional metallocyclophanes are still rela-
tively rare despite their perceived advantages over the
constituent building blocks.3

Following the increasing applications of hydrogen bonding
for controlling the folding and unfolding conformations of
unnatural organic molecules,4,5 we had recently initiated a
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.099
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project to develop new hydrogen bonding-mediated build-
ing blocks for constructing novel generation of functional
supramolecular architectures. Previously, we have reported
the self-assembly of a new class of oligoanthranilamides
whose straight, rigid, and planar conformations could be
stabilized by intramolecular three-centered hydrogen bond-
ing.6 In this paper, we report that similar approach has been
successfully utilized to control the rigid conformation of
acetylene precursors for the generation of a new series of
rigid and planar metallocyclophanes. We also report the
binding behavior of the new metallocyclophanes towards
mono- and disaccharides in chloroform.
2. Results and discussion

A number of metallocyclophanes have been constructed
from linear bisphenylacetylene ligands and coordinatively
unsaturated metal complexes.7 Previously, Hamilton and
Gong have revealed that intramolecular three-centered
hydrogen bonding can induce 1,3-substituted anthranila-
mide derivatives to adopt folding, rigid and planar
conformation.8 Recently, we have also reported that similar
hydrogen bonding approach could be used to induce 1,4-
substituted anthranilamides to generate unfolding, rigid and
Tetrahedron 60 (2004) 10253–10260
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straight conformations.6 To explore the possibility of the
intramolecular three-centered hydrogen bonding to control
the rigidity and directionality of new bisphenylacetylene
ligands for self-assembly of new kinds of metallocyclo-
phanes, compounds 1 and 2 were designed and synthesized.
The two acetylene units of both compounds were expected
to be parallel to each other at the same side due to the
formation of intramolecular hydrogen bonding. Such an
arrangement should remarkably facilitate the formation of
corresponding metallocyclophanes.

The synthetic route of compound 1 is shown in Scheme 1. In
brief, compound 3 was first octylated in hot DMF in the
presence of potassium carbonate to give bromide 4 in 98%
yield. The latter was then coupled with compound 5 in THF
with Pd(0) as catalyst to produce compound 6 in 68% yield.
Hydrolysis of 6 with potassium hydroxide in refluxing
benzene afforded acetylene 7 in 80% yield, which was then
Scheme 1.
selectively reduced to amine 8 in 92% yield by zinc in water
and THF solution of ammonia. Treatment of 8 with diacyl
chloride 9 in dichloromethane with triethylamine as a base
produced compound 1 in 68% yield.

For the preparation of compound 2 (Scheme 2), ester 12 was
first produced in 96% yield from the reaction of 11 and
iodine in the presence of silver sulfate in methanol. The
coupling reaction of 12 with 5, catalyzed by Pd(0), in hot
pyrrolidine produced 13 in 72% yield. Compound 13 was
then treated with potassium hydroxide in hot aqueous THF
to give 14 in 91% yield. The latter was treated with
potassium hydroxide again in hot benzene to afford 15 in
78% yield. Compound 15 was then coupled with diamine 16
in the presence of DCC and HOBt in dichloromethane to
afford 2 in 63% yield.
Scheme 2.
Compounds 1 and 2 have been identified by 1H NMR and
MALDI-TOF mass spectroscopy, and microanalysis. 1H
NMR spectrum in chloroform-d revealed typical three-
centered hydrogen bonding for both compounds (NH: 9.90
and 9.99 ppm, respectively). 1H NMR experiments in
chloroform-d revealed very small concentration dependence
(!0.01 ppm) within the range of 20–0.3 mM and low
temperature dependence (!4.0!10K3 ppm/K within the
region of 10–55 8C) for the NH and aromatic proton signals
of both compounds.8 These observations are well consistent
with the results observed in structurally similar rigid and
straight oligoanthranilamides.6 The observations also
exclude any important intermolecular aggregation for both
compounds. 2D-NOESY 1H NMR studies in chloroform-d
(10 mM) also revealed moderate strength of NOE connec-
tions between the NH and the neighboring OCH3 and OCH2
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signals (see the structures). In addition, all the NH stretching
frequencies (n) of their IR spectra, measured in chloroform
(4 mM) and with the KBr disk method, are !3310 cmK1

and independent of concentration changes.9 All the results
support that intramolecular three-centered hydrogen bond-
ing is formed, which induces the rigid and planar
conformation as shown in the text.

Single crystals of compound 2 were obtained by slow
evaporation of its dichloromethane and methanol solution at
room temperature. The X-ray structure of the compound is
provided in Figure 1. It can be found that the compound
adopts a nearly perfect planar conformation. The two
acetylene units are nearly parallel, located at the same side
due to the existence of two three-centered hydrogen
bonding, which is well consistent with the above spectral
observations.
Figure 1. The crystal structure of compound 2, revealing two typical three-
centered NH–O hydrogen bonds and a rigid and planar conformation.

Scheme 3.
Treatment of compounds 1 and 2 with trans-Pt(PEt3)2Cl2 in
dichloromethane in the presence of diethylamine and cupric
chloride produced metallocyclophanes 17 and 18 in 20 and
15% yields, respectively (Scheme 3).7 Both 17 and 18 are
soluble in common organic solvents such as chloroform and
dichloromethane.

Compounds 17 and 18 were identified by 1H and 13C NMR
and MALDI-TOF mass spectroscopy, and microanalysis.
1H NMR spectrum of 17 and 18 in chloroform-d showed the
signal of NH in the downfield area (9.80 and 9.97 ppm,
respectively), indicating the existence of three-centered
hydrogen bonding in the new metallocyclophanes. 2D-
NOESY 1H NMR experiments revealed NOEs between
the NH and the neighboring OCH3 and OCH2 signals, as
shown in Scheme 3. The IR spectrum obtained in chloro-
form showed the NH stretching frequency at 3330 and
3325 cmK1, respectively, which are typically those of
amides involved in intramolecular hydrogen bonding.9 All
these results indicate that the metallocyclophanes also
possess rigid and planar conformation due to the formation
of intramolecular three-centered hydrogen bonding. The
maximum absorbance wavelength of 17 (267 nm) and 18
(259 nm), obtained in chloroform, is significantly increased,
compared to that of their constituents 1 (258 nm) and 2
(248 nm), respectively.

Molecular modeling revealed that both 17 and 18 possess a
rigid cavity with all the C]O oxygen located to the center
of the cavity. The distances between the two Pt atoms are
about 12.3 and 10.6 Å in 17 and 18, respectively, whereas
the distances between the two oxygen atoms of one side are
about 12.9 and 13.8 Å, respectively. Such an arrangement of
all the carbonyl groups with the oxygen atoms pointing to
the inner of the cavity is very favorable for binding multi-
hydroxyl molecules. The binding behaviors of metallo-
cyclophanes 17 and 18 towards mono- and disaccharide
derivatives 19–25 were then investigated in chloroform.10

The long aliphatic chains were introduced into the
saccharides to provide solubility in less polar solvents like
chloroform. Compounds 19–23 and 25 were prepared
according to reported methods, while the synthetic route



Scheme 4.

Figure 2. Fluorescent spectra of metallocyclophane 17 (5.5!10K5 M,
excitation wavelengthZ375 nm) in chloroform at 23 8C, increased
gradually with the addition of disaccharide 25 (from 0 to 1.2!10K3 M).
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for compound 24 is provided in Scheme 4. Initially, we had
tried to prepare the n-dodecyl derivative of lactose similar to
other saccharides, which was found to be insoluble in
chloroform.

Adding 19–25 to the solution of 17 or 18 in chloroform led
to important increase of the fluorescent emission of both
compounds. The hydroxyl signals of the saccharides in 1H
NMR spectrum in chloroform-d also moved downfield
Table 1. Association constants Kassoc (MK1) of complex between 17 and 18 and

17 18

19 1.4!103 7.4!102 2
20 5.6!103 2.1!103 2
20b 5.4!103 2.4!103 2
21 3.4!103 1.1!103 2

a With error of less than 20%.
b Determined by the 1H NMR titration method.
remarkably upon addition of 17 or 18. These observations
indicate that the metallocyclophanes are able to complex the
saccharides in chloroform. Job’ plots for the mixture
solution of 17 with 21 in chloroform-d revealed largest
downfield shifting for the CH2OH signal in the 1H NMR
spectrum when the ratio of 17 and 21 is 1:1,11 which
supported a 1:1 binding stoichiometry between the metallo-
cyclophane and the saccharide. Similar 1:1 stoichiometry
was also observed with the fluorescent method for the
system of 17 and 24. Quantitative binding studies were then
preformed with both the fluorescent and 1H NMR titration
methods,12 and the corresponding association constants
Kassoc were derived by fitting the data to a 1:1 binding mode,
which are listed in Table 1. As an example, the plot of the
emission intensity of 17 vs [25] in chloroform is provided in
Figure 2.
It can be found that both 17 and 18 exhibit greater binding
ability for disaccharides than for monosaccharides. This
selectivity might suggest that, in addition to the expected
binding between the C]O and OH groups, the OH groups
of the longer disaccharides can also bind the ether oxygen or
amide nitrogen of 17 and 18. Table 1 also shows that, for all
the saccharide guests, 17 displays greater binding ability
than 18, which may be ascribed to its larger cavity and
consequently a reduced hindrance of the PEt3 units. Since
the binding between the metallocyclophanes and the
saccharides are a dynamic process, we are not able to
establish the exact binding pattern of the complexes at the
present stage, but the 1:1 binding mode seems to indicate
that the binding takes place in the cavity of the
metallocyclophanes. The binding ability of 1 and 2 towards
19 was also investigated in chloroform-d with the 1H NMR
titration method, which gave a Kassoc value of 58 and
32 MK1 for complexes 1$19 and 2$19, respectively.
mono- and disaccharide derivatives 19–25 in chloroform at 23 8Ca

17 18

2 3.0!103 9.4!102

3 6.4!103 2.9!103

4 2.5!104 9.4!103

5 4.3!104 7.8!103
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3. Conclusion

In summary, we have demonstrated that intramolecular
hydrogen bonding can be utilized to rigidify the confor-
mation of bisphenylacetylene building blocks and conse-
quently facilitate the self-assembly of a new series of rigid
and planar metallocyclophanes. The hydrogen bonded
metallocyclophanes represent a new series of synthetic
receptors for saccharide derivatives albeit in the less polar
chloroform. In principle, the spatial separation of the two
acetylene units in the assembled building blocks can be
increased conveniently by introducing longer oligo-anthra-
nilamide linkers, which would lead to the formation of new
metallocyclophanes with extended cavity size. Moreover,
replacing the acetylene units with other functional groups
such as pyridyl units would also provide new opportunity to
construct other kinds of metallocyclophanes. Investigations
along these lines are being performed in our laboratory.
4. Experimental

4.1. General methods

The 1H NMR spectra were recorded on 400 or 300 MHz
spectrometers in the indicated solvents. Chemical shifts are
expressed in parts per million (d) using residual solvent
protons as internal standards. Chloroform (d 7.26 ppm) was
used as an internal standard for chloroform-d. Elemental
analysis was carried out at the SIOC Analytical Center.
Unless otherwise indicated, all commercially available
materials were used as received. All solvents were dried
before use following standard procedures. All reactions
were carried out under an atmosphere of nitrogen. Silica gel
(1–4 m) was used for column chromatography. Compounds
19,13 20,14 21,15 22,16 23,17 2518 were prepared according to
reported methods.

4.1.1. 4-Bromo-2-nitro-phenol (3). A suspension of
4-bromophenol (6.92 g, 40.0 mmol), oxone (24.4 g,
40.0 mmol), wet silica gel (0.40 g) and sodium nitrile
(2.76 g, 40.0 mmol) in dichloromethane (120 mL) was
stirred at room temperature for 2 h. The solid was filtered
and the filtrate was washed with water (30 mL!3), brine
(30 mL), dried over sodium sulfate, and evaporated in
vacuo. The resulting residue was recrystallized from ethanol
to afford compound 3 as a yellow sheet crystal (7.60 g,
88%). Mp 88–89 8C (87 8C, lit.19). 1H NMR (CDCl3,
300 MHz): d 7.07–7.10 (d, JZ6.5 Hz, 1H), 7.67 (d, d,
J1Z6.5 Hz, J2Z2.2 Hz, 1H), 8.25 (d, JZ2.2 Hz, 1H), 10.5
(s, 1H). MS (EI): m/z 219 [M]C.

4.1.2. 4-Bromo-2-nitro-1-n-octyloxy-benzene (4). A mix-
ture of compound 2 (5.00 g, 25.0 mmol), 1-bromooctane
(6.00 g, 30.0 mmol) and potassium carbonate (4.00 g,
30.0 mmol) in DMF (80 mL) was stirred at 100 8C for 2 h,
and then poured into water (250 mL). The mixture was
extracted with ethyl acetate (75 mL!3) and the combined
organic phase was washed with water (100 mL), brine
(100 mL), and dried over sodium sulfate. After the solvent
was removed under reduced pressure, the resulting crude
product was purified with column chromatography
(petroleum ether/AcOEt 8:1) to give compound 4 as a
yellow oil (7.57 g, 98%). 1H NMR (CDCl3, 300 MHz): d
0.85–0.90 (m, 3H), 1.27–1.48 (m, 10H), 1.79–1.84 (m, 2H),
4.06 (t, JZ6.2 Hz, 2H), 6.96 (d, JZ6.6 Hz, 1H), 7.59 (d, d,
J1Z6.6 Hz, J2Z2.2 Hz, 1H), 7.93 (d, JZ2.2 Hz, 1H). MS
(EI): m/z 329 [M]C. Anal. Calcd for C14H20BrNO3: C,
50.92; H, 6.10. Found: C, 51.14; H, 6.22.
4.1.3. 2-Methyl-4-(3-nitro-4-octyloxy-phenyl)-but-3-yn-
2-ol (6). To a solution of compounds 4 (2.10 g,
6.30 mmol) and 5 (0.87 g, 10.0 mmol) in THF (30 mL)
was added [Pd(PPh3)4] (0.24 g, 0.30 mmol, 5%), CuI
(60.0 mg, 0.30 mmol) and triethylamine (2.0 mL). The
reaction mixture was stirred at 50 8C for 12 h and then
poured into concentrated in vacuo. The resulting residue
was triturated with ethyl acetate (150 mL) and the organic
phase was washed with water (50 mL), brine (50 mL), dried
over sodium sulfate. After removal of the solvent under
reduced pressure, the resulting brown oil was subjected to
flash chromatography (CH2Cl2/petroleum ether 1:2) to give
compound 6 (1.43 g, 68%) as a yellow oil. 1H NMR (CDCl3,
300 MHz):d 0.86–0.90 (m, 3H), 1.27–1.50 (m, 10H), 1.61
(s, 6H), 1.80–1.85 (m, 2H), 4.09 (t, JZ6.5 Hz, 2H), 6.99 (d,
JZ6.6 Hz, 1H), 7.53 (d, d, J1Z6.5 Hz, J2Z2.2 Hz, 1H),
7.87 (d, JZ2.2 Hz, 1H). MS (EI): m/z 333 [M]C. Anal.
Calcd for C19H27NO4: C, 68.44; H, 8.16; N, 4.20. Found: C,
68.12; H, 8.04; N, 4.05.
4.1.4. 4-Ethynyl-2-nitro-1-octyloxy-benzene (7). A sus-
pension of compound 6 (1.20 g, 3.60 mmol) and potassium
hydroxide (0.28 g, 5.00 mmol) in benzene (60 mL) was
refluxed for 3 h and then concentrated in vacuo. The
resulting residue was triturated with dichloromethane
(60 mL) and the organic phase was washed with dilute
hydrochloric acid (1 N, 20 mL), water (20 mL), brine
(20 mL), and dried over sodium sulfate. After removal of
the solvent in vacuo, the crude product was purified with
column chromatography (CH2Cl2/petroleum ether 1:3) to
afford compound 7 as a yellow solid (0.81 g, 80%). 1H NMR
(CDCl3, 300 MHz): d 0.86–0.90 (m, 3H), 1.25–1.49 (m,
10H), 1.78–1.88 (m, 2H), 3.07 (s, 1H), 4.10 (t, JZ6.5 Hz,
2H), 7.00 (d, JZ6.6 Hz, 1H), 7.59–7.62 (d, d, J1Z6.6 Hz,
J2Z2.2 Hz, 1H), 7.94 (d, JZ2.2 Hz, 1H). MS (EI): m/z 275
[M]C. Anal. Calcd for C16H21NO3: C, 69.79; H, 7.69; N,
5.09. Found: C, 70.02; H, 7.81; N, 4.97.
4.1.5. 5-Ethynyl-2-octyloxy-phenylamine (8). To a sol-
ution of compound 7 (0.70 g, 2.50 mmol) in THF (20 mL)
was added zinc powder (0.65 g, 10.0 mmol) and concen-
trated ammonia solution (30 mL). The mixture was stirred
under reflux 3 h. After the solid was filtered, the filtrate was
concentrated in vacuo and the resulting residue triturated
with dichloromethane (150 mL). The organic phase was
washed with aqueous sodium carbonate (0.5 N, 50 mL),
water (50 mL), brine (50 mL), and dried over sodium
sulfate. The solvent was then distilled under reduced
pressure, the crude product was subjected to flash
chromatography (CH2Cl2/petroleum ether 1:2.5) to give
compound 8 (5.62 g, 92%) as a pale yellow oil. 1H NMR
(CDCl3, 300 MHz): d 0.87–0.91 (m, 3H), 1.26–1.48 (m,
10H), 1.76–1.85 (m, 2H), 2.94 (s, 1H), 3.81 (br, 2H), 3.98
(t, JZ6.4 Hz, 2H), 6.68 (d, JZ6.6 Hz, 1H), 6.85 (d, d, J1Z
6.6 Hz, J2Z2.2 Hz, 1H), 6.89 (d, JZ2.2 Hz, 1H). MS (EI):
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m/z 245 [M]C. Anal. Calcd for C16H23NO: C, 78.32; H,
9.45; N, 5.71. Found: C, 78.22; H, 9.43; N, 5.69.

4.1.6. N,N 0-bis-(5-Ethynyl-2-octyloxy-phenyl)-4,6-bis-
octyloxy-isophthalamide (1). Compound 9 was prepared
from the reaction of oxalyl chloride and the corresponding
diacid20 in the presence of catalytic amount of DMF. After
the volatile materials were removed under reduced pressure,
the resulting oily compound 9 was used for the next step
with further purification. To a solution of compound 9
(0.30 g, 0.29 mmol) in dichloromethane (30 mL) was added
a solution of compound 8 (0.15 g, 0.61 mmol) and
triethylamine (0.5 mL). After stirring at room temperature
for 0.1 h, the mixture was washed with water, brine, dried
over sodium sulfate. Upon removal of the solvent under
reduced pressure, the resulting brown oil was subjected to
flash chromatography (CH2Cl2/EtOAc 100:1) to give 1
(0.18 g, 68%) as a light green solid. Mp 201 8C. 1H NMR
(CDCl3, 300 MHz): d 0.84–0.88 (m, 12H), 1.25–1.43 (m,
40H), 1.77–1.82 (m, 4H), 1.89–1.94 (m, 4H), 2.98 (s, 2H),
4.04 (t, JZ6.6 Hz, 4H), 4.22 (t, JZ6.5 Hz, 4H), 6.49 (s,1H),
6.78 (d, JZ6.5 Hz, 2H), 7.17 (d, d, J1Z6.5 Hz, J2Z2.2 Hz,
2H), 8.80 (d, JZ2.2 Hz, 2H), 9.07 (s, 1H), 9.80 (s, 2H). IR:
n 3315, 3224, 2955, 2925, 2854, 2103, 1664, 1580, 1537,
1423, 1232, 1021, 799, 676 cmK1. MS (MALDI-TOF): m/z
877 [M]C. Anal. Calcd for C56H80N2O6: C, 76.67; H, 9.19;
N, 3.19. Found: C, 76.35; H, 8.98; N, 3.42.

4.1.7. 5-Iodo-2-octyloxy-benzoic acid methyl ester (12). A
mixture of compound 1120a (14.0 g, 53.0 mmol), iodine
(14.0 g, 55.0 mmol) and silver sulfate (17.0 g, 55.0 mmol)
in methanol (200 mL) was stirred at room temperature for
0.5 h and then concentrated in vacuo. The resulting residue
was triturated with ethyl acetate (300 mL). The organic
phase was washed with water (120 mL!2), brine (120 mL),
and dried over sodium sulfate. After the solvent was
distilled under reduced pressure, the resulting residue was
subjected to flash chromatography (dichloromethane) to
give compound 12 (19.9 g, 96%) as a pale yellow oil. 1H
NMR (CDCl3, 300 MHz): d 0.85–0.90 (m, 3H), 1.25–1.48
(m, 10H), 1.76–1.83 (m, 2H), 3.87 (s, 3H), 3.98 (t, JZ
6.4 Hz, 2H), 6.72 (d, JZ6.6 Hz, 1H), 7.68 (d, d, J1Z6.6 Hz,
J2Z2.2 Hz, 1H), 8.04 (d, JZ2.2 Hz, 1H). MS (EI): m/z 390
[M]C. Anal. Calcd for C16H23IO3: C, 49.24; H, 5.94. Found:
C, 49.11; H, 6.21.

4.1.8. 5-(3-Hydroxy-3-methyl-but-1-ynyl)-2-octyloxy-
benzoic acid methyl ester (13). A suspension of
compounds 12 (4.00 g, 10.3 mmol), 5 (1.30 g, 15.0 mmol),
Pd(PPh3)4 (0.38 g, 0.50 mmol, 5%), and CuI (0.10 g,
0.50 mmol) in pyrrolidine (30 mL) was stirred at 60 8C for
2 h and then concentrated under reduced pressure. The
resulting residue was triturated with ethyl acetate (150 mL)
and the organic phase was washed with dilute hydrochloric
acid (1 N, 50 mL), water (50 mL), brine (50 mL), and dried
over sodium sulfate. After the solvent was distilled under
reduced pressure, the resulting crude product was subjected
to flash chromatography (CH2Cl2) to give compound 13
(2.58 g, 72%) as a yellow oil. 1H NMR (CDCl3, 300 MHz):
d 0.86–0.90 (m, 3H), 1.28–1.50 (m, 10H), 1.60 (s, 6H),
1.77–1.84 (m, 2H), 3.87 (s, 3H), 4.02 (t, JZ6.6 Hz, 2H),
6.88 (d, JZ6.5 Hz, 1H), 7.47 (d, d, J1Z6.5 Hz, J2Z2.2 Hz,
1H), 7.85 (d, JZ2.2 Hz, 1H). MS (EI): m/z 346 [M]C. Anal.
Calcd for C21H30O4: C, 72.80; H, 8.73. Found: C, 72.67; H,
8.88.

4.1.9. 5-(3-Hydroxy-3-methyl-but-1-ynyl)-2-octyloxy-
benzoic acid (14). Compound 13 (2.00 g, 5.80 mmol) and
potassium hydroxide (0.56 g, 10.0 mmol) were added to a
mixture of methanol (50 mL) and water (20 mL). The
mixture was stirred under reflux for 2 h and concentrated to
about 20 mL. The solution was neutralized with dilute
hydrochloric acid (2 N) and then extracted with dichloro-
methane (30 mL!2). The combined organic phase was
washed with water (20 mL!3), brine (20 mL), and dried
over sodium sulfate. Upon removal of the solvent under
reduced pressure, the resulting brown residue was subjected
to flash chromatography (CH2Cl2/EtOAc 10:1) to give
intermediate 14 (1.75 g, 91%) as a yellow oil. 1H NMR
(CDCl3, 300 MHz): d 0.85–0.90 (m, 3H), 1.25–1.49 (m,
10H), 1.60 (s, 6H), 1.88–1.93 (m, 2H), 4.22–4.26 (t, JZ
6.6 Hz, 2H), 6.96 (d, JZ6.4 Hz, 1H), 7.56 (d, d, J1Z6.4 Hz,
J2Z2.3 Hz, 1H), 8.22 (d, JZ2.3 Hz, 1H). MS (EI): m/z 332
[M]C. Anal. Calcd for C20H28O4: C, 72.26; H, 8.49. Found:
C, 72.27; H, 8.64.

4.1.10. 5-Ethynyl-2-octyloxy-benzoic acid (15). To a
solution of acid 13 in benzene (80 mL) was added potassium
hydroxide (0.56 g, 10.0 mmol). The mixture was refluxed
for 3 h. After normal workup, the crude product was
chromatographed (CH2Cl2) to afford compound 15 as a pale
yellow solid (1.50 g, 78%). Mp 63–64 8C. 1H NMR (CDCl3,
300 MHz): d 0.86–0.90 (m, 3H), 1.25–1.48 (m, 10H), 1.89–
1.94 (m, 2H), 3.06 (s, 1H), 4.26 (t, JZ6.5 Hz, 2H), 6.99 (d,
JZ6.6 Hz, 1H), 7.64 (d, d, J1Z6.5 Hz, J2Z2.2 Hz, 1H),
8.32 (d, JZ2.2 Hz, 1H), 10.84 (br, 1H). MS (EI): m/z 274
[M]C. Anal. Calcd for C17H22O3: C, 74.42; H, 8.08. Found:
C, 74.30; H, 8.17.

4.1.11. N,N 0-bis-(5-Ethynyl-2-octyloxy-benzoyl)-4,6-bis-
methoxy-1,3-phenylenediamine (2). A solution of com-
pounds 15 (0.14 g, 0.50 mmol) and 1621 (42.0 mg,
0.25 mmol), in dichloromethane (20 mL) was stirred in ice
bath for 30 min. A solution of HOBt (90.0 mg, 0.58 mmol)
and DCC (0.12 g, 0.58 mmol) in dichloromethane (10 mL)
was added. Stirring was continued for another 12 h and the
solid was filtered. The filtrate was evaporated in vacuo and
the resulting residue was purified by column chromato-
graphy (silica gel, CH2Cl2/EtOAc 10:1) to give compound 2
as a yellow solid (0.11 g, 63%). Mp 197 8C. 1H NMR
(CDCl3, 300 MHz): d 0.84–0.88 (m, 6H), 1.25–1.51 (m,
20H), 1.92–2.01 (m, 4H), 3.01 (s, 2H), 3.90 (s, 6H), 4.18 (t,
JZ6.6 Hz, 4H), 6.54 (s, 1H), 6.93 (d, JZ6.5 Hz, 2H), 7.54
(d, d, J1Z6.5 Hz, J2Z2.2 Hz, 2H), 8.50 (d, JZ2.2 Hz, 2H),
9.53 (s, 1H), 9.97 (s, 2H). IR: n 3351, 3298, 3251, 2106,
1662, 1542, 1470, 1421, 1249, 1201, 1027, 810, 684 cmK1.
MS (MALDI-TOF): m/z 680 [M]C, 703 [MCNa]C, 719
[MCK]C. Anal. Calcd for C42H52N2O6: C, 74.08; H, 7.70;
N, 4.11. Found: C, 74.05; H, 7.73; N. 3.82.

4.1.12. Metallocyclophane 17. To a solution of compounds
1 (0.10 g, 0.11 mmol) and trans-PtCl2(PEt3)2 (60.0 mg,
0.11 mmol) in dichloromethane (100 mL) was added
diethylamine (0.5 mL) and cupric chloride (5 mg) with
stirring. The mixture was stirred at room temperature for
12 h and washed with dilute hydrochloric acid (1 N, 20 mL),
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water (20 mL!3), brine (30 mL), and dried over sodium
sulfate. The solvent was removed in vacuo and the resulting
residue purified by column chromatography (CH2Cl2/
MeOH 200:1) to afford compound 17 as a light yellow
solid (58 mg, 20%). Mp 253 8C (decomp.). 1H NMR
(CDCl3, 300 MHz): d 0.84–0.88 (m, 24H), 1.19–1.44 (m,
116H), 1.77–1.82 (m, 8H), 1.93–1.98 (m, 8H), 2.22–2.29
(m, 24H), 4.05 (t, JZ6.5 Hz, 8H), 4.26 (t, JZ6.6 Hz, 8H),
6.53 (s, 2H), 6.72 (d, JZ6.5 Hz, 4H), 6.95 (d, d, J1Z6.5 Hz,
J2Z2.2 Hz, 4H), 8.78 (d, JZ2.2 Hz, 4H), 9.27 (s, 2H), 9.90
(s, 4H). 13C NMR (CDCl3): d 8.1, 8.5, 14.2, 16.3, 16.5, 16.7,
22.6, 22.7, 22.71, 25.9, 25.9, 28.9, 29.3, 29.3, 29.4, 29.4,
29.5, 29.8, 31.8, 31.8, 31.9, 68.9, 70.0, 111.0, 116.7, 128.7,
145.5, 159.6, 162.0. IR: n 3358, 2958, 2928, 2855, 2101,
1666, 1577, 1531, 1481, 1230, 1035, 766, 670 cmK1. MS
(MALDI-TOF): m/z 2613 [MCH]C. Anal. Calcd for
C136H216N4O12P4Pt2: C, 62.46; H, 8.37; N, 2.14. Found:
C, 62.72; H, 8.53; N, 2.05.

4.1.13. Metallocyclophane 18. A suspension of compounds
2 (0.10 g, 0.16 mmol), trans-PtCl2(Et3P)2 (83.0 mg,
0.16 mmol), cupric acid (5.0 mg), and diethylamine
(0.5 mL) in dichloromethane (150 mL) was stirred at
room temperature for 12 h. After workup as described 17,
the resulting crude product was purified by column
chromatography (CH2Cl2/MeOH 40:1) to afford 18 as a
light yellow solid (52 mg, 15%). Mp 250 8C (decomp.). 1H
NMR (CDCl3, 300 MHz): d 0.84–0.88 (m, 12H), 1.21–1.50
(m, 80H), 1.95–2.00 (m, 8H), 2.20–2.28 (m, 24H), 3.90
(s,12H), 4.14 (t, JZ6.6 Hz, 8H), 6.54 (s, 2H), 6.82 (d, JZ
6.3 Hz, 4H), 7.29 (d, d, J1Z6.3 Hz, J2Z2.2 Hz, 4H), 8.38
(d, JZ2.2 Hz, 4H), 9.99 (s, 2H), 10.15 (s, 4H). 13C NMR
(CDCl3): d 9.7, 15.4, 17.5, 17.7, 18.0, 24.0, 27.2, 30.5, 30.6,
30.7, 33.1, 56.9, 70.8, 96.2, 101.5, 113.2, 122.8, 123.4,
135.6, 137.5, 146.1, 155.7, 163.7. IR: n 3353, 2960, 2929,
2855, 2101, 1666, 1542, 1469, 1421, 1201, 1036, 768,
733 cmK1. MS (MALDI-TOF): m/z 2242 [MCK]C. Anal.
Calcd for C108H160N4O12P4Pt2: C, 58.42; H, 7.26; N, 2.52.
Found: C, 58.76; H, 6.90; N, 2.14.

4.1.14. Compound 28. The method by Stadler et al. was
used to prepare this compound.22 A mixture of lactose 26
(1.70 g, 5.00 mmol) and lauryl amine 27 (1.00 g,
5.50 mmol) in methanol (10 mL) was stirred at 65 8C
overnight and then concentrated under reduced pressure.
The resulting residue was subject to column chromato-
graphy (CH2Cl2/MeOH 2:1) to afford compound 28 as a
pale yellow solid (1.35 g, 53%). 1H NMR (CD3OD,
300 MHz): d 0.88–0.93 (m, 3H), 1.29–1.37 (m, 18H),
1.509–1.52 (m, 2H), 2.58–2.67 (m, 1H), 2.84–2.91 (m, 1H),
3.10–3.16 (t, JZ4.6 Hz, 1H), 3.30–3.31 (m, 2H), 3.33–3.37
(m, 1H), 3.49–3.60 (m, 4H), 3.70–3.87 (m, 5H), 4.34–4.37
(d, JZ5.0 Hz, 1H). MS (ESI): m/z 510 [MCH]C.
C24H47NO10: C, 56.56; H, 9.30; N, 2.75. Found: C, 55.67;
H, 9.43; N, 2.62.

4.1.15. Compound 24. To a stirred solution of lauric acid
(0.60 g, 3.00 mmol) and methyl chloroformate (0.33 g,
3.00 mmol) in THF (8 mL) was added triethylamine
(0.42 mL, 3.00 mmol) dropwise at 0 8C. The mixture was
stirred for another 1 h at room temperature and filtered
rapidly. The filtrate was then added to a solution of 28
(1.52 g, 3.00 mmol) in DMF. After stirring for another 12 h,
the solvent was removed under reduced pressure. The
resulting residue was triturated with chloroform (100 mL)
and the organic phase was washed with water (20 mL!3),
brine (20 mL) and dried over magnesium sulfate. Upon
removal of the solvent with a rotavapor, the resulting crude
product was purified by column chromatography (CH2Cl2/
MeOH 8:1) to give 24 as a white solid (0.14 g, 67%). Mp
134 8C. 1H NMR (CDCl3, 300 MHz): d 0.88–0.92 (m, 6H),
1.29–1.37 (m, 34H), 1.59–1.63 (m, 4H), 2.45–2.48 (t, JZ
5.3 Hz, 2H), 3.29–3.31 (m, 4H), 3.47–3.60 (m, 8H), 3.71–
3.87 (m, 6H), 4.36–4.385 (d, JZ5.7 Hz, 1H). MS (ESI): m/z
692 [MCH]C. Anal. Calcd for C36H69NO11$H2O: C, 60.90;
H, 10.08; N, 1.97. Found: C, 60.72; H, 10.02; N. 1.87.

4.1.16. Crystal data for compound 1. C43H54N2O6Cl2,
MZ765.78, triclinic, space group P-1, aZ11.415(4) Å, bZ
12.505(4) Å, cZ15.308(5) Å, aZ94.678(7), bZ99.096(7),
gZ103.542(6), UZ2081.7(12) Å3, ZZ2, calcd densityZ
1.222 Mg/m3, absorption coefficientZ0.204 mmK1, 12,824
reflections collected (unique 9300), RintZ0.1294, crystal
size: 0.488!0.350!0.148 mm.

4.1.17. Binding studies. For the fluorescent titration
experiments, 2.5 mL of the mixture solution with the fixed
concentration of 17 or 18 and the changing concentration of
saccharide guests was placed in a cuvette and the fluorescent
spectra (usually 15–20 spectra) were sequentially recorded
at 23 8C. The values of the emission strength at fixed
wavelengths were used. Origin 6.0 software was used to fit
the data to a 1:1 binding isotherm: DIZ(DImax/[H])!
{0.5[G]C0.5([H]CKd)-0.5[[G]2C(2[S](Kd-[H])C(KdC
[H])2)1/2]}, where [H] is the concentration of metallocyclo-
phane, [G] is the concentration of saccharide, and KdZ
(Kassoc)

K1. Association constants reported are the average
values of two experiments. The 1H NMR titration followed
the same principle.
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Abstract—Synthesis of ring-expanded analogs of the natural compound, oxetanocin is described. The starting material for the synthesis of
the series, 4–7, was D-glucosamine and introduction of the base moiety was done through the stereochemically appropriate epoxide. For the
enantiomeric series, 8–11, the starting material was D-glucose and preparation of the key intermediate involved a rearrangement reaction. The
structures of the target molecules were established by NMR, HRMS, optical rotation and UV data. Single-crystal X-ray data confirmed the
enantiomeric structural assignments.
q 2004 Elsevier Ltd. All rights reserved.
Figure 1. Structures of oxetanocin, (S,S)-IsoddA and an analog of
oxetanocin.
1. Introduction

Oxetanocin (1), a natural nucleoside with a surrogate
carbohydrate moiety isolated from bacterial sources,
exhibits anti-HIV activity.1 In designing ring-expanded
analogs of oxetanocin that would have the potential for
antiviral activity, we envisaged that a combination of the
structural features of the surrogate carbohydrate moiety of
oxetanocin with the sugar component of another antiviral
compound, 4(S)-(adenin-9-yl)-2(S)-hydroxymethyltetra-
hydrofuran [(S,S)-isoddA] (2) (Fig. 1) would be of
interest.2–5 Earlier work in our laboratory had led to the
discovery of (S,S)-isoddA which exhibits potent anti-HIV
activity against HIV-1, HIV-2, and HIV-resistant strains.
(S,S)-IsoddA triphosphate is among the strongest known
inhibitors of HIV reverse transcriptase.2 In addition, another
isomeric nucleoside related to oxetanocin, compound 3,
shows antiviral activity against HSV-1 (KOS) and HSV-2
(186).6 Our design of novel nucleosides included the
enantiomeric purine isonucleosides 4 and 8 and the
pyrimidine counterparts 5–7 and 9–11 (Fig. 2).
2. Results and discussion

In order to synthesize target compounds (4–7), epoxide 13
was prepared from D-glucosamine using a known method.7,8

The ditrityl derivative, 12, under Mitsunobu conditions,
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.087
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gave the key precursor 13 in 89% yield (Scheme 1). An SN2-
type condensation of 13 with the sodium salt of adenine in
DMF at 120 8C5 gave an inseparable diastereomeric mixture
of 14 and 15 in 49% yield (14:15 ratioZ3:1). The ratio of
products reflects the higher steric hindrance to nucleophilic
attack that is inherent on one of the two carbon centers of
epoxide 13. This product mixture was converted to the
deoxygenated compounds 16 and 17 using the Barton
deoxygenation.9 Separation of the diastereoisomers by
preparative silica gel TLC was possible at this stage to
give 16 and 17 in 52 and 17% yield, respectively.
Deprotection of 16 and 17 using 80% acetic acid gave the
target compound 4 (74%) and its diastereoisomer 18 (72%).
Tetrahedron 60 (2004) 10261–10268



Figure 2. Ring-expanded analogs of oxetanocin.
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For the preparation of pyrimidine derivatives, the key
intermediate 13 was coupled with the sodium salt of uracil,
under conditions similar to the preparation of adenosine
analogue 14, to give two products, 19 and 20 (Scheme 2).
The major product 19 was deoxygenated to 23 (40% yield)
and then aminated to cytidine analogue 24 (73% yield) by
Scheme 1.
sequential treatment with 2,4,6-triisopropylbenzenesulfonyl
chloride and ammonium hydroxide.10 Finally, uridine and
cytidine analogues, 5 and 6, were prepared from the
intermediates 23 and 24, by deprotection with acetic acid
respectively in 67 and 65% yield. Thymidine analogue 7
was similarly obtained from compound 13 via intermediates
21 and 25 (Scheme 2).

For the synthesis of the corresponding enantiomers (8–11), a
different synthetic strategy was employed where starting
material 26 was prepared from diacetone D-glucose using
known procedures (Scheme 3).11,12 To prepare key
intermediate 28, an acid-catalyzed rearrangement of 2613

was carried out to produce an aldehyde intermediate which,
was under the conditions of the reaction, was transformed to
the cyclic acetal 27. Selective tritylation of the primary
hydroxyl functionality (82%) followed by mesylation of the
remaining hydroxyl group (89%) of 27 gave intermediate
28. Coupling of 28 with the sodium salt of adenine in N,N-
dimethylformamide at 80–85 8C gave the protected adeno-
sine analogue 29 in 56% yield. The cyclic acetal of
compound 29 was hydrolyzed with trifluoroacetic acid–HCl
and the resulting aldehyde was reduced with NaBH4 to the
isoadenosine target 8 in 64% yield. Its structure was
confirmed by single crystal X-ray data (Fig. 3). While its 1H
and 13C NMR spectra were identical to that of its
enantiomer, the dextrorotatory compound 4, compound 8
was laevorotatory and the magnitude of its optical rotation
was close to that for 4. Thus, the spectroscopic data, the



Scheme 2.

Scheme 3.
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crystal structure data, and the optical rotation data
confirmed the structures of both 4 and 8.

For the preparation of thymidine analogue 9, the key
intermediate 28 was treated with sodium salt of thymine in
N,N-dimethylformamide at elevated temperatures to give
protected thymidine analogue 30 (20%) which was
converted to the target thymidine 9 in 67% yield (Scheme 4).
Because of the low yield for the direct coupling, the
synthesis of uracil and cytosine analogues utilized a base
construction methodology from the amino intermediate 31
prepared in high yield from 28 through azide displacement
and catalytic reduction. The amine 31 was treated with
3-methoxyacryloyl isocyanate,14 freshly prepared from



Figure 3. Ortep plot of single-crystal X-ray structure of compound 8.
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3-methoxyacryloyl chloride and silver cyanate, to give an
acryloylurea intermediate which was cyclized to 32 (66%)
under catalysis with ammonium hydroxide at 100 8C in a
steel bomb. The isouridine analogue 10 was obtained from
32 in 67% yield by deprotection with trifluoroacetic acid
and HCl followed by reduction with NaBH4. Similarly, the
final target cytidine analogue 11 was prepared from 10 in
three steps in 36% yield (Scheme 4).
Scheme 4.
In summary, new enantiomeric isonucleoside analogs
related to natural oxetanocin have been synthesized from
D-glucose and D-glucosamine. The structures of the target
compounds and intermediates were confirmed by NMR,
HRMS, UV, single crystal X-ray and optical rotation data.
These compounds are undergoing comprehensive antiviral
testing against various viral infected cell lines and those
results will be reported elsewhere.
3. Experimental

3.1. General

Melting points reported are uncorrected and were deter-
mined on an Electrothermal Engineering Ltd. melting point
apparatus. Nuclear magnetic resonance spectra were
recorded on Bruker Model AC300 and WM 360 systems.
High-resolution mass spectral data were determined at the
Nebraska Center for Mass Spectrometry. Ultraviolet spectra
were recorded on a Varian Cary Model 3 spectro-
photometer. Purities of intermediates and final products
were determined by a combination of HPLC analyses, 13C
NMR spectra, HRMS data and quantitative UV data.

3.1.1. 2,5:3,4-Dianhydro-1,6-di-O-trityl-D-altritol (13).
To a mixture of compound 12 (9.8 g, 15.11 mmol) and
triphenylphosphine (7.9 g, 30.12 mmol) in anhydrous 1,4-
dioxane (50 mL) was cooled to 0 8C and DEAD (4.8 mL,
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30.48 mmol) in 8 mL anhydrous 1,4-dioxane was added
with stirring under nitrogen atmosphere. The reaction
mixture was allowed to come to room temperature and
stirred for 2 h at 70 8C. The solvent was removed under
vacuum and the residue obtained was separated by silica gel
column chromatography (chloroform) to give compound
1315 as a white solid (8.5 g, 89%). Mp 166–168 8C; 1H
NMR (CDCl3) d (ppm) 7.57–7.23 (m, 30H), 4.35 (t, 1H, JZ
6.3 Hz), 4.24 (t, 1H, JZ4.2 Hz), 4.02 (d, 1H, JZ3.0 Hz),
3.75 (d, 1H, JZ3.0 Hz), 3.45–3.32 (m, 3H), 3.19 (dd, 1H,
JZ3.6, 9.9 Hz); 13C NMR (CDCl3) d (ppm) 144.0, 143.7,
128.8, 128.7, 128.0, 127.9, 127.2, 127.1, 87.0, 86.9, 77.5,
76.9, 64.2, 62.7, 58.3, 57.5; FABMS: 653 (MCNa)C.

3.1.2. 4(R)-(Adenin-9-yl)-2(R),5(S)-di(trityloxymethyl)-
3(R)-hydroxytetrahydrofuran (14) and 4(S)-(adenin-9-
yl)-2(R),5(S)-di(trityloxymethyl)-3(S)-hydroxytetra-
hydrofuran (15). A mixture of adenine (936 mg,
6.93 mmol) and 60% sodium hydride (277 mg,
6.93 mmol) in anhydrous N,N-dimethylformamide
(20 mL) was heated at 110 8C for 2 h and compound 13
(1.46 g, 2.31 mmol) in N,N-dimethylformamide (5 mL) was
added under nitrogen atmosphere. The resulting reaction
mixture was heated at 110–120 8C for 21 h. After removal
of solvent under reduced pressure, the residue was separated
by silica gel column chromatography (chloroform–metha-
nolZ49:1) to give a mixture of compound 14 and 15 (14:15
ratioZ3:1 by 1H NMR) as a white solid (866 mg, 49%).
Data given for 14/15 mixture. UV lmax 262 nm (MeOH);
HRFABMS: calcd mass 766.3393 for C49H44N5O4, found
766.3413 (MCH)C.

3.1.3. 3(R)-(Adenin-9-yl)-2(S),5(S)-di(trityloxymethyl)
tetrahydrofuran (16) and 3(S)-(adenin-9-yl)-2(S),5(S)-
di(trityloxymethyl)tetrahydrofuran (17). To a solution
of the mixture of 14 and 15 (760 mg, 0.99 mmol) and
4-dimethyl-aminopyridine (242 mg, 1.98 mmol) in
anhydrous CH2Cl2 (20 mL) was added phenyl chloro-
thionoformate (0.22 mL, 1.98 mmol) slowly at K10 8C
over 10 min under nitrogen atmosphere. The resulting
mixture was stirred at K10 8C for 6 h and the reaction was
quenched with water (2 mL). After dilution with EtOAc
(200 mL), the reaction mixture was washed with brine (3!
15 mL), dried on sodium sulfate, and concentrated. The
resulting residue was purified by silica gel column
chromatography (EtOAc) to give a xanthate intermediate
(640 mg, 0.71 mmol, 71%), which was dried under high
vacuum and dissolved in benzene (30 mL). To this solution,
Bu3SnH (1.47 mL, 5.46 mmol) and AIBN (70 mg,
0.41 mmol) were added and the resulting mixture was
heated under reflux for 1.5 h and cooled to rt. Upon
concentration, the residue was separated by preparative
silica gel TLC (chloroform–methanolZ40:1) to afford
compound 16 (268 mg, 52%) and compound 17 (88 mg,
17%) as oils. Compound 16. UV lmax 261 nm (MeOH); 1H
NMR (CDCl3) d (ppm) 8.29 (s, 1H), 7.78 (s, 1H), 7.50–7.20
(m, 30H), 5.70 (s, 2H), 5.14 (q, 1H, JZ7.9 Hz), 4.48 (m,
2H), 3.33 (d, 4H, JZ4.5 Hz), 2.61 (dt, 1H, JZ7.2, 13.4 Hz),
2.46 (m, 1H); 13C NMR (CDCl3) d (ppm) 155.2, 152.7,
150.0, 143.9, 143.6, 138.8, 129.6, 128.7, 128.6, 127.9,
127.8, 127.1, 127.0, 87.0, 86.8, 81.2, 77.7, 65.9, 64.2, 56.7,
35.3; HRFABMS: calcd mass 750.3444 for C49H44N5O3,
found 750.3464 (MCH)C. Compound 17. UV lmax 261 nm
(MeOH); 1H NMR (CDCl3) d (ppm) 8.23 (s, 1H), 7.68 (s,
1H), 7.51–7.14 (m, 30H), 5.63 (s, 2H), 4.65 (m, 1H), 4.57
(m, 1H), 3.26 (d, 2H, JZ4.8 Hz), 3.13 (dd, 1H, JZ4.8,
9.6 Hz), 2.67 (dd,1H, JZ7.4, 9.6 Hz), 2.48 (dt, 1H, JZ7.4,
12.1 Hz), 2.35 (dd 2H, JZ8.1, 12.0 Hz); 13C NMR (CDCl3)
d (ppm) 155.5, 153.1, 150.4, 144.1, 143.5, 139.6, 129.3,
128.8, 128.2, 127.9, 127.4, 127.2, 87.2, 79.9, 77.4, 66.5,
61.9, 55.7, 35.5; HRFABMS: calcd mass 750.3444 for
C49H44N5O3, found 750.3434 (MCH)C.

3.1.4. 3(R)-(Adenin-9-yl)-2(S),5(S)-di(hydroxymethyl)
tetrahydrofuran (4). Compound 16 (200 mg, 0.27 mmol)
in 80% acetic acid (13 mL) was heated at 60 8C for 12 h and
concentrated to give a white solid that was purified by silica
gel column chromatography (chloroform–methanolZ10:1)
to give compound 4 (53 mg, 74%) as a white solid. Mp 189–
191 8C; [a]D

20ZC27.08 (c 0.6 MeOH). UV lmax 260 nm (3
12,695, MeOH); 1H NMR (D2O) d (ppm) 8.30 (s, 1H), 8.20
(s, 1H), 5.11 (dd, 1H, JZ1.5, 8.3 Hz), 4.45 (m, 2H), 3.88–
3.65 (m, 4H), 2.72 (m, 1H), 2.37 (m, 1H); 13C NMR (D2OC
DMSO-d6) d (ppm) 157.08, 154.01, 150.04, 142.13, 120.12,
83.64, 80.39, 64.57, 62.40, 56.91, 34.97; HRFABMS: calcd
mass 266.1253 for C11H16N5O3, found 266.1258 (MCH)C.

3.1.5. 3(S)-(Adenin-9-yl)-2(S),5(S)-di(hydroxymethyl)
tetrahydrofuran (18). Using the same procedure for 4,
compound 18 (21 mg, 72%) was obtained as a white solid
from compound 17 (80 mg, 0.11 mmol). Mp 189–192 8C;
[a]D

20ZC85.08 (c 0.5 MeOH). UV lmax 261 nm (3 12 863,
MeOH); 1H NMR (D2O) d (ppm) 8.21 (s, 1H), 8.12 (s, 1H),
5.31 (m, 1H), 4.71 (m, 1H), 4.36 (m, 1H), 3.71 (m, 2H), 3.35
(dd, 1H, JZ6.0, 16.0 Hz), 3.15 (dd, 1H, JZ8.8, 16.0 Hz),
2.54 (m, 2H); 13C NMR (D2OCDMSO-d6) d (ppm) 157.11,
154.25, 150.76, 142.23, 120.24, 81.91, 80.15, 65.00, 61.22,
57.28, 35.02; HRFABMS: calcd mass 266.1253 for
C11H16N5O3, found 266.1257 (MCH)C.

3.1.6. 2(S),5(S)-Di(hydroxymethyl)-3(R)-(uracil-1-yl)
tetrahydrofuran (5). A mixture of uracil (1.99 g,
17.75 mmol) and 60% sodium hydride (710 mg,
17.75 mmol) in anhydrous N,N-dimethylformamide
(150 mL) was heated at 110 8C for 2 h and then compound
13 (2.80 g, 4.44 mmol) in anhydrous N,N-dimethylforma-
mide (10 mL) was added. The reaction mixture was heated
at 150–160 8C for 48 h and concentrated under reduced
pressure. The residue was separated by silica gel column,
chromatography (chloroform–methanolZ60:1) to give
compound 19 (800 mg, 24%) and 20 (200 mg, 6%) as
oils. Compound 19. UV lmax 266 nm (MeOH); 1H NMR
(CDCl3) d (ppm) 9.35 (s, 1H), 7.45–7.15 (m, 31H), 5.52 (d,
1H, JZ8.0 Hz), 4.84 (t, 1H, JZ6.0 Hz), 4.37 (t, 1H, JZ
6.1 Hz), 4.20 (dd, 1H, JZ5.2, 11.1 Hz), 4.07 (m, 1H), 3.44
(dd, 1H, JZ4.7, 10.3 Hz), 3.38 (dd, 1H, JZ5.3, 10.2 Hz),
3.32 (m, 2H); 13C NMR (CDCl3) d 163.2, 151.0, 143.6,
143.5, 142.0, 128.8, 128.6, 128.0, 127.9, 127.2, 103.0, 87.2,
87.2, 82.6, 79.1, 76.9, 66.4, 64.3, 64.1. Compound 20. UV
lmax 266 nm (MeOH); 1H NMR (CDCl3) d (ppm) 8.63 (s,
1H), 7.59–7.18 (m, 31H), 5.39 (d, 1H, JZ8.1 Hz), 5.27 (t,
1H, JZ6.7 Hz), 4.96 (dd, 1H, JZ7.6, 15.0 Hz), 4.78 (m,
1H), 4.59 (m, 1H), 3.69 (dd, 1H, JZ4.2, 10.5 Hz), 3.34–
3.25 (m, 2H), 2.88 (dd, 1H, JZ2.7, 10.8 Hz); 13C NMR
(CDCl3) d (ppm) 167.7, 151.0, 143.2, 143.1, 141.8, 128.5,
128.4, 128.2, 128.0, 127.4, 127.3, 101.7, 87.8, 87.7, 77.9,
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76.4, 74.6, 64.3, 63.6, 62.4. Compound 23 (234 mg, 40%)
was obtained from compound 19 (600 mg, 0.81 mmol)
using the same method as described for compound 16. UV
lmax 266 nm (MeOH); 1H NMR (CDCl3) d (ppm) 8.76 (s,
1H), 7.46–7.19 (m, 31H), 5.55 (d, 1H, JZ8.1 Hz), 4.32 (m,
1H), 4.28 (m, 1H), 3.43 (dd, 1H, JZ3.7, 10.2 Hz), 3.35 (dd,
1H, JZ4.1, 9.3 Hz), 3.19 (m, 2H), 2.46 (m, 1H), 1.86 (m,
1H); 13C NMR (CDCl3) d (ppm) 162.8, 150.6, 143.6, 141.3,
128.8, 128.6, 127.9, 127.3, 127.2, 103.2, 87.3, 87.2, 81.7,
77.7, 65.4, 64.7, 57.3, 34.2.

Compound 5 (10 mg, 67%) was obtained from compound
23 (45 mg, 0.062 mmol) using the same method for
compound 4. Mp 200–202 8C; [a]D

20ZC328; (c 0.24,
MeOH). UV lmax 266 nm (3 10 076, MeOH); 1H NMR
(D2O) d (ppm) 7.81 (d, 1H, JZ8.1 Hz), 5.92 (d, 1H, JZ
8.0 Hz), 5.08 (dt, 1H, JZ6.3, 8.6 Hz), 4.34 (m, 1H), 4.23
(dt, 1H, JZ3.9, 6.0 Hz), 3.83 (dd, 1H, JZ3.1, 12.4 Hz),
3.75–3.65 (m, 3H), 2.54 (m, 1H), 2.08 (dt, 1H, JZ8.9,
13.1 Hz); 13C NMR (D2OCDMSO-d6) d (ppm) 167.8,
153.8, 145.4, 104.1, 83.0, 80.3, 64.4, 62.6, 58.4, 33.6;
HRFABMS: calcd mass 243.0980 for C10H15N2O5, found
243.0984 (MCH)C.

3.1.7. 3(R)-(Cytosin-1-yl)-2(S),5(S)-di(hydroxymethyl)
tetrahydrofuran (6). To a mixture of compound 23
(230 mg, 0.32 mmol) and 4-dimethylaminopyridine
(114 mg, 0.93 mmol) in anhydrous acetonitrile (15 mL)
was added 2,4,6-triisopropylbenzenesulfonyl chloride
(282 mg, 0.93 mmol) and triethylamine (1.3 mL) at 0 8C.
The resulting reaction mixture was stirred at rt for 3 h.
Ammonium hydroxide (29%, 8 mL) was added to the
reaction mixture, which was then stirred for additional 2 h.
After removal of solvent, the residue was separated by silica
gel column chromatography (chloroform–methanolZ30:1)
to give compound 24 (170 mg, 76%) as an oil. UV lmax

276 nm (MeOH); 1H NMR (CDCl3) d (ppm) 7.58–7.21 (m,
31H), 5.54 (d, 1H, JZ10.0 Hz), 5.31 (m, 1H), 4.38 (m, 1H),
4.28 (m, 1H), 3.43–3.22 (m, 4H), 2.55 (m, 1H), 1.89 (m, 1H)
1.76 (bs, 2H); 13C NMR (CDCl3) d (ppm) 164.7, 156.0,
143.8, 143.7, 142.7, 128.8, 128.7, 127.7, 127.1, 127.0, 94.8,
87.1, 86.9, 82.2, 77.6, 65.6, 64.7, 57.8, 35.1. Compound 6
(20 mg, 65%) was obtained as a hygroscopic white solid
from compound 24 (93 mg, 0.128 mmol) using the same
method for compound 4. [a]D

20ZC298 (c 0.24, MeOH). UV
lmax 276 nm (3 10 405, MeOH); 1H NMR (D2O) d (ppm)
7.77 (d, 1H, JZ7.5 Hz), 6.08 (d, 1H, JZ7.5 Hz), 5.12 (m,
1H), 4.35 (m, 1H), 4.23 (m, 1H), 3.82 (m, 1H), 3.70 (m, 3H),
2.54 (m, 1H), 2.05 (m, 1H); 13C NMR (D2OCDMSO-d6) d
(ppm) 166.0, 158.5, 143.6, 96.9, 82.2, 78.9, 63.1, 61.4, 57.5,
32.8; HRFABMS: calcd mass 242.1140 for C10H16N3O4,
found 242.1141 (MCH)C.

3.1.8. 2(S),5(S)-Di(hydroxymethyl)-3(R)-(thymin-1-yl)-
tetrahydrofuran (7). A mixture of thymine (1.90 g,
15.06 mmol) and 60% sodium hydride (608 mg,
15.20 mmol) in anhydrous N,N-dimethylformamide
(10 mL) was heated at 110 8C for 2 h and then compound
13 (2.40 g, 3.80 mmol) was added. The resulting reaction
mixture was heated at 150–160 8C for 48 h and concentrated
under reduced pressure. The residue was separated by silica
gel column chromatography (chloroform–methanolZ1:1)
to give compound 21 (807 mg, 28%) and 22 (168 mg, 6%)
as oils. Compound 21. UV lmax 270 nm (MeOH); 1H NMR
(CDCl3) d (ppm) 9.50 (s, 1H), 7.46–7.04 (m, 30H), 7.04 (s,
1H), 4.88 (t, 1H, JZ6.1 Hz), 4.42 (t, 1H, JZ4.2 Hz), 4.22
(q, 1H, JZ5.8 Hz), 4.05 (m, 1H), 3.67 (bs, 1H), 3.42 (m,
2H), 3.30 (m, 2H), 1.69 (s, 3H); 13C NMR (CDCl3) d (ppm)
163.7, 151.3, 143.7, 143.6, 137.5, 128.7, 128.6, 127.9,
127.9, 127.2, 127.1, 111.6, 87.2, 87.1, 82.4, 79.0, 77.2, 65.8,
64.2, 64.0, 12.4. Compound 22. UV lmax 270 nm (MeOH);
1H NMR (CDCl3) d (ppm) 8.57 (s, 1H), 7.71–7.09 (m, 30H),
7.08 (s, 1H), 5.23 (t, 1H, JZ6.7 Hz), 5.00 (q, 1H, JZ
7.2 Hz), 4.79 (m, 1H), 4.60 (dt, 1H, JZ4.0, 7.2 Hz), 3.68
(dd, 1H, JZ4.3, 10.5 Hz), 3.35–3.24 (m, 3H), 2.87 (dd, 1H,
JZ3.0, 10.6 Hz), 1.56 (s, 3H); 13C NMR (CDCl3) d (ppm)
163.4, 151.2, 143.2, 138.0, 128.5, 128.4, 128.2, 127.4,
127.3, 109.7, 89.8, 87.5, 78.0, 76.4, 74.5, 64.3, 63.5, 62.7,
12.2. Compound 25 (393 mg, 51%) was obtained from
compound 21 (750 mg, 0.99 mmol) using the same method
for compound 16. UV lmax 270 nm (MeOH); 1H NMR
(CDCl3) d (ppm) 8.65 (s, 1H), 7.48–7.17 (m, 31H), 5.13 (m,
1H), 4.33 (m, 1H), 4.19 (q, 1H, JZ5.2 Hz), 3.38 (m, 2H),
3.20 (m, 2H), 2.44 (m, 1H), 1.94 (m, 1H), 1.73 (m, 3H); 13C
NMR (CDCl3) d (ppm) 163.4, 150.7, 143.7, 143.6, 129.0,
128.7, 128.6, 127.9, 127.9, 127.2, 127.1, 111.8, 87.2, 86.9,
81.2, 77.5, 65.6, 64.6, 57.0, 34.1, 12.5.

Compound 7 (50 mg, 72%) was obtained from compound
25 (200 mg, 0.27 mmol) using the same method for
compound 4. Compound 7. Mp 199–202 8C; [a]D

20ZC308
(c 0.23, MeOH). UV lmax 270 nm (3 10 100, MeOH); 1H
NMR (D2O) d (ppm) 7.64 (s, 1H), 5.08 (dt, 1H, JZ6.5,
8.6 Hz), 4.32 (m, 1H), 4.23 (dt, 1H, JZ3.8, 6.0 Hz), 3.84
(dd, 1H, JZ3.0, 12.3 Hz), 3.73–3.64 (m, 3H), 2.52 (ddd,
1H, JZ6.6, 8.5, 13.0 Hz), 2.06 (t, 1H, JZ9.1, 12.9 Hz),
1.92 (s, 3H); 13C NMR (D2O–DMSO-d6) d (ppm) 167.6,
153.1, 140.4, 112.7, 82.7, 79.9, 64.7, 62.5, 57.7, 33.5, 13.1;
HRFABMS: calcd mass 279.0957 for C11H16N2O5Na,
found 279.0950 (MCNa)C.

3.1.9. 3(S)-(Adenin-9-yl)-2(R),5(R)-di(hydroxymethyl)
tetrahydrofuran (8). A mixture of compound 26 (1.88 g,
3.58 mmol), prepared by known methodology,11,12 ethylene
glycol (1.6 mL, 28.69 mmol), p-toluenesulfonic acid
(330 mg, 1.73 mmol) in benzene (140 mL) containing
N,N-dimethylformamide (3 mL) was refluxed with (Dean–
Stark apparatus, for 24 h), neutralized with saturated
aqueous sodium bicarbonate, and concentrated under
reduced pressure. The residue obtained was separated by
silica gel column chromatography (chloroform–methanolZ
30:1) to give 2,5-anhydro-3-deoxy-L-talose ethylene acetal
(27) (500 mg, 73%) as a syrup; [a]D

20ZC17.118 (c 0.45,
MeOH); 1H NMR (CDCl3) d (ppm) 4.87 (d, 1H, JZ4.1 Hz),
4.53 (m, 1H), 4.29 (dt, 1H, JZ4.1, 7.8 Hz), 4.04–3.89 (m,
6H), 3.17 (m, 1H), 2.07 (m, 2H); 13C NMR (CDCl3) d (ppm)
104.8, 81.8, 78.1, 73.6, 65.5, 65.3, 61.5, 36.8. A solution of
compound 27 (1.76 g, 9.25 mmol) in anhydrous pyridine
(20 mL) was treated with trityl chloride (3.25 g, 12.02 mmol)
at rt. The resulting reaction mixture was stirred for 24 h,
quenched with cold water, and concentrated. The residue
was separated by silica gel column chromatography
(hexanes–ethylacetateZ5:1 to 1:1) to give 2,5-anhydro-3-
deoxy-6-O-trityl-L-talose ethylene acetal (3.28 g, 82%); 1H
NMR (CDCl3) d (ppm) 7.44–7.21(m, 15H), 4.86 (d, 1H, JZ
4.1 Hz), 4.57 (m, 1H), 4.25 (dt, 1H, JZ4.1, 7.5 Hz), 4.17
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(m, 1H), 3.99–3.97 (m, 2H), 3.90–3.87 (m, 2H), 3.48 (dd,
1H, JZ4.6, 9.5 Hz), 3.29 (dd, 1H, JZ7.5, 9.5 Hz), 2.43 (s,
1H), 2.09–2.06 (m, 2H); FABMS: 455 (MCNa)C, 450
(MCNH4)C. To a solution of the trityl compound (2.45 g,
5.66 mmol) in anhydrous methylene chloride (80 mL)
containing triethylamine (6 mL) was added methane-
sulfonyl chloride (1.75 mL, 22.61 mmol) at 0 8C over
10 min and the resulting reaction mixture was stirred at rt
for 1 h and then quenched with cold water. The reaction
mixture was diluted with methylene chloride (50 mL),
washed with water (30 mL), dried with sodium sulfate, and
concentrated to give a residue, which was then purified by
silica gel column chromatography (hexanes–ethylacetateZ
10:1 to 1:1) to give 2,5-anhydro-3-deoxy-4-O-methane-
sulfonyl-6-O-trityl-L-talose ethylene acetal (28) (2.57 g,
89%) as an oil; 1H NMR (CDCl3) d (ppm) 7.43–7.21 (m,
15H), 5.38 (m, 1H), 4.91 (d, 1H, JZ3.5 Hz), 4.29–4.26 (m,
2H), 4.12–3.88 (m, 4H), 3.52 (dd, 1H, JZ5.2, 9.3 Hz), 3.19
(dd, 1H, JZ7.8, 9.2 Hz), 2.72 (s, 3H), 2.47 (m, 1H), 2.25
(m, 1H). A mixture of adenine (1.99 g, 14.72 mmol) and
sodium hydride (60% in oil) in anhydrous N,N-dimethyl-
formamide (120 mL) was heated at 100 8C for 1 h and
cooled to 85 8C. Compound 28 (1.88 g, 3.68 mmol) in
anhydrous N,N-dimethylformamide (20 mL) was then
added. The resulting reaction mixture was heated at 85 8C
for 3 days and concentrated under reduced pressure to give a
residue which was separated by silica gel column chroma-
tography (chloroform–methanolZ30:1) to give compound
29 (1.13 g, 56%) as white foam. UV lmax 265 nm (MeOH);
1H NMR (CDCl3) d (ppm) 8.32 (s, 1H), 8.02 (s, 1H), 7.32–
7.17 (m, 15H), 5.60 (s, 2H), 5.21 (m, 1H), 5.07 (d, 1H, JZ
3.5 Hz), 4.46 (m, 1H), 4.34 (t, 1H, JZ3.5, 7.6 Hz), 4.04–
3.95 (m, 4H), 3.34 (dd, 1H, JZ4.7, 10.0 Hz), 3.27 (dd, 1H,
JZ5.6, 10.0 Hz), 2.71 (dt, 1H, JZ8.9, 13.3 Hz), 2.40 (dt,
1H, JZ7.4, 13.4 Hz); 13C NMR (CDCl3) d (ppm) 155.3,
152.9, 150.1, 143.5, 139.1, 128.6, 127.8, 127.1, 119.6,
104.2, 87.0, 82.2, 78.7, 65.7, 65.3, 64.1, 56.3, 33.5.
Compound 29 (550 mg, 1.00 mmol) was dissolved in
tetrahydrofuran (4 mL) containing trifluoroacetic acid
(2 mL) and conc. HCl (0.3 mL) heated at 80 8C for 8 h,
neutralized with saturated aqueous sodium bicarbonate and
concentrated. The obtained residue was dissolved in
methanol (10 mL) and NaBH4 (100 mg, 2.64 mmol) was
added at 0 8C. The resulting reaction mixture was stirred at
rt for 8 h and concentrated to give a residue, which was
separated by silica gel column chromatography (chloro-
form–methanolZ10:1) to give compound 8 (170 mg, 64%)
as a white solid. Mp 189–190 8C. UV lmax 260 nm (3 12
286, MeOH); [a]D

20ZK258 (c 3.0, MeOH); 1H NMR (D2O)
d (ppm) 8.30 (s, 1H), 8.20 (s, 1H), 5.11 (dd, 1H, JZ1.5,
8.3 Hz), 4.45 (m, 2H), 3.98–3.65 (m, 4H), 2.72 (m, 1H),
2.37 (m, 1H); 13C NMR (D2OCDMSO-d6) d (ppm) 157.0,
154.0, 150.0, 142.1, 120.1, 83.7, 80.5, 64.7, 63.4, 56.9, 35.0;
HRFABMS: calcd mass 288.1072 for C11H15N5O3Na,
found 288.1068 (MCNa)C.

3.1.10. 2(R),5(R)-Di(hydroxymethyl)-3(S)-(thymin-1-yl)-
tetrahydrofuran (9). A mixture of 60% sodium hydride
(230 mg, 9.20 mmol) and thymine (1.16 g, 9.19 mmol) in
anhydrous N,N-dimethylformamide (15 mL) was heated at
95 8C for 1 h and then compound 28 (1.17 g, 2.29 mmol) in
anhydrous N,N-dimethylformamide (5 mL) was introduced.
The reaction mixture was stirred at 100 8C for 4 days,
concentrated in vacuo, and separated by silica gel column
chromatography (hexanes–ethylacetateZ2:1) to give com-
pound 30 (248 mg, 20%) as a syrup; 1H NMR (CDCl3) d
(ppm) 8.38 (s 1H), 7.41–7.20 (m, 16H), 5.16 (m, 1H), 5.04
(d, 1H, JZ2.9 Hz), 4.28 (dt, 1H, JZ2.9, 7.8 Hz), 4.13 (dd,
1H, JZ5.2, 10.5 Hz), 4.06–3.96 (m, 4H), 3.35 (dd, 1H, JZ
5.0, 10.0 Hz), 3.19 (dd, 1H, JZ5.5, 10.0 Hz), 2.55 (dt, 1H,
JZ9.2, 13.7 Hz), 1.98 (dt, 1H, JZ7.1, 13.6 Hz), 1.95 (s,
3H); 13C NMR (CDCl3) d (ppm) 163.3, 150.6, 143.6, 137.4,
128.6, 127.9, 127.2, 111.4, 104.0, 87.2, 81.6, 78.4, 65.6,
65.3, 64.6, 57.0, 32.2, 12.6. Using the procedure for 29 to 8,
compound 9 was obtained from compound 30 in 67% yield
as a white solid. Mp 197–200 8C; [a]D

20ZK278; (c 0.4,
MeOH). UV lmax 270 nm (9,100, MeOH); 1H NMR (D2O) d
(ppm) 7.64 (s, 1H), 5.08 (dt, 1H, JZ6.5, 8.6 Hz), 4.32 (m,
1H), 4.23 (dt, 1H, JZ3.8, 6.0 Hz), 3.84 (dd, 1H, JZ3.0,
12.3 Hz), 3.73–3.64 (m, 3H), 2.52 (ddd, 1H, JZ6.6, 8.5,
13.0 Hz), 2.06 (dt, 1H, JZ9.1 Hz, 12.9 Hz), 1.92 (s, 3H);
13C NMR (D2OCDMSO-d6) d (ppm) 167.6, 153.1, 140.4,
112.6, 82.7, 79.9, 64.7, 62.5, 57.7, 33.5, 13.1; HRFABMS:
calcd mass 279.0957 for C11H16N2O5Na, found 279.0975
(MCNa)C.

3.1.11. 2(R),5(R)-Di(hydroxymethyl)-3(S)-(uracil-1-yl)-
tetrahydrofuran (10). A mixture of compound 28
(710 mg, 1.39 mmol) and sodium azide (452 mg,
6.95 mmol) in anhydrous N,N-dimethylformamide
(15 mL) was heated at 85 8C for 24 h, concentrated in
vacuo, and purified by silica gel column chromatography
(hexanes–ethylacetateZ5:1) to give an azide as a white
foam (502 mg, 79%); 1H NMR (CDCl3) d (ppm) 7.48–7.22
(m, 15H), 4.94 (d, 1H, JZ5.1 Hz), 4.16–3.91 (m, 7H), 3.24
(dd, 1H, JZ4.8, 10.1 Hz), 3.17 (dd, 1H, JZ3.7, 10.1 Hz),
2.43 (m, 1H), 2.02 (m, 1H); 13C NMR (CDCl3) d (ppm)
143.7, 128.7, 127.9, 127.1, 104.3, 83.0, 79.2, 77.3, 65.5,
65.3, 63.9, 62.5, 32.4. A mixture of the azide (650 mg,
1.42 mmol) and 10 wt% Pd/C (170 mg) in ethyl acetate–
ethanol (1:1, 20 mL) was stirred at 30 psi in the presence of
hydrogen gas for 4 h at rt. The catalyst was filtered and the
filtrate was concentrated and purified by silica gel column
chromatography (hexanes–ethylacetateZ5:1) to give com-
pound 31 as a white foam (600 mg, 98%); 1H NMR (CDCl3)
d (ppm) 7.45–7.20 (m, 15H), 4.93 (d, 1H, JZ3.9 Hz), 4.08
(dt, 1H, JZ3.9, 7.5 Hz), 4.02 (m, 2H), 3.90 (m, 2H), 3.80
(dd, 1H, JZ5.9, 10.5 Hz), 3.39 (dd, 1H, JZ7.4, 13.4 Hz),
3.29 (dd, 1H, JZ4.5, 9.6 Hz), 3.12 (dd, 1H, JZ6.1, 9.6 Hz),
2.31 (dt, 1H, JZ7.5, 12.7 Hz), 1.69 (dt, 1H, JZ7.4,
12.7 Hz), 1.60 (bs, 2H); 13C NMR (CDCl3) d (ppm)
143.9, 128.6, 127.8, 127.0, 104.8, 86.8, 85.9, 78.5, 65.5,
65.2, 65.0, 55.2, 36.1. A mixture of b-methoxyacryloyl
chloride (800 mg, 6.64 mmol) and silver cyanate (1.79 g,
11.94 mmol) in anhydrous toluene (40 mL) was heated
under reflux for 30 min and cooled, and then the supernatant
was added to compound 31 (680 mg, 1.58 mmol) in
anhydrous toluene (20 mL) at 0 8C. The reaction mixture
was stirred at 0 8C for 30 min at rt for 1 h. The reaction
mixture was poured onto saturated aqueous sodium
bicarbonate solution (50 mL) and extracted with ethyl
acetate (2!50 mL). After concentration of the organic
layer, the residue was purified by silica gel column
chromatography (hexanes–ethylacetateZ2:1) and the pro-
duct (800 mg, 88%) was dissolved in ethanol (40 mL) and
29% ammonium hydroxide solution (5 mL) was added. The
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resulting reaction mixture was heated at 100 8C for 18 h in a
steel bomb. After concentration, the residue was purified by
silica gel column chromatography (hexanes–ethylacetateZ
1:1) to give compound 32 (546 mg, 66% from 31) as a white
foam. UV lmax 266 nm (MeOH); 1H NMR (CDCl3) d (ppm)
8.31 (s, 1H), 7.54 (d, 1H, JZ8.1 Hz), 7.40–7.20 (m, 15H),
5.75 (dd, 1H, JZ2.2, 8.1 Hz), 5.17 (m, 1H), 5.02 (d, 1H, JZ
2.7 Hz), 4.29 (dt, 1H, JZ2.7, 7.7 Hz), 4.12 (m, 1H), 4.07–
3.93 (m, 4H), 3.35 (dd, 1H, JZ4.8, 10.0 Hz), 3.18 (dd, 1H,
JZ5.8, 9.9 Hz), 2.25 (dt, 1H, JZ8.5, 13.6 Hz), 1.97 (dt, 1H,
JZ6.9, 13.7 Hz); 13C NMR (CDCl3) d (ppm) 162.6, 150.5,
143.5, 141.5, 128.6, 127.9, 127.2, 103.9, 102.9, 87.3, 81.5,
78.4, 65.7, 65.3, 64.6, 57.2, 32.2. Compound 10: (62 mg,
67%) was obtained from compound 32 (200 mg,
0.38 mmol) using the same method for compound 9.
Compound 10. Mp 200–202 8C; [a]D

20ZK308 (c 0.5,
MeOH). UV lmax 266 nm (3 11 200, MeOH); 1H NMR
(D2O) d (ppm) 7.81 (d, 1H, JZ8.1 Hz), 5.92 (d, 1H, JZ
8.0 Hz), 5.08 (dt, 1H, JZ6.3, 8.6 Hz), 4.34 (m, 1H), 4.23
(dt, 1H, JZ3.9, 6.0 Hz), 3.83 (dd, 1H, JZ3.1, 12.4 Hz),
3.75–3.65 (m, 3H), 2.54 (m, 1H), 2.08 (dt, 1H, JZ8.9,
13.1 Hz); 13C NMR (D2OCDMSO-d6) d (ppm) 167.8,
153.8, 145.4, 104.1, 83.0, 80.3, 64.4, 62.6, 58.4, 33.6;
HRFABMS: calcd mass 243.0980 for C10H15N2O5, found
243.0983 (MCH)C.
3.1.12. 3(S)-(Cytosin-1-yl)-2(R),5(R)-di(hydroxymethyl)
tetrahydrofuran (11). To a solution of compound 10
(460 mg, 1.90 mmol) in anhydrous acetonitrile (20 mL)
containing triethylamine (10 mL) was added acetic
anhydride (3.6 mL, 38.15 mmol) at 0 8C. The resulting
reaction mixture was stirred at rt for 3 h, cooled to 0 8C,
treated with water (5 mL), stirred for 4 h, diluted with
ethylacetate (50 mL), and then washed with water (3!
10 mL). The organic layer was concentrated and the residue
was purified by silica gel chromatography (hexanes–
ethylacetateZ1:2) to give a diacetate as a syrup (489 mg,
79%); 1H NMR (CDCl3) d (ppm) 9.05 (s, 1H), 7.43 (d, 1H,
JZ8.1 Hz), 5.78 (d, 1H, JZ8.1 Hz), 5.14 (m, 1H), 4.42 (m,
1H), 4.33 (m, 1H), 4.23–4.13 (m, 4H), 2.61 (m, 1H), 2.11 (s,
3H), 2.09 (s, 3H), 1.94 (m, 1H); 13C NMR (CDCl3) d (ppm)
170.6, 170.6, 162.9, 150.8, 140.7, 103.7, 79.9, 76.2, 65.0,
63.5, 56.8, 33.7, 20.9, 20.8. To a solution of the diacetate
(142 mg, 0.44 mmol) in anhydrous acetonitrile (20 mL)
containing 4-dimethylaminopyridine (54 mg, 0.44 mmol)
and triethylamine (1 mL) was added 2,4,6-triisopropyl-
benzenesulfonyl chloride (133 mg, 0.44 mmol) at 0 8C. The
resulting reaction mixture was stirred at rt for 4 h, treated
with ammonium hydroxide (29%, 3.5 mL) for an additional
2 h and then concentrated. The resulting residue was
separated by silica gel column chromatography (chloro-
form–methanolZ10:1 to 5:1) to give compound 11 (23 mg,
45%) as a white solid. Mp 200–201 8C; 1H NMR (D2O) d
(ppm) 7.7 (d, 1H, JZ7.5 Hz), 6.08 (d, 1H, JZ7.5 Hz), 5.12
(m, 1H), 4.35 (m, 1H), 4.23 (m, 1H), 3.82 (m, 1H), 3.70 (m,
3H), 2.54 (m, 1H), 2.05 (m, 1H); 13C NMR (D2OCDMSO-
d6) d (ppm) 166.0, 158.5, 143.6, 96.9, 82.2, 78.9, 63.1, 61.4,
57.5, 37.8; HRFABMS: calcd mass 264.0960 for
C10H15N3O4Na, found 265.0971 (MCNa)C.
3.2. X-ray crystallographic data

Crystallographic data (excluding structure factors) for
compound 8 described in this paper have been deposited
with the Cambridge Crystallographic Data Center as
supplementary publication number CCDC 230719. Copies
of the data can be obtained, free of charge, on application to
the CCDC (deposit@ccdc.cam.ac.uk).
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Abstract—This paper describes an efficient synthetic route for novel bicyclic nucleosides. The stereochemistry of the targeted bicyclic
nucleosides was successfully achieved by vinylogous Reformatsky reaction and ring closing metathesis reaction on a carbohydrate backbone.
q 2004 Elsevier Ltd. All rights reserved.
Scheme 1.
1. Introduction

Due to the inherent structural complexity associated with
carbohydrate precursors, many organometallic C–C bond
forming reactions occur with impressive stereoselectivity.1

For instance, the 3-ulose derivative of 1,2:5,6-di-O-
isopropylidene-a-D-glucofuranose (1) has been particularly
targeted with significant successes.2 The conformationally
rigid 1,2-O-isopropylidene functionality of 1 dictates3 the
approach of the nucleophile from the b-face giving rise to
the 3-C-substituted-D-allose derivative. In most C–C bond
forming reactions studied so far, only one new chiral center
at C-3 has been created.4 We were interested in exploring
the organometallic reaction of 1 with a specific organo-
metallic reagent which is tuned to produce two new chiral
centers as shown in Scheme 1. We believe that this study
would be of significant interest for synthesizing novel
molecules including bicyclic derivatives.

The design of conformationally restricted nucleosides is a
very important approach towards potential antiviral agents
and monomers in conformationally restricted oligonucleo-
tides, for potential antisense therapeutic and diagnostic
purposes.5 Anticipating better biological activity, many
useful strategies for modification of naturally occurring
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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nucleosides have been developed in the recent past, and the
quest for more analogues is still in progress. In particular,
nucleoside analogues with bicyclic carbohydrate moieties
have been designed as potential antiviral agents. Due to the
decrease in conformational freedom introduced by the
bicyclic nucleosides, these oligonucleotides have displayed
very promising results as compounds with improved
recognition of complementary RNA and DNA sequences.6

Leumann and co-workers introduced the concept of bicyclic
oligonucleotides by synthesizing the several bicyclic
nucleosides (2 and its analogues) and incorporating them
into oligonucleotides.7 Since then, numerous approaches for
a variety of bicyclic sugar nucleosides have appeared in the
literature.8 Recently, Nielson and co-workers have syn-
thesized various bicyclic nucleoside analogues (3 and 4)
from diacetone-D-glucose and carried out extensive studies
on their ability to incorporate into oligonucleotides.8a,9 In
Tetrahedron 60 (2004) 10269–10275



Figure 1.
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this report we describe the synthesis of novel bicyclic
nucleosides 5, 6 and their analogues (Fig. 1).10
2. Results and discussion

The vinylogous Reformatsky reaction of 3-ulose deriva-
tive11 (1) was attempted with methyl 4-bromocrotonate and
Zn–Cu couple.12 This reaction gave two products chro-
matographically separated on silica gel. The major product
obtained in 52% yield was assigned as structure 7 based on
the 1H NMR, 13C NMR, mass spectra and elemental
analysis. The stereochemical assignment of 7 was confirmed
by single crystal X-ray diffraction studies (Fig. 2). The
minor product obtained in 26% yield, was given the
structure 8 based on spectroscopic and analytical data.
The formation of a single diastereomer 7 could be explained
by considering the two transition states A and B. The
preferred E-dienolate of Zn (transition state A) seemed to be
more preferred while Z-dienolate based transition state B
has steric hindrance (Fig. 3).
Figure 2. ORTEP diagram of 7.

Figure 3. Possible transition states.
The carbomethoxy moiety of 7 was reduced with LiAlH4

and then the resulting hydroxyl group was protected as its
benzylic ether (9) by using benzyl bromide–Ag2O. In order
to derive the diene 10, the successive hydrolysis of 5,6-O-
isopropylidene group with 0.8% H2SO4 in methanol,
dimesylation of the 5,6-diol derivative with MsCl and
iPr2EtN, and elimination with NaI in ethyl methyl ketone
were carried out. The ring closing metathesis reaction of
10 with 4 mol% of Grubbs’ 1st generation catalyst in
refluxing benzene provided the bicyclic derivative 11 in
87% yield (Scheme 2).13 The stereochemistry of 11 was
unambiguously assigned by NOE studies (Fig. 4). Strong
NOE correlations among bridgehead hydroxyl group and
the adjacent allylic protons were noticed.

Our final concern was to introduce pyrimidine bases at the
anomeric center. The 1,2-O-isopropylidene moiety of 11
was cleaved with 60% AcOH followed by acetylation with
Ac2O and Et3N to afford the triacetylated derivative 12. The
modified Vorbrüggen-type coupling reaction of 12 with
Figure 4. NOE studies on 11.

Scheme 2. Reagents and conditions: (a) methyl 4-bromocrotonate, Zn–Cu
couple, ether, reflux, 1 h; (b) (i) LiAlH4, ether, 0 8C–rt, 2 h, 83%; (ii) BnBr,
Ag2O, CH2Cl2, rt, 1 h, 95%; (c) (i) 0.8% H2SO4, MeOH, rt, 24 h, 80%; (ii)
MsCl, iPr2EtN, CH2Cl2, 0 8C, 5 min, 95%; (iii) NaI, Et–CO–Me, reflux, 4 h,
83%; (d) Grubbs’ catalyst, C6H6, reflux, 8 h, 87%.



Scheme 3. Reagents and conditions: (a) 60% AcOH, reflux, 2 h, 93%; (b) Ac2O, Et3N, DMAP, CH2Cl2, rt, 1 h, 96%; (c) uracil/thymine, BSA, TMSOTf,
CH3CN, 50 8C, 2 h, 69%/77%; (d) NaOMe, MeOH, 0 8C, 20 min; (e) BCl3, CH2Cl2, K78 8C, 5 h; (f) 20% Pd(OH)2/C, H2, MeOH, rt, 12 h.
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uracil was achieved in the presence of N,O-bis(trimethyl-
silyl)acetamide (BSA) and TMSOTf to afford exclusively
the b-nucleoside 13, attributed to the anchimeric assistance
from 4-O-acetyl group.14

The de-protection of the two acetyl groups under Zemplén
reaction condition15 and the benzylic ether with BCl3 of 13
afforded 5. Simultaneously, compound 13 was hydrogen-
ated in the presence of 20% Pd(OH)2/C, followed by
deacetylation using NaOMe (Zemplén conditions) to give
compound 15. Similarly, the triacetate 12 was coupled to
thymine using N,O-bis(trimethylsilyl)acetamide and
TMSOTf to obtain 14. Compound 14 was transformed
into 6 and 16 as described above (Scheme 3).

In conclusion, we described an elegant methodology to
synthesize the novel bicyclic nucleosides having the
structural framework of some carbocyclic nucleosides and
bridgehead hydroxyl moiety. The biological activity of
these novel bicyclic nucleosides is under study and will be
published in due course.
3. Experimental

3.1. General

The NMR spectra were recorded in CDCl3 or DMSO-d6

with TMS as an internal standard on AC-200 MHz, MSL-
300 MHz, DRX-500 MHz. Optical rotations were measured
with a JASCO DIP 370 digital polarimetrometer. EI Mass
spectra were recorded on Finngan MAT-1020. Combustion
data were recorded on Elmentar-Vario-EL (Heraeus Com-
pany Ltd., Germany). IR spectra were obtained from
Perkin–Elmer 68515 PC-FTIR spectrophotometer. Melting
points were measured on Buchi 535 melting point apparatus
and are uncorrected. Starting materials and reagents were
purchased from Aldrich or Lancaster and used as received.
Reactions were monitored by thin layer chromatography
(TLC) carried out on 0.25 mm E-Merck silica gel plates
(60F-254) with UV, I2 and anisaldehyde in ethanol as
development reagents.
3.1.1. 3-C-[(S)-1-Carbomethoxy-prop-2-enyl]-1,2;5,6-di-
O-isopropylidene-a-D-allofuranose (7) and 3-C-(3-carbo-
methoxy-prop-2-enyl]-1,2;5,6-di-O-isopropylidene-a-D-
allofuranose (8). To a suspension of activated Zn–Cu
couple (40.0 g, 611.7 mmol) and iodine (50 mg) in
anhydrous ether (140 mL) were gradually added methyl
4-bromocrotonate (45 g, 251.4 mmol) and the solution of 1
(40.0 g, 155.0 mmol in 50 mL of ether) over a period of
30 min. The reaction mixture was heated under reflux for
30 min, cooled and poured over saturated NH4Cl. The
organic layer was separated, washed with brine, dried
(Na2SO4), and concentrated. The residue was chromato-
graphed on silica gel by using EtOAc–light petroleum (1:7)
as eluent to give 716 (28.9 g, 52%) as a colorless solid, mp
88–90 8C; [a]DZK42.5 (c 1, CHCl3); nmax (CHCl3) 3462,
2990, 1737, 1384, 1216, 1167, 1075, 1015, 756; 1H NMR
(300 MHz, CDCl3): d 1.37, 1.45, 1.58 (3s, 12H), 3.32 (s,
1H), 3.74 (s, 3H), 3.78–3.81 (m, 2H), 3.87 (dd, 1H, JZ5.1,
8.8 Hz), 4.08–4.12 (m, 1H), 4.21 (dt, 1H, JZ9.1, 5.6 Hz),
5.04 (d, 1H, JZ3.9 Hz), 5.28–5.35 (m, 2H), 5.61 (d, 1H, JZ
4.1 Hz), 5.83 (ddd, 1H, JZ8.6, 10.1, 17.5 Hz); 13C NMR
(50 MHz, CDCl3): d 24.9, 26.0, 26.2, 51.3, 51.4, 67.9, 72.2,
79.5, 79.6, 82.9, 103.5, 109.3, 111.6, 119.6, 130.0, 171.0;
EIMS (m/z) 343 [MCK15]. Anal. Calcd for C17H26O8: C,
56.97; H, 7.31. Found: C, 56.68; H, 7.52.

Further elution with EtOAc–light petroleum (1:5) gave 8
(14.4 g, 26%) as a colorless solid, mp 106–108 8C;
[a]DZK25.6 (c 1, CHCl3); nmax (CHCl3) 3440, 3020,
1716, 1376, 1166, 1079, 759; 1H NMR (300 MHz, CDCl3):
d 1.34, 1.36, 1.45, 1.59 (4s. 12H), 2.30 (dd, 1H, JZ9.1,
14.7 Hz), 2.78 (s, 1H, OH), 2.80 (ddd, 1H, JZ1.6, 5.8,
14.7 Hz), 3.75 (s, 3H), 3.78 (m, 1H), 3.87–3.95 (m, 1H),
4.06–4.14 (m, 2H), 4.24 (d, 1H, JZ3.8 Hz), 5.66 (d, 1H, JZ
3.8 Hz), 5.94 (d, 1H, JZ15.8 Hz), 7.12 (ddd, 1H, JZ5.4,
8.8, 15.8 Hz); 13C NMR (125 MHz, CDCl3): d 25.2, 26.4,
26.6, 26.7, 34.9, 51.6, 68.1, 73.2, 78.9, 81.3, 81.9, 103.5,
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109.9, 112.8, 124.7, 143.1, 166.3; EIMS (m/z) 343 [MCK
15]. Anal. Calcd for C17H26O8: C, 56.97; H, 7.31. Found: C,
56.86; H, 7.27.
3.1.2. 3-C-[(R)-1-Benzyloxymethyl-prop-2-enyl]-1,2;5,6-
di-O-isopropylidene-a-D-allofuranose (9). A solution of 7
(28.0 g, 78.0 mmol) and LiAlH4 (4.15 g) in anhydrous ether
(150 mL) was stirred for 2 h at rt, quenched with EtOAc and
filtered through a plug of Celite. The filtrate was
concentrated and purified on silica gel column with
EtOAc–light petroleum (1:3) to afford 3-C-[(R)-1-hydroxy-
methyl-prop-2-enyl]-1,2;5,6-di-O-isopropylidene-a-D-
allofuranose (16.8 g, 83%) as a colorless solid, mp
78–80 8C; [a]DZK3.4 (c 1.1, CHCl3); nmax (CHCl3) 3401,
2989, 1384, 1217, 1074, 1010, 757; 1H NMR (200 MHz,
CDCl3): d 1.38 (s, 6H), 1.45, 1.59 (2s, 6H), 2.72–2.89 (br s,
1H, OH), 2.91–3.07 (m, 1H), 3.12 (s, 1H, OH), 3.68–3.90
(m, 3H), 3.99–4.17 (m, 2H), 4.24–4.36 (m, 1H), 4.50 (d, 1H,
JZ3.9 Hz), 5.17–5.32 (m, 2H), 5.60 (d, 1H, JZ3.9 Hz),
5.71 (ddd, 1H, JZ8.7, 10.7, 17.1 Hz); 13C NMR (50 MHz,
CDCl3): d 25.3, 26.3, 26.5, 26.6, 47.1, 63.2, 68.4, 72.5, 80.5,
81.0, 84.1, 103.9, 109.7, 112.2, 118.5, 134.3; EIMS (m/z)
315 [MCK15]. Anal. Calcd for C16H26O7: C, 58.17; H,
7.93. Found: C, 57.87; H, 8.18.

The above product (16.0 g, 48.4 mmol), freshly prepared
Ag2O (33.7 g, 145.3 mmol) and benzyl bromide (6.9 mL,
58.0 mmol) in CH2Cl2 (50 mL) were stirred for 1 h at rt,
filtered through Celite and concentrated. The residue was
purified on silica gel by using EtOAc–light petroleum (1:9)
to get 9 (19.35 g, 95%) as a syrup: [a]DZC13.7 (c 1.1,
CHCl3); nmax (CHCl3) 3402, 2936, 1385, 1275, 1217, 1045,
756; 1H NMR (200 MHz, CDCl3): d 1.33, 1.35, 1.44, 1.59
(4s, 12H), 2.85–2.94 (m, 1H), 3.17 (s, 1H, OH), 3.75–3.96
(m, 4H), 4.08–4.16 (m, 1H), 4.25–4.36 (m, 1H), 4.46–4.55
(m, 2H), 4.75 (d, 1H, JZ7.7 Hz), 5.18–5.29 (m, 2H), 5.62
(d, 1H, JZ3.8 Hz), 5.75–5.94 (m, 1H), 7.26–7.42 (m, 5H);
13C NMR (50 MHz, CDCl3): d 25.2, 26.2, 26.4, 45.6, 68.2,
70.7, 72.4, 72.9, 79.7, 81.0, 83.9, 103.6, 109.2, 111.5, 117.5,
127.1, 127.8, 135.2, 138.2; EIMS (m/z) 405 [MCK15].
Anal. Calcd for C23H32O7: C, 65.70; H, 7.67. Found: C,
65.47; H, 7.58.
3.1.3. 3-C-[(R)-1-Benzyloxymethyl-prop-2-enyl]-5,6-
dideoxy-1,2-O-isopropylidene-a-D-ribo-hex-5-enofura-
nose (10). Compound 9 (16.0 g, 38.0 mmol) and 0.8%
H2SO4 (20 mL) in MeOH (50 mL) were stirred at rt for 24 h,
and then neutralized with solid NaHCO3. The solid was
filtered, concentrated and the residue purified on silica gel
using EtOAc–light petroleum (1:2) to give 3-C-[(R)-1-
benzyloxymethyl-prop-2-enyl]-1,2-O-isopropylidene-a-D-
allofuranose (11.6 g, 80%) as a syrup: [a]DZK11.4 (c 1,
CHCl3); nmax (CHCl3) 3418, 2988, 1385, 1275, 1217, 1087,
1027, 757; 1H NMR (200 MHz, CDCl3): d 1.34, 1.58 (2s,
6H), 2.37–2.53 (br s, 1H, OH), 2.90–3.07 (m, 2H), 3.56–
3.88 (m, 6H), 3.91–4.03 (m, 1H), 4.46–4.57 (m, 2H), 4.66
(d, 1H, JZ3.9 Hz), 5.17–5.27 (m, 2H), 5.57 (d, 1H, JZ
3.9 Hz), 5.66–5.84 (m, 1H), 7.21–7.37 (m, 5H); 13C NMR
(50 MHz, CDCl3): d 26.0, 26.1, 44.9, 64.3, 68.9, 70.3, 72.8,
80.0, 80.2, 80.7, 103.7, 111.5, 117.7, 127.1, 127.8, 134.3,
137.8; EIMS (m/z) 322 [MCK58]. Anal. Calcd for
C20H28O7: C, 63.14; H, 7.42. Found: C, 62.88; H, 7.74.
The above compound (10.0 g, 26.3 mmol), iPr2EtN (16 mL,
92.0 mmol), and MsCl (5 mL, 65.7 mmol) in CH2Cl2
(40 mL) were stirred at 0 8C for 5 min. The reaction mixture
was quenched with saturated Na2CO3, water, dried
(Na2SO4), and concentrated. The crude oily compound
was purified on silica gel with EtOAc–light petroleum (1:5)
to afford the 5,6-dimesylate derivative (13.4 g, 95%), as a
clear oil: [a]DZK10.1 (c 1.45, CHCl3); 1H NMR
(200 MHz, CDCl3): d 1.35, 1.58 (2s, 6H), 3.00–3.04 (m,
1H), 3.06 (s, 3H), 3.13 (s, 3H), 3.56–3.67 (m, 1H), 3.74 (dd,
1H, JZ5.4, 9.4 Hz), 3.94 (dd, 1H, JZ3.9, 9.4 Hz), 4.00 (d,
1H, JZ9.1 Hz), 4.32 (dd, 1H, JZ5.7, 11.5 Hz), 4.45–4.63
(m, 3H), 4.83 (d, 1H, JZ3.8 Hz), 5.21–5.41 (m, 2H), 5.55–
5.74 (m, 1H), 5.62 (d, 1H, JZ3.8 Hz), 7.21–7.39 (m, 5H);
13C NMR (50 MHz, CDCl3): d 26.0, 26.1, 37.0, 39.0, 44.8,
68.3, 70.6, 72.7, 73.6, 78.8, 79.7, 103.4, 111.8, 118.9, 127.1,
127.9, 133.3, 137.6. Anal. Calcd for C22H32O11S2: C, 49.24;
H, 6.01; S, 11.95. Found: C, 48.97; H, 5.77; S, 12.14.

The 5,6-dimesylate (12.0 g, 22.4 mmol) and NaI (33.5 g,
223.6 mol) in 2-butanone (100 mL) were heated under
reflux for 4 h and concentrated. The residue was partitioned
between EtOAc and saturated aq Na2S2O3. The organic
layer was washed with brine, dried (Na2SO4), and
concentrated. The residue was purified by silica gel with
EtOAc–light petroleum (1:9) to afford 10 (6.43 g, 83%) as a
syrup: [a]DZK15.2 (c 0.95, CHCl3); nmax (CHCl3) 3402,
2933, 1403, 1276, 1092, 1027, 755; 1H NMR (200 MHz,
CDCl3): d 1.35, 1.58 (2s, 6H), 2.68 (dt, 1H, JZ9.2, 5.1 Hz),
3.46 (s, 1H, OH), 3.75–3.82 (m, 2H), 4.33 (dt, 1H, JZ1.4,
2.8 Hz), 4.46–4.53 (m, 2H), 4.59 (d, 1H, JZ3.9 Hz), 5.09–
5.46 (m, 4H), 5.64 (d, 1H, JZ3.9 Hz), 5.70–6.00 (m, 2H),
7.23–7.39 (m, 5H); 13C NMR (50 MHz, CDCl3): d 25.9,
26.0, 44.6, 69.8, 72.6, 79.9, 80.2, 83.8, 103.4, 111.1, 117.1,
117.3, 126.9, 127.7, 131.4, 134.1, 137.7; EIMS (m/z) 331
[MCK15]. Anal. Calcd for C20H26O5: C, 69.34; H, 7.56.
Found: C, 69.18; H, 7.71.

3.1.4. (1R,2R,6R,8R,11R)-11-Benzyloxymethyl-1-hydroxy-
4,4-dimethyl-3,5,7-trioxatricyclo[6.3.0.02,6]undec-9-ene
(11). Compound 10 (6.0 g, 17.3 mmol) and Grubbs’ catalyst
(0.57 g, 0.69 mmol) in anhydrous benzene (250 mL) were
heated under reflux for 8 h and then evaporated. The residue
was purified on silica gel with EtOAc–light petroleum (1:4)
to obtain 11 (4.8 g, 87%), as an oil: [a]DZC112 (c 1.1,
CHCl3); nmax (CHCl3) 3498, 2988, 2935, 2861, 1455, 1383,
1374, 1219, 1166, 1096, 1002, 750, 700; 1H NMR
(500 MHz, CDCl3): d 1.37, 1.59 (2s, 6H), 3.06–3.10 (m,
1H), 3.29 (s, 1H, OH), 3.40 (dd, 1H, JZ7.2, 10.1 Hz), 3.53
(dd, 1H, JZ4.2, 10.1 Hz), 4.50 (ABq, 2H, JZ12.1 Hz),
4.61 (d, 1H, JZ3.8 Hz), 4.75 (d, 1H, JZ1.9 Hz), 5.62 (d,
1H, JZ3.8 Hz), 5.85 (dt, 1H, JZ5.9, 2.7 Hz), 5.89 (dd, 1H,
JZ2.7, 5.9 Hz), 7.29–7.37 (m, 5H); 13C NMR (125 MHz,
CDCl3): d 27.1, 27.4, 54.2, 68.6, 73.2, 80.3, 86.2, 93.1,
106.9, 112.6, 127.9, 128.0, 128.5, 129.8, 136.9, 137.7;
EIMS (m/z) 318 [MC]. Anal. Calcd for C18H22O5: C, 67.91;
H, 6.96. Found: C, 67.96; H, 7.18.

3.1.5. (3R/S,1R,4R,5R,6R)-3,4,5-Triacetoxy-6-benzyloxy-
methyl-2-oxa-bicyclo[3.3.0]oct-7-ene (12). Compound 11
(2.0 g, 6.3 mmol) and 60% AcOH (15 mL) were heated
under reflux for 2 h. The reaction mixture was neutralized
with solid Na2CO3 and evaporated. The residue was
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extracted with EtOAc, dried (Na2SO4), concentrated, and
purified by silica gel chromatography with EtOAc–light
petroleum (1:1) to give (3R/S,1R,4R,5R,6R)-6-benzyloxy-
methyl-3,4,5-trihydroxy-2-oxa-bicyclo[3.3.0]oct-7-ene
(1.63 g, 93%) as a solid: mp 92–94 8C; nmax (CHCl3) 3359,
2936, 1454, 1401, 1366, 1081, 1027, 749, 698; 1H NMR
(200 MHz, CDCl3): d 3.06–3.19 (m, 1H), 3.35 (d, 1H, JZ
4.7 Hz, OH), 3.44 (s, 1H, OH), 3.60–3.79 (m, 2H), 3.86 (d,
1H, JZ5.8 Hz, OH) 4.07 (t, 1H, JZ4.0 Hz), 4.54–4.60 (m,
2H), 5.14 (s, 1H), 5.29–5.33 (m, 1H), 5.57 (d, 1H, JZ
6.0 Hz), 5.79 (dt, 1H, JZ6.0, 2.1 Hz), 7.28–7.39 (m, 5H);
13C NMR (50 MHz, CDCl3): d 52.7, 68.8, 72.0, 73.0, 85.6,
92.8, 97.4, 127.5, 128.2, 130.7, 132.8, 137.5. Anal. Calcd
for C15H18O5: C, 64.74; H, 6.52. Found: C, 64.39; H, 6.42.

The above product (1.5 g, 5.39 mmol), Ac2O (3.1 mL,
32.76 mmol), Et3N (7.5 mL), DMAP (135 mg) in anhydrous
CH2Cl2 (20 mL) were stirred at rt for 1 h. The reaction
mixture was partitioned between water–CH2Cl2, the organic
layer washed with saturated NaHCO3, water, dried
(Na2SO4) and concentrated. The residue was purified on
silica gel with EtOAc–light petroleum (1:4) as an eluent to
obtain 12 (2.1 g, 96%) as an oil: nmax (CHCl3) 3410, 3018,
2958, 1720, 1452, 1374, 1276, 1084, 1027, 756, 714; 1H
NMR (200 MHz, CDCl3): d 2.01, 2.09, 2.13 (3s, 9H), 3.39
(t, 1H, JZ5.2 Hz), 3.69–3.74 (m, 2H), 4.49 (ABq, 2H, JZ
11.9 Hz), 5.50 (s, 1H), 5.58 (d, 1H, JZ4.3 Hz), 5.80–5.89
(m, 2H), 6.29 (d, 1H, JZ4.3 Hz), 7.20–7.34 (m, 5H); 13C
NMR (50 MHz, CDCl3): d 20.1, 20.6, 21.2, 51.4, 68.4, 70.9,
72.9, 90.0, 92.6, 95.2, 95.9, 127.4, 128.1, 135.4, 137.8,
168.6, 169.0, 169.6. Anal. Calcd for C21H24O8: C, 62.37; H,
5.98. Found: C, 62.09; H, 6.12.

3.1.6. (1R,3R,4R,5R,6R)-4,5-Diacetoxy-6-benzyloxy-
methyl-3-(uracil-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene
(13). Compound 12 (0.36 g, 0.89 mmol), uracil (0.20 g,
1.78 mmol), N,O-bis(trimethylsilyl)acetamide (1.1 mL,
4.45 mmol) in anhydrous CH3CN (8 mL) were heated
under reflux for 15 min, cooled to 0 8C and then TMSOTf
(0.32 mL, 1.78 mmol) was added. The reaction mixture was
stirred at 50 8C for 2 h, quenched with ice-cold saturated aq
NaHCO3 and extracted with EtOAc. The organic layer was
washed with water, dried (Na2SO4), concentrated, and the
residue purified on silica gel with EtOAc–light petroleum
(1:1) to give 13 (0.28 g, 69%), as a syrup: [a]DZC16.8 (c
0.8, CHCl3); nmax (CHCl3) 3022, 1748, 1693, 1455, 1373,
1240, 1048, 755; 1H NMR (200 MHz, CDCl3): d 2.02, 2.15
(2s, 6H), 3.26–3.36 (m, 1H), 3.80 (dd, 1H, JZ4.3, 10.0 Hz),
4.02–4.13 (m, 1H), 4.50 (ABq, 2H, JZ11.2 Hz), 5.03 (dd,
1H, JZ2.0, 8.1 Hz), 5.16 (d, 1H, JZ1.6 Hz), 5.86–6.01 (m,
3H), 6.17 (d, 1H, JZ7.5 Hz), 7.08 (d, 1H, JZ8.1 Hz), 7.25–
7.37 (m, 5H), 9.62 (br s, 1H, NH); 13C NMR (50 MHz,
CDCl3): d 20.3, 21.2, 53.2, 68.6, 71.8, 73.1, 86.3, 90.8, 92.2,
103.2, 127.1, 127.7, 128.4, 137.4, 137.7, 139.3, 150.8,
162.9, 169.1, 169.9. Anal. Calcd for C23H24O8N2: C, 60.52;
H, 5.30; N, 6.14. Found: C, 60.29; H, 5.00; N, 6.32.

3.1.7. (1R,3R,4R,5R,6R)-4,5-Dihydroxy-6-hydroxy-
methyl-3-(uracil-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene (5).
To a solution of 13 (0.21 g, 0.46 mmol), 1 M methanolic
NaOMe (50 mL) in MeOH (3 mL) were stirred at 0 8C for
20 min. The reaction mixture was neutralized with concd
HCl, filtered and concentrated. The residue was purified by
silica gel column chromatography with MeOH–CH2Cl2
(1:9) to afford (1R,3R,4R,5R,6R)-6-benzyloxymethyl-4,5-
dihydroxy-3-(uracil-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene
(0.145 g, 85%), as a solid: mp 150–152 8C; [a]DZK24 (c
0.95, CHCl3); 1H NMR (300 MHz, CDCl3): d 3.10 (t, 1H,
JZ6.5 Hz), 3.72 (d, 2H, JZ6.5 Hz), 4.07 (br s, 1H, OH),
4.25 (d, 1H, JZ7.2 Hz), 4.53 (s, 2H), 4.60 (br s, 1H, OH),
5.05 (s, 1H), 5.66 (d, 1H, JZ8.2 Hz), 5.82 (dd, 2H, JZ6.4,
12.3 Hz), 6.13 (d, 1H, JZ7.6 Hz), 7.25–7.35 (m, 6H), 10.0
(br s, 1H, NH); 13C NMR (75 MHz, CDCl3CMeOD): d
52.8, 68.1, 73.1, 74.8, 85.4, 88.3, 92.8, 102.6, 127.5, 128.1,
130.0, 134.5, 137.5, 139.5, 151.1, 163.8. Anal. Calcd for
C19H20O6N2: C, 61.28; H, 5.41; N, 7.52. Found: C, 61.09;
H, 5.42; N, 7.69.

The above product (0.125 g, 0.34 mmol) in anhydrous
CH2Cl2 (4 mL) was stirred at K78 8C and then a 1 M
solution of BCl3 in CH2Cl2 (0.53 mL, 0.67 mmol) was
added dropwise. After being stirred for 5 h at K78 8C the
mixture was treated with MeOH (3 mL) and water (0.2 mL)
and stirred at rt for 1 h. The solvents were removed under
vacuum and the residue purified on silica gel using MeOH–
CH2Cl2 (1:9) to afford 5 (0.09 g, 95%) as a solid: mp 62–
64 8C; [a]DZK47.4 (c 0.75, MeOH); nmax (CHCl3) 3204,
3019, 1693, 1462, 1400, 1272, 1216, 1105, 757; 1H NMR
(500 MHz, DMSO-d6): d 2.67–2.72 (m, 1H), 3.47 (dd, 1H,
JZ9.0, 10.6 Hz), 3.77 (dd, 1H, JZ5.2, 10.6 Hz), 4.00 (d,
1H, JZ8.4 Hz), 4.74 (s, 1H), 5.68 (dd, 1H, JZ2.0, 8.1 Hz),
5.80 (dt, 1H, JZ1.8, 6.2 Hz), 5.90 (d, 1H, JZ6.2 Hz), 5.92
(d, 1H, JZ8.1 Hz), 7.42 (d, 1H, JZ8.1 Hz), 11.35 (s, 1H,
NH); 13C NMR (125 MHz, DMSO-d6): d 55.5, 59.3, 72.6,
84.5, 86.8, 92.2, 102.4, 130.1, 135.0, 140.2, 150.9, 162.9.
Anal. Calcd for C12H14O6N2: C, 51.06; H, 4.99; N, 9.92.
Found: C, 51.19; H, 4.81; N, 9.69.

3.1.8. (1R,3R,4R,5R,6R)-4,5-Dihydroxy-6-hydroxy-
methyl-3-(uracil-1-yl)-2-oxa-bicyclo[3.3.0]octane (15).
Compound 13 (0.11 g, 0.24 mmol) and 20% Pd(OH)2

(0.025 g) in MeOH (4 mL) were stirred under a H2

atmosphere for 12 h, filtered through a pad of Celite and
concentrated. The residue was purified on silica gel with
EtOAc–light petroleum (4:1) to give (1R,3R,4R,5R,6R)-4,5-
diacetoxy-6-hydroxymethyl-3-(uracil-1-yl)-2-oxa-bi-
cyclo[3.3.0]octane (0.075 g, 84%) as a syrup: [a]DZK30.4
(c 1, CHCl3); 1H NMR (300 MHz, CDCl3): d 1.89–1.98 (m,
4H), 2.05, 2.13 (2s, 6H), 2.43–2.53 (m, 1H), 3.79 (dd, 1H,
JZ5.7, 11.2 Hz), 4.06 (dd, 1H, JZ4.0, 11.2 Hz), 4.77 (d,
1H, JZ2.7 Hz), 5.74 (d, 1H, JZ7.4 Hz), 5.77 (dd, 1H, JZ
2.2, 7.4 Hz), 6.07 (d, 1H, JZ7.5 Hz), 7.52 (d, 1H, JZ
7.5 Hz), 9.45 (br s, 1H, NH); 13C NMR (50 MHz, CDCl3): d
20.4, 21.2, 26.3, 29.4, 49.9, 60.8, 71.5, 87.2, 87.3, 90.6,
102.9, 140.0, 150.6, 163.3, 169.6, 170.1. Anal. Calcd for
C16H20O8N2: C, 52.17; H, 5.47; N, 7.60. Found: C, 52.29;
H, 5.76; N, 7.71.

The above product (0.07 g, 0.19 mmol) 1 M methanolic
NaOMe (20 mL) in MeOH (4 mL) were stirred for 20 min
and worked up as described above to give 15 (0.04 g, 74%)
as a solid: mp 185–187 8C; [a]DZK20.2 (c 1, MeOH); nmax

(MeOH) 3361, 2945, 2833, 1698, 1451, 1402, 1113, 1029;
1H NMR (500 MHz, DMSO-d6): d 1.54–1.65 (m, 2H), 1.70–
1.83 (m, 2H), 1.88–1.94 (m, 1H), 3.41 (dd, 1H, JZ8.7,
10.5 Hz), 3.72 (dd, 1H, JZ4.7, 10.5 Hz), 3.88 (d, 1H,
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JZ8.2 Hz), 4.12 (d, 1H, JZ6.7 Hz), 4.90–5.07 (br s, 1H,
OH), 5.11–5.27 (br s, 1H, OH), 5.66 (d, 2H, JZ8.8 Hz),
7.67 (d, 1H, JZ8.8 Hz), 11.34 (s, 1H); 13C NMR (125 MHz,
DMSO-d6): d 27.0, 29.3, 51.6, 60.1, 70.9, 83.2, 85.3, 88.5,
102.0, 140.6, 150.8, 162.7. Anal. Calcd for C12H16O6N2: C,
50.70; H, 5.67; N, 9.85. Found: C, 50.49; H, 6.02; N, 9.69.

3.1.9. (1R,3R,4R,5R,6R)-4,5-Diacetoxy-6-benzyloxy-
methyl-3-(thymin-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene
(14). Compound 12 (0.50 g, 1.23 mmol), thymine (0.31 g,
2.47 mmol), N,O-bis(trimethylsilyl)acetamide (1.5 mL,
6.18 mmol) in anhydrous CH3CN (10 mL) were heated
under reflux for 15 min, cooled to 0 8C and then TMSOTf
(0.45 mL, 2.47 mmol) was added. The reaction mixture was
stirred at 50 8C for 2 h, quenched with ice-cold saturated aq
NaHCO3 and extracted with EtOAc. The organic layer was
washed with water, dried (Na2SO4), concentrated, and the
residue purified on silica gel with EtOAc–light petroleum
(1:1) to give 14 (0.45 g, 77%) as a colorless syrup: [a]DZ
K20.9 (c 1.7, CHCl3); nmax (CHCl3) 3195, 3030, 2929,
1748, 1694, 1466, 1371, 1234, 1097, 753; 1H NMR
(300 MHz, CDCl3): d 1.61 (s, 3H), 2.01, 2.15 (2s, 6H),
3.35–3.40 (m, 1H), 3.75 (dd, 1H, JZ5.1, 10.2 Hz), 3.96 (dd,
1H, JZ3.2, 10.2 Hz), 4.53 (ABq, 2H, JZ11.9 Hz), 5.2 (s,
1H), 5.88–5.99 (m, 3H), 6.24 (d, 1H, JZ7.7 Hz), 7.08 (d,
1H, JZ1.3 Hz), 7.28–7.34 (m, 5H), 9.22 (br s, 1H, NH); 13C
NMR (75 MHz, CDCl3): d 12.0, 20.2, 21.2, 52.4, 68.2, 71.9,
72.8, 86.1, 90.9, 91.7, 111.7, 127.3, 127.5, 128.2, 134.5,
136.9, 137.7, 150.9, 163.5, 169.2, 169.9. Anal. Calcd for
C24H26O8N2: C, 61.27; H, 5.57; N, 5.95. Found: C, 60.94;
H, 5.81; N, 5.83.

3.1.10. (1R,3R,4R,5R,6R)-4,5-Dihydroxy-6-hydroxy-
methyl-3-(thymin-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene
(6). To a solution of 14 (0.16 g, 0.34 mmol), 1 M methanolic
NaOMe (46 mL) in MeOH (3 mL) were stirred at 0 8C for
20 min. The reaction mixture was neutralized with concd
HCl, filtered and concentrated. The residue was purified by
silica gel column chromatography with MeOH–CH2Cl2
(1:9) to give (1R,3R,4R,5R,6R)-6-benzyloxymethyl-4,5-
dihydroxy-3-(thymin-1-yl)-2-oxa-bicyclo[3.3.0]oct-7-ene
(0.11 g, 88%) as colorless syrup: [a]DZK51.6 (c 0.6,
CHCl3); 1H NMR (500 MHz, CDCl3): d 1.86 (s, 3H), 3.12
(br s, 1H), 3.73 (d, 2H, JZ6.4 Hz), 4.23 (d, 1H, JZ7.2 Hz),
4.54 (s, 2H), 5.06 (s, 1H), 5.83 (ABq, 2H, JZ5.9 Hz), 6.10
(d, 1H, JZ7.4 Hz), 7.12 (s, 1H), 7.27–7.36 (m, 5H), 9.56 (br
s, 1H, NH); 13C NMR (125 MHz, CDCl3): d 12.5, 52.7,
68.5, 73.5, 75.6, 86.6, 89.1, 93.1, 111.4, 127.8, 127.9, 128.5,
130.6, 134.2, 134.9, 137.6, 151.5, 163.7. Anal. Calcd for
C20H22O6N2: C, 62.17; H, 5.74; N, 7.25. Found: C, 62.12;
H, 5.86; N, 7.52.

The above product (0.065 g, 0.168 mmol) in anhydrous
CH2Cl2 (3 mL) was stirred at K78 8C and then a 1 M
solution of BCl3 in CH2Cl2 (0.42 mL, 0.42 mmol) was
added dropwise. After being stirred for 5 h at K78 8C the
mixture was treated with MeOH (3 mL) and water (0.2 mL)
and stirred at rt for 1 h. The solvents were removed under
vacuum and the residue purified on silica gel using MeOH–
CH2Cl2 (1:9) to afford 6 (0.04 g, 80%) as a solid: mp 90–
92 8C; [a]DZK57.1 (c 0.75, MeOH); nmax (CHCl3) 3391,
2947, 2835, 1675, 1450, 1404, 1111, 1027; 1H NMR
(500 MHz, DMSO-d6): d 1.80 (s, 3H), 2.69–2.73 (m, 1H),
3.50 (dt, 1H, JZ9.9, 5.6 Hz), 3.79 (dt, 1H, JZ9.9, 4.8 Hz),
4.05 (t, 1H, JZ7.7 Hz), 4.58 (t, 1H, JZ5.0 Hz), 4.73 (s, 1H,
OH), 5.21 (d, 1H, JZ6.9 Hz, OH), 5.45 (s, 1H, OH), 5.79–
5.81 (m, 1H), 5.90–5.93 (m, 2H), 7.29 (s, 1H), 11.33 (s, 1H,
NH); 13C NMR (125 MHz, DMSO-d6): d 11.9, 55.6, 59.3,
72.0, 84.3, 86.5, 92.0, 109.8, 129.8, 134.9, 135.4, 150.9,
163.4. Anal. Calcd for C13H16O6N2: C, 52.70; H, 5.44; N,
9.45. Found: C, 52.52; H, 5.76; N, 9.52.

3.1.11. (1R,3R,4R,5R,6R)-4,5-Dihydroxy-6-hydroxy-
methyl-3-(thymin-1-yl)-2-oxa-bicyclo[3.3.0]octane (16).
Compound 14 (0.20 g, 0.42 mmol) and 20% Pd(OH)2

(0.035 g) in MeOH (6 mL) were stirred under a H2

atmosphere for 12 h. After the usual work up,
(1R,3R,4R,5R,6R)-4,5-diacetoxy-6-hydroxymethyl-3-(thy-
min-1-yl)-2-oxa-bicyclo[3.3.0]octane (0.15 g, 92%) was
isolated as a colorless syrup: [a]DZK28.7 (c 1.2,
CHCl3); nmax (CHCl3) 3462, 3020, 1745, 1694, 1469,
1373, 1241, 1057, 755; 1H NMR (300 MHz, CDCl3): d 1.92
(s, 3H), 1.93–1.96 (m, 4H), 2.07, 2.12 (2s, 6H), 2.45–2.54
(m, 1H), 2.60–2.74 (m, 1H, OH), 3.81 (dd, 1H, JZ5.8,
11.3 Hz), 4.01–4.09 (m, 1H), 4.76 (d, 1H, JZ2.6 Hz), 5.76
(d, 1H, JZ6.8 Hz), 6.05 (d, 1H, JZ6.8 Hz), 7.31 (s, 1H),
9.48–9.62 (m, 1H, NH); 13C NMR (75 MHz, CDCl3): d
12.2, 20.2, 21.1, 26.3, 29.3, 49.8, 60.7, 71.1, 86.9, 90.5,
111.1, 135.6, 150.7, 163.7, 169.4, 170.0. Anal. Calcd for
C17H22O8N2: C, 53.40; H, 5.80; N, 7.33. Found: C, 53.54;
H, 5.52; N, 7.56.

The above compound (0.12 g, 0.31 mmol) and 1 M
methanolic NaOMe (0.1 mL) in MeOH (2 mL) were stirred
for 20 min and worked up as described above to give 16
(0.075 g, 80%) as a solid: mp 182–184 8C; [a]DZK32.9 (c
0.8, MeOH); nmax (MeOH) 3369, 2946, 2834, 1704, 1450,
1404, 1111, 1029, 758; 1H NMR (500 MHz, DMSO-d6): d
1.56–1.60 (m, 1H), 1.65–1.80 (m, 2H), 1.82 (s, 3H), 1.81–
1.85 (m, 1H), 1.89–1.96 (m, 1H), 3.45 (dt, 1H, JZ9.6,
5.5 Hz), 3.73 (dt, 1H, JZ9.6, 4.4 Hz), 3.92 (t, 1H, JZ
7.7 Hz), 4.1 (d, 1H, JZ6.1 Hz), 4.32 (t, 1H, JZ4.9 Hz,
OH), 4.97 (s, 1H, OH), 5.13 (d, 1H, JZ6.9 Hz, OH), 5.65 (d,
1H, JZ8.5 Hz), 7.49 (s, 1H), 11.32 (s, 1H, NH); 13C NMR
(125 MHz, DMSO-d6): d 11.7, 27.0, 29.3, 51.7, 60.1, 70.5,
83.2, 85.0, 88.4, 109.7, 135.8, 150.9, 163.4. Anal. Calcd for
C13H18O6N2: C, 52.34; H, 6.08; N, 9.39. Found: C, 52.12;
H, 6.36; N, 9.37.
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Abstract—The stereoselective syntheses of fully protected (2S,4R)-2-methylamino-5-hydroxy-4-methylpentanoic acid, a non-coded amino
acid of cyclomarin A, and its diastereomer are reported. A pyroglutamate template was employed in the key diastereoselective alkylation
used for introducing the 4-methyl stereochemistry. In addition, the first diastereoselective intramolecular hetero-Diels–Alder of a 2-cyano-1-
azadiene with an electron deficient dienophile is described.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclomarin A (1, Fig. 1) is a potent anti-inflammatory
agent1 that has been a recent target of interest in several
research laboratories,2,3 including our own.4–7 The non-
coded amino acid constituents of cyclomarin A provide a
wealth of structural diversity and challenges which require
extension of the scope of existing methods or development
of new strategies for synthesizing these compounds. In our
continuing efforts to complete both novel and efficient
syntheses of these amino acids, we have investigated the use
of a hetero-Diels–Alder reaction employing a 2-cyano-1-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.089

Figure 1. Cyclomarin A.

Keywords: Hetero-Diels–Alder; Pyroglutamate; Cyclomarin A.
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azadiene to prepare the fully protected (2S,4R)-2-methyl-
amino-5-hydroxy-4-methylpentanoic acid fragment of
cyclomarin A. We also report the completed synthesis of
this fragment and its diastereomer (2S,4S)-2-methylamino-
5-hydroxy-4-methylpentanoic acid, using a pyroglutamate
framework for the establishment of stereochemistry.
2. Results

The initial strategy used for making the (2S,4R)-2-
methylamino-5-hydroxy-4-methylpentanoic acid fragment
utilized a hetero-Diels–Alder reaction that allowed for
stereochemical control at both the 2- and 4-positions in one
step. The hydroxyl and N-methyl functionalities would be
introduced by oxidation of the olefin and reduction of the
resultant formyl groups. Azadienes have been used
previously in Diels–Alder (DA) reactions and their
application and scope have been reviewed thoroughly.8,9

Since the nitrogen of 1-azadienes renders the pi system
more electron deficient, its ability to undergo a Type I
Diels–Alder reaction is diminished. Most reported examples
of hetero-DA reactions with 1-azadienes occur via an
inverse electron demand (Type II) mechanism.8,9 If there
are enolizable protons at the 4-position, tautomerization
may occur to generate an enamine which can undergo the
DA reaction more easily with an electron deficient
dienophile8 (Fig. 2). Other factors contributing to the low
yields of hetero-DA reactions using 1-azadienes include
competitive imine [2C2] cycloadditions and the instability
of the enamine products. The low reactivity and product
instability may be reduced by the use of substrates with
N-acyl,10 N,N-sulfonyl8 or N,N-dialkylamino11 substitution
Tetrahedron 60 (2004) 10277–10284



Figure 2. 1-Azadienes can undergo tautomerization to enamides.
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on the nitrogen. It is believed that the acyl and sulfonyl
substitution stabilize the enamine products; the dialkyl
group increases the electron density in the system. It has
also been observed that a methoxy or cyano group at the
2-position on the azadiene improves the DA reaction10,12,13

(Fig. 3).
Figure 3. Electronic stabilizing groups for 1-azadienes.
Motorina and Grierson have extensively investigated the
use of 2-cyano-1-azadienes in DA or intramolecular DA
(IMDA) reactions.14 The authors observed that 2-cyano-1-
azadienes may undergo DA type reactions in a regio-
controlled fashion with moderate stereocontrol. We
expected that existing chirality in the diene or dienophile
in our system would induce asymmetry to the remote methyl
center. It was believed that this effect could be enhanced if
the reaction was run in an intramolecular fashion. In
addition, the regiochemistry of the DA reaction could be
controlled by the tether restriction. The most accessible
location for the chiral auxiliary would be attached to the
nitrogen at the 1-position, though it would reduce the
reactivity of the diene itself. It was hoped that this
deficiency could be overcome by the addition of a cyano
Figure 4. Hetero-Diels–Alder disconnections.

Figure 5. 2-Methylamino-5-hydroxy-4-methylpentanoic acid stereochemistry for
or methoxy group at the 2-position on the diene (Fig. 4). It
was predicted that the proposed synthon would lead to the
undesired (2S,4S)-diastereomer (Fig. 5); however, there was
reason to believe that the desired compound could be
produced by modification of the chiral auxiliary or
epimerization.

The synthesis (Scheme 1) began with S-phenylglycinol,
which is available from Aldrich or from a borohydride
reduction of phenylglycine ethyl ester hydrochloride salt.15,16

The amino alcohol was treated with trans-crotonyl chloride
and 2 N sodium carbonate under biphasic conditions to give
the crotonamide 2 in 97% yield.17 The subsequent
esterification step was achieved by treating the crotonamide
with acryloyl chloride under phase transfer conditions in
93% yield.18 The enamide 3 was then treated with Hunig’s
base and triflic anhydride at K60 8C, followed by displace-
ment of the vinyl triflate by lithium cyanide and 12-crown-4
complex to provide the 2-cyano-1-azadiene 4 in low yield.
This triene was heated to 110 8C in benzene for 48 h,
yielding an unstable bicyclic compound 5 the structure and
stereochemistry of which were determined by spectroscopic
methods to be those of a single diastereomer. Despite the
low yield, this reaction represents the first example of
remote asymmetric induction with either intermolecular or
intramolecular DA reactions of 2-cyano-1-azadienes.4 It is
also the first example of a diastereoselective intramolecular
DA reaction of a 2-cyano-1-azadiene with an electron
deficient dienophile. Unfortunately, treatment of the
unstable cycloadduct with ozone led to decomposition.

Given the difficulties encountered in formation of the
cyanoazadiene and its low reactivity, other methods were
investigated (Scheme 2). The effect of an electron donating
substituent in the diene system was probed by the addition
of a 2-alkoxy group, employing imidoesters and an oxazo-
line. The methyl imido ester was formed by treatment of the
enamide 3 with methyl triflate, but heating this unstable
compound (7) in a sealed tube yielded only decomposition
products. Use of a microwave reactor gave the same results.
both possible Diels–Alder adducts.



Scheme 1. Reagents and conditions: (a) trans-crotonyl chloride, aq
Na2CO3, CH2Cl2, 97%; (b) 30% aq KOH, CH2Cl2, acryloyl chloride,
TBAI, 0 8C, 93%; (c) DIEA, Tf2O, CH2Cl2, K60 8C; (d) 12-crown-4,
LiCN, THF, K60 8C, 24% over 2 steps; (e) toluene, 120 8C, 48 h, 9%; (f)
ozone, CH2Cl2, K78 8C; NaBH4, MeOH.

Scheme 2. Reagents and conditions: (a) MeOTf, CH2Cl2; (b) 150 8C, 12 h, neat; (c) benzene, 110 8C, 4d; (d) 5 M ether–LiClO4, 5 days.
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Treatment of alcohol 2 with tosyl chloride and triethylamine
produced oxazoline 8 in 63% yield (Scheme 3).17 This
compound was then treated with several conditions includ-
ing various dienophiles, but no reaction was observed
except decomposition in certain instances. The lack of
reactivity was attributed to the preferred s-trans confor-
mation of the pi system when the diene’s 4-position is
substituted.

Huang and co-workers reported intramolecular DA reac-
tions with 1-azadiene substrates that were formed in situ for
Scheme 3. Reagents and conditions: (a) TsCl, TEA, CH2Cl2, 2d, 63%; (b)
maleic anhydride, 110–115 8C; (c) diethyl acetylene dicarboxylate.

Figure 6. Pyroglutamic acid disconnection.
the construction of heterocyclic ring systems.19 The
advantages of these reactions were the mild conditions
(trialkylsilyl chlorides and triethylamine) under which they
proceeded. Fukomoto and co-workers used the milder
trialkylsilyl trifluoromethanesulfonates and triethylamine
conditions having previously used TMSCl, ZnCl2 and TEA
in toluene at high temperature20 to effect the DA reaction of
enamides with a,b-unsaturated esters.21 Using TBSOTf or
TMSCl/ZnCl2 and TEA, attempts were made to form the
azadiene in situ at both ambient and elevated temperature.
Both reactions resulted either in recovery of starting
material or decomposition. In an effort to improve the
electronic alignment, an electron-withdrawing group was
installed on the terminus of the acrylate functionality. The
expectation was that even if the DA reaction did not occur,
maybe a degenerate mechanism, such as a base-mediated
tandem conjugate addition would allow generation of the
desired product. However, after many variations of the
hetero-Diels–Alder route were attempted with no significant
improvement, this approach was eventually abandoned for a
more favorable one.5
3. Discussion

The pyroglutamate moiety is a powerful synthetic building
block that has been previously used to prepare glutamic acid
and leucine derivatives.22,23 Its versatility and high func-
tional group density allows it to be used for a variety of
targets.24 It was envisioned that using a stereoselective
alkylation at the a-position of the amide followed by
inversion would afford the product with the desired
stereochemistry (Fig. 6). Investigations by several
groups24–28 had validated the feasibility of this approach,
but conflicting results were obtained with regard to the
cis:trans selectivity of the alkylation depending on the
substrate, base and electrophile.25,27–30 Young and co-
workers found that the major product of alkylation mixtures
was the cis product.29,30 Furthermore, they were able to
improve both the yield and stereoselectivity of the reaction
to 70% and a 17:1 cis:trans ratio29 if lithium hexamethyl-
disilazide was used as the base and methyl triflate as the
electrophile.
In our system, the original protecting group was a benzyl
ester, with the hope that upon lithium hydroxide opening of
the lactam ring little or no hydrolysis of the ester would
occur. The synthesis (Scheme 4) proceeded in good yield
following the procedure of Young and co-workers to afford
the fully protected pyroglutamate 11.22 The stereoselective
alkylation using LiHMDS and methyl triflate followed by



Scheme 4. Reagents and conditions: (a) TEA, benzyl chloride, acetone,
85%; (b) Boc2O, DMAP, CH3CN, 73%; (c) LiHMDS, MeOTf, Toluene,
K78 8C; (d) LiHMDS, 2,6-di-t-butylphenol, Toluene, K78 8C, 34% over 2
steps; (e) 1 M LiOH, THF, 30 min, 0 8C, 54%.
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inversion using LiHMDS and ammonium chloride pro-
ceeded with a cis:trans ratio of 1:4 in 34% yield over two
steps. The lithium hydroxide ring opening did not proceed
as well as planned and generated what was believed to be
the desired benzyl ester 13 as well as the free carboxylic
acid 14, but never in isolable yields. A modification of the
protecting group scheme was required and we investigated
the use of a tert-butyl group instead of a benzyl moiety.

The tert-butyl ester allowed for opening of the lactam ring
without hydrolysis of the ester.22 Beginning with fully
protected pyroglutamate 11, the ester was deprotected using
standard hydrogenation conditions and protected as the tert-
butyl ester 15 using Boc2O, TEA, and DMAP in acetonitrile
in an 83% yield over 2 steps (Scheme 5). The stereoselective
alkylation proceeded in 70% yield with a 7:1 ratio of cis
16:trans. The lithium hydroxide opening proceeded in
quantitative yield, and subsequent reduction of the mixed
anhydride produced the alcohol in 69% yield.22,31 The
resulting alcohol was to be protected as its TBS ether.
Standard conditions of TBSCl and imidazole in methylene
chloride led to consistently low yields. Variation of the
base-catalyst system (imidazole, 2,6-lutidine and TEA/
Scheme 5. Reagents and conditions: (a) (i) H2, Pd/C, EtOAc; (ii) Boc2O,
DMAP, TEA, MeCN, 83%; (b) (i) LiHMDS, THF, K78 8C; (ii) MeOTf,
70% 7:1; (c) LiOH, THF, 0 8C to rt, quant; (d) (i) i-BuOCOCl, TEA, THF,
K40 8C; (ii) NaBH4, H2O, 0 8C, 69%; (e) TBSCl, DMAP, TEA, DMF,
91%; (f) (i) NaHMDS, THF, 0 8C to rt; (ii) MeI, 70%.
DMAP) did not increase the yield. Eventually, changing the
solvent to DMF and using TBSCl with the TEA/DMAP
system successfully provided TBS ether 18 in 91% yield.

N-Boc protected nitrogens have been previously methylated
using NaH or KH32 though in this particular case both
reagents met with limited success. Using NaHMDS as the
base33 provided methylated product 19 in 36% yield. In an
effort to improve the methylation, carbamate 18 was treated
with Ag2O and MeI,34 which led to a clean product in 50%
yield. The nitrogen was methylated in 70% yield using
optimized conditions of NaHMDS (2.5 equiv) and MeI
(10 equiv), to provide the fully protected unnatural
diastereomer of (2S,4S)-2-methylamino-5-hydroxy-4-
methylpentanoic acid 19 with the same stereochemistry as
the product obtained in the hetero-DA reaction.

The stereoselective alkylation of the protected pyrogluta-
mate yielded two diastereomers, the major product being the
undesired cis product 16, but the products were separable by
column chromatography. The cis product had been
isomerized previously by Ezquerra and co-workers, using
1 equiv of KCN in DMF over 4 days to give a final ratio of
33:67 of cis:trans product.27,26 Conditions which would
allow for faster reaction time while maintaining a similar
yield and product ratio were desired.

Initial studies with the benzyl ester indicated that use of
LiHMDS and a kinetic quench with ammonium chloride
would give a cis:trans ratio of 1:4; however, this result did
not translate to the tert-butyl ester series. Despite numerous
trials with various conditions, products were obtained which
consisted primarily of the cis isomer. Use of KHMDS and
ammonium chloride led to decomposition, while NaHMDS
with ammonium chloride led to more successful inversion
(1:2 cis:trans), but in reduced yield. Using acetic acid to
quench the isomerization after enolization with NaHMDS23

led to recovery of starting material. The next bases tried
were DABCO and DBU; DABCO produced no reaction and
led only to the isolation of starting material. However, the
use of 4 equiv of DBU in methylene chloride over 2 days
consistently gave primarily inverted product 20 in a 3:1 ratio
and in high yields (Scheme 6). With epimerization
achieved, the lactam ring was hydrolyzed selectively with
Scheme 6. Reagents and conditions: (a) 4 equiv DBU, CH2Cl2, 0 8C to rt,
86%, 3.1:1; (b) LiOH, THF, 0 8C to rt, 78%; (c) (i) i-BuOCOCl, TEA, THF,
K40 8C; (ii) NaBH4, H2O, 0 8C, 67%; (d) TBSCl, DMAP, TEA, DMF,
93%; (e) (i) NaHMDS, THF, 0 8C to rt; (ii) MeI, 57%.
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lithium hydroxide. Mixed anhydride reduction of the
resulting acid 21 proceeded in 67% yield to afford the
primary alcohol 22. The TBS protection and subsequent
N-methylation proceeded in 93 and 57% yields, respect-
ively, using conditions developed during synthesis of the
unnatural diastereomer to give fully protected (2S,4R)-2-
methylamino-5-hydroxy-4-methylpentanoic acid 24.
4. Conclusions

The synthesis of the fully protected (2S,4R)-2-methyl-
amino-5-hydroxy-4-methylpentanoic acid fragment of
cyclomarin A was accomplished in 8 steps and 14% overall
yield. In addition, we have synthesized (2S,4S)-2-methyl-
amino-5-hydroxy-4-methylpentanoic acid in 7 steps and
26% overall yield. We also have reported the first example
of a diastereoselective intramolecular Diels–Alder reaction
of a 2-cyano-1-azadiene with an electron deficient
dienophile.
5. Experimental

5.1. General

All reactions were performed under argon. THF was
distilled over sodium-benzophenone, while CH2Cl2 and
toluene were distilled over calcium hydride. Flash column
chromatography was carried out on E. Merck silica gel 60
(240–400 mesh) using the solvent systems listed under
individual experiments. Proton and carbon magnetic
resonance spectra were recorded on a Bruker AM-500
Fourier transform spectrometer. Infrared spectra (IR) were
obtained on a Perkin–Elmer Model 1600 FT-IT spectro-
photometer. Optical rotations were recorded on a Perkin–
Elmer Model 341 polarimeter at the sodium D line. Melting
points were obtained on a Thomas Hoover Uni-melt
apparatus and are uncorrected.

5.1.1. (S)-Acrylic acid 2-but-2-enoylamino-2-phenylethyl
ester 3. To a cold (0 8C) solution of alcohol 2 (2.29 g,
11.0 mol) in CH2Cl2 (20 mL) was added 30:70 KOH
solution (20 mL) and tetrabutylammonium iodide (TBAI,
0.406 g, 1.1 mmol). To the reaction mixture was added
acryloyl chloride (1.3 mL, 15.6 mmol) in CH2Cl2 (3 mL)
via an addition funnel at 0 8C. After 20 min, the organic
layer was separated. The organic layer was then washed
with water (3!10 mL) until the aqueous layer was neutral.
The organic phase was dried (Na2SO4) and concentrated to
yield an orange oil. Column chromatography (20% acetone/
hexanes) afforded a clear white glass (2.65 g, 93%). (3): Rf

0.25 (30% acetone/hexanes, KMnO4 stain); 1H NMR
(500 MHz, CDCl3) d 7.27–7.35 (m, 5H), 6.79–6.89 (m,
1H), 6.55–6.62 (m, 1H), 6.49 (dd, JZ17.4, 1.2 Hz, 1H),
6.10 (dd, JZ17.3, 10.4 Hz, 1H), 5.80–5.89 (m, 2H), 5.36–
5.45 (m, 1H), 4.51 (dd, JZ11.4, 7.5 Hz, 1H), 4.37 (dd, JZ
11.5, 6.7 Hz, 1H), 1.83 (dd, JZ6.9, 1.6 Hz, 3H); 13C NMR
(125 MHz, CDCl3) d 166.2, 165.5, 140.3, 138.4, 131.4,
128.6, 127.8, 127.8, 126.7, 124.8, 66.1, 52.4, 17.6; IR (neat)
3282, 3064, 1726, 1670, 1633, 1541, 1446, 1408, 1294,
1269, 1188, 1060, 968, 810, 700 cmK1; HRMS m/z
calculated for C15H17NO3Na (MCNa)C282.1106, found
282.1093; [a]D

25C56.4 (c 3.63, CHCl3).

5.1.2. (S)-Acrylic acid 2-(1-cyano-but-2-enylidene-
amino)-2-phenylethyl ester 4. A cold (K60 8C) solution
of acrylate 3 (0.500 g, 1.93 mmol) and diisopropylethyl
amine (0.5 mL, 2.89 mmol) in CH2Cl2 (6.5 mL) was stirred
for 1 h. Triflic anhydride (freshly opened bottle) was added
dropwise. The reaction was allowed to stir 2 h during which
time it turned to a brown solution. To this reaction mixture
was added a suspension of (89 mg, 2.72 mmol) LiCN (dried
over P2O5 under vacuum at 80 8C for 4 h) and 12-crown-4
(30 mL, 0.19 mmol) in THF (6 mL) at K73 8C via cannula
syringe and then warmed to K60 8C for 1.5 h. After that
time, the reaction was warmed to K20 8C over 30 min and
water (6 mL) was added. The reaction was diluted with
ether while warming to room temperature. The layers
formed were separated and the aqueous layer was extracted
with ether (2!10 mL). The combined organic layers were
washed with water (10 mL), dried (Na2SO4) and concen-
trated to a brown oil. Column chromatography (5% acetone/
hexanes to 8% acetone/hexanes) afforded a yellow oil
(0.111 g, 21%). (4): Rf 0.65 (30% acetone/hexanes); 1H
NMR (500 MHz, CDCl3) d 7.27–7.52 (m, 5H), 6.71–6.78
(m, 1H), 6.37–6.41 (m, 2H), 6.09 (dd, JZ17.4, 10.4 Hz,
1H), 5.83 (dd, JZ10.5, 1.3 Hz, 1H), 5.08–5.13 (m, 1H),
4.50 (dd, JZ11.1, 3.9 Hz, 1H), 4.40 (dd, JZ11.1, 9.2 Hz,
1H), 1.96 (dd, JZ6.9, 1.6 Hz, 3H); HRMS (CI) m/z
calculated for C16H17N2O2 (MCH)C269.1284, found
269.1284. Product was too unstable for further
characterization.

5.1.3. (4S,8S,10S)-8-Methyl-1-oxo-4-phenyl-1,3,4,8,9,9a-
hexahydropyrido[2,1-c][1,4]oxazine-6-carbonitrile 5.
Azadiene 4 (164 mg, 0.61 mmol) was dissolved in toluene
(12 mL), placed in a sealed tube and charged with a
magnetic stirrer. The reaction was heated to 130 8C for 50 h.
The compound was concentrated and purified by column
chromatography (2% ethyl acetate/hexanes to 8% ethyl
acetate/hexanes) to afford the product as a brown oil,
(14 mg, 9%) and starting material, as a yellow oil, (39 mg,
24%). (5): Rf 0.54 (30% ethyl acetate/hexanes); 1H NMR
(500 MHz, CDCl3) d 7.32–7.45 (m, 5H), 4.93 (t, JZ3.8 Hz,
1H), 5.33 (s, 1H), 4.66–4.76 (m, 2H), 3.86 (dd, JZ11.2,
3.1 Hz, 1H), 2.43–2.51 (m, 2H), 1.65 (quartet of doublets,
JZ12.1, 2.5 Hz, 1H), 1.08 (d, JZ6.7 Hz, 3H); 13C NMR
(125 MHz, CDCl3) d 167.7, 135.4, 128.7, 127.9, 127.3,
123.2, 115.2, 70.6, 56.2, 54.1, 32.7, 29.7, 28.4, 20.3; HRMS
(CI) m/z calculated for C16H17N2O2 (MCH)C269.1284,
found 269.1284. Product was too unstable for further
characterization.

5.1.4. (S)-Acrylic acid 2-(1-methoxy-but-2-enylidene-
amino)-2-phenylethyl ester 7. To a solution of amide 3
(1.67 g, 7.45 mmol) in CH2Cl2 (25 mL) was added methyl
triflate (1.5 mL, 12.88 mmol) dropwise at room tempera-
ture. The reaction was allowed to stir for 96 h then diluted
with CH2Cl2 (40 mL), washed with saturated sodium
bicarbonate (30 mL) and dried (Na2SO4). The solution
was concentrated in vacuo to a yellow oil. Column
chromatography (10% acetone/hexanes to 20% acetone/
hexanes) afforded the product as a yellow oil (0.844 g, 48%)
as well as starting material (40%). (7): Rf 0.61 (30%
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acetone/hexanes); 1H NMR (500 MHz, CDCl3) d 7.45 (m,
2H), 7.32 (m, 2H), 7.25 (m, 1H), 6.54 (m, 1H), 6.35 (m, 1H),
6.08 (m, 2H), 5.78 (m, 1H), 4.90 (dd, JZ8.1, 5.0 Hz, 1H),
4.35 (ddd, JZ10.7, 5.1, 2.8 Hz, 1H), 4.25 (m, 1H), 3.75
(d, JZ2.2 Hz, 3H), 1.80 (m, 3H); 13C NMR (125 MHz,
CDCl3) d 166.0, 158.5, 141.5, 137.7, 130.6, 128.5, 128.3,
127.3, 117.9, 117.8, 69.7, 69.5, 59.8, 52.4, 18.2; IR (neat)
3060, 3028, 2944, 2348, 2096, 17,225, 1673, 1621, 1492,
1437, 1406, 1377, 1287, 1265, 1182, 1098, 1044, 986, 963,
839 cmK1; HRMS (CI) m/z calcd for C16H19NO2 (MCH)C:
274.1440, found 274.1435; [a]D

25C5.98 (c 1.05, CHCl3).

5.1.5. (2S,4R)-4-Methyl-5-oxo-pyrrolidine-1,2-dicar-
boxylic acid 2-benzyl ester 1-tert-butyl ester, trans-12,
and (2S,4S)-4-Methyl-5-oxo-pyrrolidine-1,2-dicar-
boxylic acid 2-benzyl ester 1-tert-butyl ester, cis-12. To
a cooled (K78 8C) solution of lactam 11 (1.00 g,
3.13 mmol) in anhydrous toluene (6 mL) was added 1 M
LiHMDS solution in THF (3.6 mL, 3.60 mmol). After
stirring for 1 h at the same temperature, methyl triflate
(0.39 mL, 3.44 mmol) was added via syringe. After stirring
for another 2 h at K78 8C, 1 M LiHMDS in THF (4.1 mL,
4.07 mmol) was added to the reaction mixture. Following
another 2 h of stirring at K78 8C, the reaction was quenched
with saturated ammonium chloride and allowed to warm to
room temperature for 10 min before diluting it with ethyl
acetate. The reaction was extracted into ethyl acetate (3!
25 mL), dried with sodium sulfate and concentrated to a
yellow-tan foam. The crude residue was purified by column
chromatography (5% ethyl acetate/hexanes to 30% ethyl
acetate/hexanes) to afford 0.280 g (27%) of yellow oil trans-
12 and 0.070 g (7%) of yellow oil cis-12. (trans-12): Rf 0.70
(40% ethyl acetate/petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.26–7.41 (m, 5H), 5.25 (d, JZ12.2 Hz, 1H), 5.20
(d, JZ12.2 Hz, 1H), 4.62 (dd, JZ9.6, 1.3 Hz, 1H), 2.55–
2.73 (m, 1H), 2.14–2.35 (m, 1H), 1.80–2.00 (m, 1H), 1.46
(s, 9H), 1.23 (d, JZ7.1 Hz, 3H); 13C NMR (125 MHz,
CDCl3) d 175.5, 171.1, 149.5, 135.1, 128.7, 128.6, 128.4,
83.5, 67.3, 57.0, 36.5, 30.5, 27.8, 15.1; IR (neat) 3033, 2977,
2934, 2879, 2359, 1792, 1752, 1716, 1498, 1456, 1391,
1368, 1316, 11,284, 1251, 1185, 1153, 1120, 1100, 1061,
973, 014, 854, 776, 750, 699 cmK1; HRMS (ESI) m/z calcd
for C18H23NO5 (MCNa)C: 356.1576, found 356.1484;
[a]D

25K18.08 (c 1.42, CHCl3).

(cis-12): Rf 0.57 (40% ethyl acetate/petroleum ether); 1H
NMR (500 MHz, CDCl3) d 7.26–7.41 (m, 5H), 5.20 (d, JZ
12.1 Hz, 1H), 5.14 (d, JZ12.1 Hz, 1H), 4.47–4.54 (m, 1H),
2.46–2.64 (m, 2H), 1.51–1.64 (m, 1H), 1.47 (s, 9H), 1.19 (d,
JZ6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 175.5,
171.2, 149.3, 134.9, 128.5, 128.5, 128.4, 83.4, 67.1, 57.3,
37.3, 29.5, 27.7, 16.1, 14.1; IR (neat) 3033, 2978, 2934,
2878, 2360, 1790, 1751, 1716, 1498, 1456, 1392, 1369,
1318, 1292, 1259, 1176, 1154, 1124, 969, 913, 850, 784,
749, 699 cmK1; HRMS (CI) m/z calcd for C18H23NO5 (MC
H)C: 334.1654, found 334, 1656; [a]D

25K43.98 (c 1.38,
CHCl3).

5.1.6. (2S,4S)-2-(tert-Butoxycarbonylmethylamino)-5-
(tert-butyldimethylsilanyloxy)-4-methylpentanoic acid
tert-butyl ester 19. To a solution of TBS ether 18
(0.0448 g, 0.107 mmol) in THF (0.8 mL) at 0 8C, NaHMDS
(1.0 M in THF, 0.27 mL, 0.268 mmol) was added dropwise.
The reaction stirred at 0 8C for 10 min and at room
temperature for 30 min before iodomethane (0.07 mL,
1.07 mmol) was added dropwise. After 2 h, the reaction
was quenched with the addition of saturated NH4Cl and
ether. The aqueous portion was extracted 3 times with ether
and the combined organic portions were washed with water
and brine, dried over MgSO4, filtered and concentrated. The
crude product was purified by flash chromatography using
1% acetone in petroleum ether, which yielded 19 as a yellow
oil (0.0326 g, 70%). (19): Rf 0.64 (5% acetone/petroleum
ether); 1H NMR (500 MHz, CDCl3) d 4.75 (dd, JZ11.8,
2.9 Hz, 0.5H), 4.51 (dd, JZ11.7, 3.7 Hz, 0.5H), 3.43 (dd,
JZ9.7, 5.1 Hz, 1H), 3.35 (m, 1H), 2.73 (d, JZ15.7, 3H),
1.90 (m, 1H), 1.51 (m, 1H), 1.47 (m, 1H), 1.43 (s, 9H), 1.42
(s, 9H), 0.87 (m, 3H), 0.86 (s, 9H), 0.01 (s, 6H); 1H NMR
(500 MHz, d8-toluene, 363 K) d 4.82 (m, 1H), 3.43 (m, 2H),
2.85 (s, 3H), 1.98 (m, 1H), 1.69 (m, 2H), 1.44 (s, 9H), 1.35
(s, 9H), 0.96 (d, JZ2.9 Hz, 3H), 0.93 (s, 9H), 0.05 (s, 6H);
13C NMR (125 MHz, CDCl3) d 171.7, 171.4, 156.4, 155.9,
81.1, 81.0, 79.9, 79.6, 68.3, 68.3, 57.2, 56.1, 32.2, 31.9,
30.1, 28.4, 28.0, 25.9, 18.3, 15.6, 15.5, K5.4; 13C NMR
(125 MHz, d8-toluene, 363 K) d 171.6, 156.5, 80.9, 79.7,
69.1, 58.1, 33.8, 33.4, 31.0, 30.8, 28.9, 28.5, 26.5, 18.9,
16.5, K5.0; IR (neat) 2956, 2930, 2857, 1737, 1700, 1472,
1391, 1367, 1324, 1254, 1154, 1093, 1034, 1007, 950, 912,
838, 776, 666 cmK1; HRMS (ESI) m/z calcd for
C22H45NO5Si (MCNa)C: 454.3051, found 454.2944;
[a]D

25K16.8o (c 1.15, CHCl3).

5.1.7. (2S,4R)-4-Methyl-5-oxopyrrolidine-1,2-dicar-
boxylic acid di-tert-butyl ester 20.30 cis-Methylpyrogluta-
mate 16 (0.1571 g, 0.525 mmol) was taken up in 4.1 mL
CH2Cl2 and cooled to 0 8C. DBU (0.31 mL, 2.10 mmol) was
added dropwise and the reaction stirred at 0 8C for 15 min
and then at room temperature for 48 h. The reaction was
diluted with CH2Cl2, washed twice with 10% HCl, and once
each with water and brine. The organic portion was dried
over Na2SO4, filtered and concentrated to give the crude
product which was purified by flash chromatography using
5–10% ethyl acetate in petroleum ether yielding 20 as a
clear colorless oil (0.1351 g, 86% in a 3.1:1 ratio of trans/
cis). (20): Rf 0.65 (30% ethyl acetate/petroleum ether); 1H
NMR (500 MHz, CDCl3) d 4.35 (dd, JZ9.5, 1.1 Hz, 1H),
2.58 (m, 1H), 2.17 (ddd, JZ13.2, 8.7, 1 Hz, 1H), 1.83 (m,
1H), 1.48 (s, 9H), 1.47 (s, 9H), 1.14 (d, JZ7 Hz, 3H); 13C
NMR (125 MHz, CDCl3) d 175.7, 170.2, 149.4, 89.9, 82.1,
57.6, 36.4, 30.6, 27.8, 22.5, 15.1; IR (neat) 2977, 2934,
2359, 23,341, 1792, 1739, 1717, 1457, 1368, 1315, 1284,
1249, 1225, 1154, 1099, 973, 917, 884, 846, 813, 775 cmK1;
HRMS (ESI) m/z calcd for C15H25NO5 (MH)C: 300.1811,
found 300.1805; [a]D

25K12.68 (c 1.11, CHCl3).

5.1.8. (2S,4R)-2-tert-Butoxycarbonylamino-4-methyl-
pentanedioic acid 1-tert-butyl ester 21. trans-Methyl-
pyroglutamate 20 (0.1039 g, 0.347 mmol) was taken up in
1.8 mL THF and cooled to 0 8C. 0.42 mL 1 M LiOH
(aqueous, 0.416 mmol) was added dropwise over 15 min,
the reaction was stirred for 15 min and was the quenched by
addition of a mixture of ethyl acetate (1 mL) and saturated
sodium bicarbonate (1 mL). The layers were separated and
the organic portion was extracted with saturated sodium
bicarbonate. The aqueous portions were combined, cooled
to 0 8C and acidified to pH 4 using 10% citric acid and
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extracted 5 times with ethyl acetate. The combined organic
layers were dried over Na2SO4, filtered and concentrated
yielding 21 as a white solid (0.0862 g, 78%). (21): mp 72–
74 8C; Rf 0.54 (50% ethyl acetate/petroleum ether); 1H
NMR (500 MHz, CDCl3) d 10.42 (bs, 1H), 5.21 (d, JZ
6.6 Hz, 1H), 5.01 (d, JZ8.3 Hz, 1H), 2.56 (m, 1H), 2.17 (m,
1H), 1.64 (m, 1H), 1.43 (s, 9H), 1.40 (s, 9H), 1.20 (d, JZ
6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 180.3, 171.4,
155.8, 82.4, 80.2, 52.5, 36.8, 36.2, 28.2, 27.9, 17.4; IR (neat)
3330, 2978, 2931, 2359, 2340, 1714, 1508, 1455, 1396,
1368, 1255, 1154, 1061, 847, 669 cmK1; HRMS (ESI) m/z
calcd for C15H27NO6 (MCNa)C: 340.1838, found
340.1731; [a]D

25K23.48 (c 1.4, MeOH).

5.1.9. (2S,4R)-2-tert-Butoxycarbonylamino-5-hydroxy-4-
methylpentanoic acid tert-butyl ester 22. To a solution of
acid 21 (0.1429 g, 0.450 mmol) in 2.3 mL THF at K40 8C,
Et3N (0.08 mL, 0.585 mmol) was added dropwise. Isobutyl
chloroformate (0.07 mL, 0.540 mmol) was added dropwise
over 10 min, to give a yellow/orange color and the reaction
was stirred at K40 8C for 2 h. The reaction was warmed to
0 8C, NaBH4 (0.102 g, 2.70 mmol) in H2O (2 mL) was
added and the reaction stirred at 0 8C for 1 h and then
warmed to room temperature. After stirring at room
temperature for 3.5 h, the reaction was quenched with the
addition of ethyl acetate and brine at 0 8C. The organic
portion was washed with ice cold 10% citric acid 3 times,
twice with brine, dried over Na2SO4, filtered and concen-
trated. The crude product was purified using flash
chromatography using 25% ethyl acetate/petroleum ether
yielding 22 as a clear colorless oil (0.0913 g, 67%). (22): Rf

0.48 (30% ethyl acetate/petroleum ether); 1H NMR
(500 MHz, CDCl3) d 5.22 (d, JZ6.8 Hz, 1H), 4.24 (d, JZ
4.7 Hz, 1H), 3.48 (dd, JZ10.7, 5.3 Hz, 1H), 3.41 (dd, JZ
10.7, 6.3 Hz, 1H), 2.65 (bs, 1H), 1.75 (m, 2H), 1.44–1.35
(m, 1H), 1.40 (s, 9H), 1.38 (s, 9H), 0.90 (d, JZ6.7, 3H); 13C
NMR (125 MHz, CDCl3) d 172.2, 155.6, 81.8, 79.7, 67.7,
52.6, 37.7, 32.3, 28.2, 27.9, 17.4; IR (neat) 3364, 2976,
1712, 1511, 1455, 1390, 1367, 1251, 1154, 1046, 848 cmK1;
HRMS (ESI) m/z calcd for C15H29NO5 (MCNa)C:
326.2045, found 326.1941; [a]D

25C5.168 (c 1.03, CHCl3).

5.1.10. (2S,4R)-2-tert-Butoxycarbonylamino-5-(tert-
butyldimethylsilanyloxy)-4-methyl-pentanoic acid tert-
butyl ester 23. Alcohol 22 (0.0857 g, 0.282 mmol) was
dissolved in 0.7 mL DMF and TBS-Cl (0.128 g,
0.846 mmol) was added. The reaction was stirred for
10 min. DMAP (0.0345 g, 0.282 mmol) and Et3N
(0.24 mL, 1.69 mmol) were added and the solution was
allowed to stir for 18 h. The reaction was quenched with the
addition of brine and was extracted 3 times with ether. The
organic portion was washed sequentially with H2O (3
times), ice cold 10% HCl, brine, dried over MgSO4, filtered
and concentrated. The crude product was purified by flash
chromatography using 10% ethyl acetate in petroleum ether,
yielding 23 as a pale yellow oil (0.1093 g, 93%). (23): Rf

0.46 (5% acetone/petroleum ether); 1H NMR (500 MHz,
CDCl3) d 5.20 (d, JZ7.7 Hz, 1H), 4.13 (m, 1H), 3.49 (dd,
JZ9.9, 5.1 Hz, 1H), 3.36 (dd, JZ9.9, 5.8 Hz, 1H), 1.81 (m,
2H), 1.70 (m, 1H), 1.42 (s, 9H), 1.40 (s, 9H), 0.90 (d, JZ6.9,
3H), 0.86 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); 13C NMR
(125 MHz, CDCl3) d 172.3, 155.4, 81.4, 79.3, 67.1, 52.6,
36.2, 32.4, 28.3, 28.0, 25.9, 25.6, 17.3, K3.6, K5.5; IR
(neat) 3359, 2956, 2930, 2857, 2348, 1718, 1501, 1472,
1392, 1366, 1252, 1154, 1093, 1049, 836, 776 cmK1;
HRMS (ESI) m/z calcd for C21H43NO5Si (MCNa)C:
440.2910, found 440.2796; [a]D

25K0.58 (c 1.09, CHCl3).

5.1.11. (2S,4R)-2-(tert-Butoxycarbonylmethylamino)-5-
(tert-butyldimethylsilanyloxy)-4-methylpentanoic acid
tert-butyl ester 24. The procedure described above for
compound 19 was followed, using TBS-ether 23 (0.1250 g,
0.299 mmol). Compound 24 was isolated as a pale yellow
oil (0.0739 g, 57%). (24): Rf 0.59 (5% acetone/petroleum
ether); 1H NMR (500 MHz, CDCl3) d 4.67 (dd, JZ10.2,
5.0 Hz, 0.5H), 4.40 (dd, JZ10.1, 5.0 Hz, 0.5H), 3.43 (m,
2H), 2.76 (d, JZ20.6 Hz, 3H), 1.92 (m, 1H), 1.56 (m, 1H),
1.44 (m, 1H), 1.42 (s, 9H), 1.41 (s, 9H), 0.92 (d, JZ6.8 Hz,
3H), 0.86 (s, 9H), 0.01 (d, JZ4.7 Hz, 6H); 1H NMR
(500 MHz, d8-toluene, 363 K) d 4.77 (m, 1H), 3.51 (d, JZ
4.0 Hz, 2H), 2.84 (d, JZ12.8 Hz, 3H), 1.69 (m, 1H), 1.53
(m, 2H), 1.48 (s, 9H), 1.41 (s, 9H), 0.98–0.94 (m, 3H), 0.97
(s, 9H), 0.08 (d, JZ7.3 Hz, 6H); 13C NMR (125 MHz,
CDCl3) d 171.5, 171.3, 156.2, 155.9, 81.1, 79.9, 79.6, 66.5,
57.9, 56.6, 32.3, 32.0, 30.5, 29.7, 28.4, 28.0, 25.9, 18.3,
17.7, 17.5, K5.4; 13C NMR (125 MHz, d8-toluene, 363 K) d
171.5, 156.4, 80.8, 79.7, 67.7, 58.5, 33.7, 33.4, 31.0, 28.9,
28.5, 26.5, 18.9, 17.9, K5.0; IR (neat) 2956, 2930, 2857,
2350, 1737, 1700, 1472, 1391, 1367, 1323, 1254, 1148,
1096, 1045, 1006, 952, 910, 838, 776, 665 cmK1; HRMS
(ESI) m/z calcd for C22H45NO5Si (MCNa)C: 454.3051,
found 454.2977; [a]D

25K18.48 (c 1.06, CHCl3).
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Abstract—Fréchet-type poly(arylether) dendrons carrying m-terphenyl peripheral groups were synthesized up to second generation by
convergent methodology. Simple quarternisation of 4,4 0-bipyridine with the dendritic bromides afforded the corresponding dendrimers
containing a 4,4 0-bipyridine core. The electrochemical parameters were obtained for all the dendrimers and the half-wave potentials of both
the first and second redox processes shift to less-negative values as the dendrimer generation increases.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The peripheral groups of dendrimers act as the primary
interface between the dendrimer and the external environ-
ment.1 The properties of dendrimers such as solubility,
chemical reactivity and glass transition temperature are
strongly influenced by the nature of the peripheral groups.
Hence there is a continuing interest in modifying the
peripheral groups of dendrimers. The systems end-capped
with organoruthenium moieties,2 naphthalene and pyrene
groups,3 ferrocene units4 and coumarin 2 (laser dye) units5

are some examples of peripherally modified Fréchet-type
dendrons and dendrimers. We have proven that meta-
terphenyls are ideal building blocks in cyclophane chem-
istry.6 In order to extend their utility to other supramolecular
systems, we planned to introduce m-terphenyls as peripheral
groups in dendrimers. A m-terphenyl carrying methoxy
groups at 4,4 00-positions was chosen to serve this purpose for
three reasons: (i) the methoxy groups will provide
appropriate solubility to permit dendritic growth through
the repetition of coupling and activation steps, (ii) since
the outer rings are orthogonal to the central ring in the
m-terphenyl, there will be electron rich pockets for
molecular recognition at the dendrimer surface and
(iii) the electron-rich m-terphenyl will allow intramolecular
charge transfer (CT) to take place from the periphery
through the dendrimer backbone to the center of the
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.093
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molecule if the core is electron-deficient. Dendrimers with
various types of encapsulated redox active cores have been
reported.7 Among them, dendrimers with a 4,4 0-bipyridi-
nium core have attracted significant interest as promising
materials for nanoelectronics8 and light harvesting.9 Hence
the incorporation of this group as the core of dendrimer
structure is of interest and importance. Herein we report
synthesis and electrochemical properties of dendrimers
containing a 4,4 0-bipyridinium core and m-terphenyl
peripheral groups.
2. Results and discussion

2.1. Synthesis

The synthetic strategy for the preparation of the m-terphenyl-
capped dendrons utilized a convergent method.10 Hart’s
tandem aryne sequence reaction11 between 2,6-dibromo-4-
methyliodobenzene (1) and 4-anisylmagnesium bromide (2)
afforded the m-terphenyl 3 in 62% yield. Radical bromina-
tion of 3 with NBS in CCl4 gave the zeroth generation
m-terphenyl bromide 4, [G-0]-CH2Br, in 44% yield. The
presence of methoxy groups in the m-terphenyl significantly
lowers the yield of this step. Coupling of 2 equiv of 4 with
1 equiv of the monomer, methyl-3,5-dihydroxy benzoate, in
the presence of K2CO3 and 18-crown-6 in DMF at 80 8C
afforded the first generation ester 5, [G-1]-CO2Me, in 72%
yield. This ester was converted into the corresponding
alcohol 6, [G-1]-CH2OH, in 90% yield by reduction with
LAH in refluxing THF. Conversion of the alcohol 6 to the
corresponding bromide 7 using CBr4 and Ph3P in THF was
Tetrahedron 60 (2004) 10285–10291
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unsuccessful as the removal of triphenylphosphine oxide
from the bromide was difficult. Hence the alcohol 6 was
treated with PBr3 in CH2Cl2 to afford the bromide 7, [G-1]-
CH2Br, in 68% yield. The second generation dendritic
bromide 10, [G-2]-CH2Br, was built in a similar way by the
repetition of the above three reactions namely O-alkylation,
reduction and bromination (Scheme 1).
Scheme 1. Reagents and conditions: (i) THF, reflux, 12 h, 62%; (ii) NBS, CCl4,
crown-6, DMF, 80 8C, 48 h; afforded 5 (72%) and 8 (70%); (iv) LAH, THF, refl
afforded 7 (68%) and 10 (54%).
In the 1H NMR spectra of the dendrons, the intra-annular
m-terphenyl protons (proton at 20-position of the m-terphenyl
unit) resonate in the region 7.58–7.69 ppm as singlets, the
m-terphenyl protons ortho to methoxy groups resonate at
6.88–6.99 ppm as doublets and the aromatic and methylene
protons of each layer of monomer units resonate in separate
regions. The resonances of methylene protons of CH2OH
Bz2O2, reflux, 48 h, 44%; (iii) methyl-3,5-dihydroxy benzoate, K2CO3, 18-
ux, 6 h; afforded 6 (90%) and 9 (86%); (v) PBr3, CH2Cl2, 0 8C to rt, 2 h;



Scheme 2. Reagents and conditions: (i) CH3CN, reflux, 24 h; then NH4 PF6, H2O; afforded 11 (78%), 12 (63%) and 13 (50%).
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group in 6 and 9 occur at 4.61 and 4.57 ppm, respectively,
whereas those of the CH2Br group in 7 and 10 occur at 4.44
and 4.27 ppm, respectively. In the 13C NMR spectra of the
dendritic alcohols and their bromides, however, a vast
difference in the chemical shifts (about 31.5 ppm) is found
between CH2OH and CH2Br carbons. All the dendrons
show absorption maxima around 268 nm and emission
maxima around 348 nm in CHCl3.

Heating 2 equiv of each of the dendritic bromides 4, 7 and 10
under reflux with 1 equiv of 4,40-bipyridine in CH3CN, followed
by counterion exchange and purification, afforded the dendri-
mers 11–13 in 78, 63 and 50% yields, respectively (Scheme 2).

Unlike the lower generation dendrimers 11 and 12,
dendrimer 13 is soluble in CH2Cl2 and CHCl3 despite its
dicationic nature, which indicates the influence of hydro-
phobic dendritic framework on solubility. In the 1H NMR
spectra, the bipyridinium protons of the dendrimers resonate
in the region 8.12–9.68 ppm as two doublets and the CH2N
protons resonate at 5.78–6.32 ppm as singlets.
Figure 1. Cyclic voltammogram of dendrimer 12 in CH3CN at 50 mV/s.
2.2. Electrochemical properties

Dendrimers 11–13 exhibited two sets of redox waves
corresponding to the formation of a radical cation
(BIPY2C/BIPYC) and a neutral species (BIPYC/
BIPY).12 Fig. 1 shows the cyclic voltammogram of
dendrimer 12 in CH3CN at 50 mV/s.

The half-wave potentials (E1/2) and diffusion co-efficients
(D) obtained for the dendrimers are shown in Table 1.

The microenvironment around the 4,4 0-bipyridinium core



Table 1. The half-wave potentials (E1/2) and diffusion co-efficients (D)
obtained for the dendrimers in CH3CN at 25 8C (the reported half-wave
potentials were measured at 50 mV/s)

Dendrimera E1/2
1 (mV) E1/2

2 (mV) D (cm2/s)

11 K320 K755 2.5619!10K7

12 K291 K751 5.4984!10K8

13 K204 K688 —

a E1/2
1 and E1/2

2 are the averages of the cathodic and anodic peak potentials
of the first and second redox processes respectively.
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should become more electron-rich with increasing dendri-
mer generation due to the increasing number of electron-
rich m-terphenyl units. Hence the reduction should become
more difficult and the half-wave potentials should shift
to more-negative values as the dendrimer generation
increases.7a However, the half-wave potentials of both
first and second redox processes shift to less-negative values
with increasing dendrimer generation. As compared to the
half-wave potentials of dibenzyl viologen (E1/2

1 ZK320 mV
and E1/2

2 ZK758 mV vs. Ag/AgCl in CH3CN), the half-
wave potentials of the dendrimers (particularly for 12 and
13) shift to less-negative values. This trend observed in E1/2

values is attributable to the increasing hydrophobic
character of the dendrimer periphery, which makes it
progressively harder to solvate effectively the two positive
charges of the bipyridinium core and, therefore, reduction
becomes more favourable with increasing dendrimer
generation.8 Thus the hydrophobic character of the
dendrimer backbone dominates over its electron-rich
character in determining redox potentials.

Diffusion co-efficients (D) obtained for the dendrimers 11
and 12 using Randles–Sevcik equation13 indicate that the
diffusion of 12 is around five times slower than that of 11.
However, we could not able to obtain reliable D value for
the second generation dendrimer 13 due to the precipitation
of the one-electron reduced species.

The difference between anodic and cathodic potentials
(DEp) indicates that all these redox processes are reversible
at low scan rates even for the second generation dendrimer
13 (Table 2). This may be attributable to the angular nature
of the m-terphenyl units, which does not allow complete
steric burial of the core within the dendrimer structure.14 At
higher scan rates, however, all the redox processes become
quasireversible, particularly in case of 12 and 13. Some
distortion associated with precipitation of the one-electron
reduced species on the electrode surface is found in the
cyclic voltammogram of 13.
Table 2. The difference between the cathodic and anodic peak potentials (DEp) of
in CH3CN at 25 8C

Scan ratea (mV/s) 11

DEp
1 (mV) DEp

2 (mV) DEp
1 (mV

25 66 70 60
50 68 74 60
100 69 68 66
200 68 75 73
500 74 82 92
750 79 87 102

a DEp
1 and DEp

2 are the difference between the cathodic and anodic peak potent
3. Conclusions

We have synthesized Fréchet-type poly(arylether) dendri-
mers carrying m-terphenyl peripheral groups and a redox
active 4,4 0-bipyridinium core up to second generation by
convergent methodology. The dendrimer 13 is soluble in
CH2Cl2 and CHCl3 despite its dicationic nature, which
indicates the influence of the hydrophobic dendritic frame-
work on solubility. They exhibit two sets of reversible redox
waves corresponding to the formation of a radical cation
(BIPY2C/BIPYC) and a neutral species (BIPYC/
BIPY). The half-wave potentials (E1/2) of both the first
and second redox processes shift to less-negative values as
the dendrimer generation increases and this indicates that
the hydrophobic character of the dendrimer backbone
dominates over its electron-rich character in determining
redox potentials.
4. Experimental

4.1. General

Melting points were determined by using a Toshniwal
melting point apparatus by open capillary tube method and
were uncorrected. Ultraviolet-Visible spectra (UV) were
recorded on Shimadzu 260 spectrophotometer and emission
spectra on Perkin–Elmer LS-5B spectrophotometer. IR
spectra were recorded on Shimadzu FTIR-8300 spectro-
photometer. 1H and 13C NMR spectra were recorded on Jeol
500 MHz, Jeol 400 MHz, Bruker 400 MHz, Bruker
300 MHz and Bruker ARX 200 MHz spectrometers. The
FAB-MS spectra were recorded on a Jeol SX 102/DA-6000
mass spectrometer using a m-nitro benzyl alcohol (NBA)
matrix, MALDI-TOF MS spectrum on Voyager-DE PRO
mass spectrometer using a a-cyano-4-hydroxy cinnamic
acid (CHCA) matrix and EI-MS spectra on Jeol DX-303
mass spectrometer. Elemental analyses were performed on a
Perkin–Elmer 240B elemental analyzer. Electrochemical
studies were carried out on a CH Instruments electro-
chemical analyzer.

4.1.1. Synthesis of m-terphenyl 3. To a solution of 4-
anisylmagnesium bromide (2) [prepared from 4-bromo-
anisole (10.7 mL, 85.46 mmol) and magnesium (2.08 g,
85.46 mmol) in dry THF (150 mL)] heated at reflux under
nitrogen atmosphere was added dropwise a solution of 3,5-
dibromo-4-iodo toluene (1) (10.0 g, 26.61 mmol) in dry
THF (100 mL). After 12 h additional heating at reflux, the
reaction mixture was cooled to 20 8C and quenched by the
the first and second redox processes of the dendrimers at different scan rates

12 13

) DEp
2 (mV) DEp

1 (mV) DEp
2 (mV)

70 66 59
69 75 65
72 88 97
82 102 127
112 — —
121 — —

ials of the first and second redox processes respectively.
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addition of dil. HCl (6 M, 50 mL). Most of the solvent was
evaporated on a water bath; the reaction mixture was then
diluted with H2O and extracted with CHCl3 (2!200 mL).
The combined extracts were washed with water (2!
200 mL), satd. NaHCO3 solution (1!200 mL) and dried
(anhydrous Na2SO4). The crude product obtained after
solvent removal was chromatographed (SiO2; hexane/
CHCl3, 7:3, v/v) to give the m-terphenyl 3 as a colorless
solid. Yield 62%; mp 136 8C; 1H NMR (200 MHz, CDCl3) d
2.32 (s, 3H), 3.69 (s, 6H), 6.85 (d, JZ8.5 Hz, 4H), 7.19 (s,
2H), 7.42–7.46 (m, 5H); 13C NMR (50 MHz, CDCl3) d 22.2,
55.9, 114.8, 123.2, 126.6, 128.9, 134.5, 139.3, 142.0, 159.8;
EI-MS: m/z (%) 304 (MC, 100), 289 (47), 273 (11), 261
(34), 215 (30), 152 (31). Anal. Calcd for C21H20O2: C,
82.86, H, 6.62. Found: C, 82.78, H, 6.57.

4.1.2. Synthesis of m-terphenyl bromide 4 {[G-0]-
CH2Br}. NBS (3.22 g, 18.09 mmol) was added in four
equal portions at 4 h intervals to a solution of 3 (5.00 g,
16.43 mmol) in CCl4 heated at reflux. Each portion was
immediately followed by the addition of Bz2O2 (a few mg).
After heating under reflux for a total of 48 h, the mixture
was cooled and the precipitated succinimide was removed
by filtration. The residue obtained after evaporation of the
solvent was chromotographed (SiO2; hexane/CHCl3, 7:3,
v/v) to give 4 as a colorless solid. Yield 44%; mp 116 8C; 1H
NMR (200 MHz, CDCl3) d 3.76 (s, 6H), 4.46 (s, 2H), 6.88
(d, JZ8.7 Hz, 4H), 7.38–7.53 (m, 7H); 13C NMR (50 MHz,
CDCl3) d 34.3, 55.9, 114.9, 125.9, 126.3, 128.8, 133.7,
139.2, 142.5, 160.0; EI-MS: m/z (%) 384 (MC, 28), 382
(MC, 28), 304 (43), 303 (100), 258 (14), 217 (17), 192 (13),
152 (45). Anal. Calcd for C21H19BrO2: C, 65.81, H, 5.00.
Found: C, 65.52, H, 5.10.

4.2. General procedure for the synthesis of dendritic
esters

A mixture of the corresponding dendritic bromide
(2.1 equiv), methyl-3,5-dihydroxy benzoate (1.0 equiv),
dried potassium carbonate (3.0 equiv) and 18-crown-6
(0.1 equiv) in dry DMF (30 mL) was vigorously stirred at
80 8C for 48 h under nitrogen atmosphere. The reaction
mixture was then allowed to cool to room temperature and
poured into ice water. The resulting precipitate was filtered,
washed thoroughly with water and dissolved in CHCl3
(150 mL). The organic layer was separated, washed with
brine (1!150 mL), dried (anhydrous Na2SO4) and evapor-
ated to give the crude ester, which was purified by column
chromatography (SiO2) using hexane/CHCl3 (1:1–1:9, v/v)
as the eluent.

4.2.1. Dendritic ester 5 {[G-1]-CO2Me}. The dendritic
ester 5 was obtained as a colourless solid from methyl-3,5-
dihydroxy benzoate (1.0 g, 5.95 mmol) and 4 (4.79 g,
12.50 mmol). Yield 72%; mp 183 8C; IR (cmK1) 1720
(C]O); 1H NMR (300 MHz, CDCl3) d 3.85 (s, 12H), 3.92
(s, 3H), 5.17 (s, 4H), 6.89 (distorted t, 1H), 6.99 (d, JZ
8.7 Hz, 8H), 7.37 (d, JZ2.2 Hz, 2H), 7.25–7.59 (m, 12H),
7.68 (s, 2H); 13C NMR (75 MHz, CDCl3) d 55.4, 70.4,
107.3, 108.4, 114.2, 124.4, 125.1, 128.3, 132.1, 133.4,
137.3, 141.7, 159.3, 159.8, 166.8; FAB-MS: m/z (%) 772
(MC, 40). Anal. Calcd for C50H44O8: C, 77.70, H, 5.74.
Found: C, 77.58, H, 5.68.
4.2.2. Dendritic ester 8 {[G-2]-CO2Me}. The dendritic
ester 8 was obtained as a colourless solid from methyl-3,5-
dihydroxy benzoate (200 mg, 1.19 mmol) and 7 (2.02 g,
2.50 mmol). Yield 70%; mp 105 8C; IR (cmK1) 1720
(C]O); 1H NMR (500 MHz, CDCl3) d 3.83 (s, 24H), 3.88
(s, 3H), 5.00 (s, 4H), 5.11 (s, 8H), 6.67 (distorted t, 2H), 6.74
(distorted d, 4H), 6.80 (distorted t, 1H), 6.97 (d, JZ8.6 Hz,
16H), 7.29 (d, JZ2.3 Hz, 2H), 7.54–7.57 (m, 24H), 7.66 (s,
4H); 13C NMR (125 MHz, CDCl3) d 52.4, 55.4, 70.2, 70.4,
101.9, 106.6, 107.2, 108.5, 114.3, 124.5, 125.1, 128.4,
132.1, 133.5, 137.7, 139.0, 141.8, 159.4, 159.8, 160.3,
166.8; FAB-MS: m/z (%) 1620 (MC, 28). Anal. Calcd for
C106H92O16: C, 78.50, H, 5.72. Found: C, 78.68, H, 5.54.

4.3. General procedure for the reduction of the dendritic
ester into the corresponding alcohol

To a stirred suspension of LAH (2.5 equiv) in dry THF
(20 mL), a solution of the corresponding dendritic ester
(1.0 equiv) in dry THF (30 mL) was added dropwise at
room temperature under nitrogen atmosphere. The reaction
mixture was heated under reflux for 6 h, after which it was
cooled to 0–10 8C and the excess LAH was quenched by
cautiously adding 10% NaOH solution dropwise. Anhy-
drous Na2SO4 was added to the reaction mixture, stirred and
filtered. THF (20 mL) was added to the residue, digested on
a steam bath and filtered. The process was repeated for four
or five times. The combined THF fractions were evaporated
to give the crude alcohol, which was purified by column
chromatography (SiO2).

4.3.1. Dendritic alcohol 6 {[G-1]-CH2OH}. The dendritic
alcohol 6 was obtained as a colourless solid by reducing 5
(2.5 g, 3.23 mmol) with LAH (306 mg, 8.08 mmol) and
then eluting the column with CHCl3. Yield 90%; mp 112 8C;
IR (cmK1) 3421 (O–H); 1H NMR (400 MHz, CDCl3) d 3.81
(s, 12H), 4.61 (s, 2H), 5.08 (s, 4H), 6.62 (distorted t, 1H),
6.66 (distorted d, 2H), 6.96 (d, JZ8.8 Hz, 8H), 7.52–7.56
(m, 12H), 7.65 (s, 2H); 13C NMR (100 MHz, CDCl3) d 55.3,
65.2, 70.2, 101.3, 105.7, 114.2, 124.3, 124.9, 128.2, 133.4,
137.7, 141.6, 143.5, 159.3, 160.2; FAB-MS: m/z (%) 744
(MC, 32). Anal. Calcd for C49H44O7: C, 79.01, H, 5.95.
Found: C, 79.33, H, 5.79.

4.3.2. Dendritic alcohol 9 {[G-2]-CH2OH}. The dendritic
alcohol 9 was obtained as a colourless solid by reducing 8
(1.0 g, 0.627 mmol) with LAH (60 mg, 1.57 mmol) and
then eluting the column with CHCl3/EtOAc (9.5:0.5, v/v).
Yield 86%; mp 110 8C; IR (cmK1) 3420 (O–H); 1H NMR
(400 MHz, CDCl3) d 3.82 (s, 24H), 4.57 (s, 2H), 4.96 (s,
4H), 5.10 (s, 8H), 6.54 (distorted t, 1H), 6.59 (distorted d,
2H), 6.65 (distorted t, 2H), 6.73 (distorted d, 4H), 6.96 (d,
JZ8.8 Hz, 16H), 7.53–7.57 (m, 24H), 7.66 (s, 4H); 13C
NMR (100 MHz, CDCl3) d 55.3, 65.2, 69.1, 70.3, 101.3,
101.8, 105.9, 106.5, 114.2, 124.3, 125.0, 128.3, 133.5,
137.7, 139.4, 141.7, 159.3, 160.1, 160.2; FAB-MS: m/z (%)
1592 (MC, 14). Anal. Calcd for C105H92O15: C, 79.12, H,
5.82. Found: C, 78.98, H, 5.87.

4.4. General procedure for the conversion of the
dendritic alcohol into the corresponding bromide

To a stirred suspension of the corresponding dendritic
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alcohol (1.0 equiv) in CH2Cl2 (10 mL) was added dropwise
a solution of PBr3 (3.0 equiv) in CH2Cl2 (20 mL) at 0 8C.
The reaction mixture was stirred at room temperature for 2 h
and then quenched by the addition of ice water. The organic
layer was separated, washed with water (2!25 mL), satd.
NaHCO3 solution (1!25 mL), dried (anhydrous Na2SO4)
and evaporated to give the crude dibromide, which was
purified by column chromatography (SiO2) using
hexane/CH2Cl2 (1:1–1:8 v/v) as the eluent.

4.4.1. Dendritic bromide 7 {[G-1]-CH2Br}. The dendritic
bromide 7 was obtained as a white foam-like solid by the
bromination of 6 (2.0 g, 2.68 mmol) with PBr3 (0.77 mL,
8.10 mmol). Yield 68%; mp 202 8C; 1H NMR (500 MHz,
CDCl3) d 3.86 (s, 12H), 4.44 (s, 2H), 5.12 (s, 4H), 6.65
(distorted t, 1H), 6.71 (distorted d, 2H), 6.99 (d, JZ8.6 Hz,
8H), 7.54–7.59 (m, 12H), 7.69 (s, 2H); 13C NMR (125 MHz,
CDCl3) d 33.8, 55.5, 70.4, 102.4, 108.3, 114.4, 124.5, 125.2,
128.4, 133.5, 137.6, 140.0, 141.8, 159.4, 160.2; FAB-MS:
m/z (%) 808 (MC, 27), 806 (MC, 27). Anal. Calcd for
C49H43BrO6: C, 72.86, H, 5.37. Found: C, 72.66, H, 5.42.

4.4.2. Dendritic bromide 10 {[G-2]-CH2Br}. The dendritic
bromide 10 was obtained as a white foam-like solid by the
bromination of 9 (500 mg, 0.314 mmol) with PBr3

(0.09 mL, 0.948 mmol). Yield 54%; mp 125 8C; 1H NMR
(400 MHz, CDCl3) d 3.75 (s, 24H), 4.27 (s, 2H), 4.88 (s,
4H), 5.03 (s, 8H), 6.46 (distorted t, 1H), 6.53 (distorted d,
2H), 6.59 (distorted t, 2H), 6.64 (distorted d, 4H), 6.88 (d,
JZ8.8 Hz, 16H), 7.45–7.49 (m, 24H), 7.58 (s, 4H); 13C
NMR (100 MHz, CDCl3) d 33.6, 55.3, 70.1, 70.3, 101.8,
102.2, 106.5, 108.3, 113.4, 114.2, 124.3, 125.0, 128.3,
133.5, 137.7, 139.2, 141.7, 159.3, 160.0, 160.2; FAB-MS:
m/z (%) 1656 (MC, 15), 1654 (MC, 15). Anal. Calcd for
C105H91BrO14: C, 76.12, H, 5.54. Found: C, 76.38, H, 5.56.

4.5. General procedures for the synthesis of dendrimers
with a 4,4 0-bipyridine core

A mixture of the corresponding dendritic bromide (2.0 equiv)
and 4,40-bipyridine (1.0 equiv) in dry CH3CN (25 mL) was
heated at reflux for 24 h under nitrogen. After cooling the
reaction mixture to room temperature, the solvent was reduced
to one-fifth of its volume under vacuum. The precipitated
crude product was filtered and purified by recrystallisation or
column chromatography (SiO2).

4.5.1. Dendrimer 11. The dendrimer 11 was obtained from
the dendritic bromide 4 (491 mg, 1.28 mmol) and 4,4 0-
bipyridine (100 mg, 0.640 mmol). The crude product was
purified by column chromatography over SiO2 using
CH3OH/H2O/satd. aq. NH4Cl (6:3:1) as the eluent. The
dendrimer-containing fractions were combined and the
solvent was evaporated under vacuum. The residue was
dissolved in H2O (25 mL) and solid NH4PF6 (0.25 g) was
added, then the precipitate was filtered, washed thoroughly
with H2O and dried to give the pure dendrimer 11 as a pale
yellow solid. Yield 78%; mp 170 8C (dec.); 1H NMR
(400 MHz, DMSO-d6) d 3.78 (s, 12H), 5.99 (s, 4H), 7.03 (d,
JZ8.3 Hz, 8H), 7.71 (d, JZ8.8 Hz, 8H), 7.84 (s, 2H), 7.89
(s, 4H), 8.71 (d, JZ6.4 Hz, 4H), 9.68 (d, JZ6.4 Hz, 4H);
13C NMR (100 MHz, DMSO-d6) d 55.4, 64.0, 114.6, 125.2,
125.6, 127.5, 128.4, 131.9, 135.5, 141.7, 145.8, 149.5,
159.5; FAB-MS: m/z (%) 907 (MCKPF6, 34), 762 (MCK
2PF6, 63). Anal. Calcd for C52H46F12N2O4P2: C, 59.32, H,
4.40, N, 2.66. Found: C, 59.49, H, 4.34, N, 2.78.

4.5.2. Dendrimer 12. The dendrimer 12 was obtained from
the dendritic bromide 7 (259 mg, 0.320 mmol) and 4,4 0-
bipyridine (25 mg, 0.160 mmol). The precipitated solid was
filtered and washed thoroughly with diethyl ether (10 mL)
and CHCl3 (10 mL). The residue was suspended in CH3CN
(10 mL), solid NH4PF6 (0.1 g) was added, and the mixture
was stirred for 30 min and then filtered. The solvent was
removed under vacuum; the residue was washed thoroughly
with H2O and then dried. The crude product was
recrystallised from CH3CN to give the pure dendrimer 12
as a pale yellow solid. Yield 63%; mp 134 8C; 1H NMR
(500 MHz, DMSO-d6) d 3.74 (s, 24H), 5.20 (s, 8H), 5.78 (s,
4H), 6.90 (distorted t, 2H), 6.93 (distorted d, 4H), 6.97 (d,
JZ8.6 Hz, 16H), 7.55 (distorted d, 8H), 7.62 (d, JZ8.6 Hz,
16H), 7.71 (s, 4H), 8.50 (d, JZ6.9 Hz, 4H), 9.68 (d, JZ
6.9 Hz, 4H); 13C NMR (125 MHz, DMSO-d6) d 55.7, 70.1,
108.9, 114.9, 124.3, 124.5, 127.5, 128.5, 132.7, 136.6,
138.4, 141.2, 146.1, 149.6, 149.8, 159.6, 160.6; FAB-MS:
m/z (%) 1755 (MCKPF6, 28), 1610 (MCK2PF6, 30). Anal.
Calcd for C108H94F12N2O12P2: C, 68.21, H, 4.98, N, 1.47.
Found: C, 68.39, H, 4.76, N, 1.52.

4.5.3. Dendrimer 13. The dendrimer 13 was obtained from
the dendritic bromide 10 (106 mg, 0.064 mmol) and 4,4 0-
bipyridine (5 mg, 0.032 mmol). The crude product was
dissolved in DMF (1 mL) and a satd. aq. solution of NH4PF6

(1 mL) was added dropwise and stirred for 30 min. The
resulting precipitate was filtered, washed thoroughly with
H2O and dried. The product was recrystallised from CH2Cl2
to give the dendrimer 13 as a yellow solid. Yield 50%; mp
122 8C; 1H NMR (400 MHz, CDCl3) d 3.74 (s, 48H), 5.12
(s, 16H), 5.22 (s, 8H), 6.32 (s, 4H), 6.40 (s, 4H), 6.51–6.56
(m, 14H), 6.83 (d, JZ8.3 Hz, 32H), 7.39–7.44 (m, 48H),
7.53 (s, 8H), 8.12 (d, JZ6.8 Hz, 4H), 8.47 (distorted d, 4H);
MALDI-TOF-MS: m/z (%) 3306 (MCK2PF6, 11).

4.6. Electrochemical properties

Electrochemical experiments were carried out in nitrogen-
purged CH3CN solutions at room temperature. The
solutions for electrochemistry were held at a concentration
of 0.25 mM of the electroactive species. TBAPF6 (0.1 M)
was included as a supporting electrolyte. A glassy carbon
electrode (0.052 cm2) was used as the working electrode; its
surface was routinely polished with a 0.05 mm alumina–
water slurry on a felt surface prior to use. All potentials were
recorded against a saturated Ag/AgCl electrode and a
platinum wire was used as a counter electrode. Cyclic
voltammograms were obtained at scan rates of 25, 50, 75,
100, 200, 300, 400, 500, 600 and 750 mV/s. A plot of
cathodic peak currents of first redox processes vs. (scan
rate)1/2 was linear. From the slope of the plot, the diffusion
co-efficients (D) were calculated using Randles–Sevcik
equation.13
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Highly selective conversion of
N-aroyl-a-dehydronaphthylalaninamides into

3,4-dihydrobenzoquinolinone derivatives via photoinduced
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Abstract—The irradiation of substituted (Z)-N-aroyl-a-dehydronaphthylalaninamides [(Z)-1] in methanol containing triethylamine (TEA)
with Pyrex-filtered light was found to give 3,4-dihydrobenzoquinolinone derivatives (2) in high yields along with minor amounts of
4,5-dihydrooxazole derivatives (3). Analysis of the substituent effects on product composition revealed that both the photoreactivity of 1 and
the selectivity of 2 are decreased with increasing electron-withdrawing ability of the substituent introduced at the para-position on the
N-benzoyl benzene ring. From the analysis of the dependence of the quantum yield for the formation of 2 on the TEA concentration, it was
found that back electron transfer occurs efficiently within an (E)-1 anion radical–TEA cation radical pair intermediate.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Organic photochemistry has continued to contribute to the
development of efficient and selective transformations for
the preparation of complicated molecules which could not
have been synthesized by conventional methods. In recent
years much attention is being devoted to the synthetic
application of photoinduced electron transfer (PET) reac-
tions, owing to the fact that many of these reactions enable
the construction of various heterocyclic rings.1 On the other
hand, a-dehydroamino acid derivative is one of the
important intermediates for the synthesis of natural and
biologically active products. Many useful synthetic methods
of substituted a-dehydroamino acid derivatives have been
reported but there have been only limited investigations of
the photochemistry of these amino acid derivatives.2,3

Taking into account the fact that aromatic olefins undergo
efficient PET reactions in their excited states,4 it can be
expected that a-dehydroamino acids having the aromatic
olefin chromophore are subject to PET reactions. Keeping
this expectation in mind, we embarked on a systematic study
toward the characterization of the excited-state reactivity of
substituted a-dehydroamino acids.5–7 In the course of this
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.096
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study we discovered a novel intermolecular ET-initiated
photocyclization reaction of substituted N-acetyl-a-dehy-
dronaphthylalaninamides that afford 3,4-dihydrobenzo[f]-
quinolinones.6 Because many heterocyclic compounds
having a dihydroquinolinone ring exhibit pharmacological
and physiological activities, it is of fundamental signifi-
cance to develop synthetic methods for the construction of
the quinolinone ring.8 If we consider that PET reactions of

N-aroyl-a-dehydronaphthylalaninamides may afford the
corresponding dihydrobenzoquinolinone derivatives in
high selectivities, it is possible to extend synthetic utility
of the ET-initiated photocyclization reactions described
Tetrahedron 60 (2004) 10293–10304
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above. For this end we synthesized (Z)-N-aroyl-a-dehydro-
naphthylalaninamides [(Z)-1a–l] and investigated substitu-
ent effects on both the reactivity of (Z)-1 and the selectivity
of each photoproduct. Additionally, we analyzed quantum
yield for the photoisomerization of (E)-1 as well as the
effects of TEA concentration on the quantum yield for the
formation of dihydrobenzoquinolinone derivative, hoping to
shed much light on the mechanism of novel ET-initiated
photocyclization reactions.
2. Results and discussion

2.1. Photocyclization of (Z)-1a–l

The starting (Z)-isomers (1a–l) were prepared in good yields
by the ring-opening reactions of (Z)-naphthyl-substituted
oxazolones with primary amines.9 After a nitrogen-
saturated methanol solution of (Z)-1a (3.75!10K3

mol dmK3) containing TEA (0.10 mol dmK3) was irra-
diated with Pyrex-filtered light (O280 nm) from a 400 W
high-pressure Hg lamp for 3 h at room temperature, the
product mixture obtained was washed with a small amount
of EtOH and then with hexane, giving the analytically pure
3,4-dihydrobenzo[f]quinolinone derivative (2a, 67%; con-
version, O99%). Preparative TLC (silica gel) of the residual
solid [that was obtained by evaporating the filtrate (EtOH–
hexane) to dryness] enabled the isolation of the cis-4,5-
dihydrooxazole derivative (cis-3a, 5%). In addition, we
succeeded in isolating the (E)-isomer from the reaction
mixture obtained by the 0.5-h irradiation of (Z)-1a
(conversion, 7%; Scheme 1). The structures of isolated
products were determined based on their spectroscopic and
physical properties and were confirmed by the 1H–1H and
13C–1H COSY spectra of these products. Careful 1H NMR
spectral analysis of the product mixture suggested that there
is very little formation of the trans-4,5-dihydrooxazole
derivative (trans-3a) whose ring-proton signals with the J4,5

value of 6.4 Hz were detected at 4.75 and 6.57 ppm,7 though
attempts to isolate trans-3a from the mixture were
unsuccessful owing to its poor yield. The same product
Scheme 1.

Table 1. Relation between irradiation time and composition (%) of each comp
temperature

Irradiation time (h)

(Z)-1a (E)-1a

0 100 0
0.5 85.6 12.8
3.0 52.8 25.3
5.0 36.1 20.5
distribution was obtained by the irradiation of other
a-dehydro(1-naphthyl)alaninamide derivatives (1b–i).

The finding that the photoproducts (2a and 3a) are stable
enough such that they undergo only negligible decompo-
sition under the irradiation conditions employed (450 W
high-pressure Hg lamp; Pyrex-filtered light; [(Z)-1a]Z
3.75!10K3 mol dmK3; [TEA]Z0.10 mol dmK3) made it
possible to monitor the reactions by means of 1H NMR
spectroscopy, as typically shown in Table 1. The result
obtained for (Z)-1a demonstrates the rapid production of
(E)-1a and the subsequent increase in compositions for 2a
and 3a with the decrease of (E)- and (Z)-isomer compo-
sitions, being consistent with the mechanism in which the
excited-state (E)- and (Z)-isomers serve as precursors of
these products. Based on our previous findings,6,7 we are
able to propose Scheme 2 as the formation mechanism of
dihydrobenzoquinolinone (2) and dihydrooxazole deriva-
tives (3). The result that at the early stage of the reaction
(0.5-h irradiation) the composition ratio of (Z)-1a to its
isomer exhibits a negligible dependence on the TEA
concentration (0–0.10 mol dmK3) strongly suggests a
minor contribution of the isomerization from (Z)-1aK% to
its isomer anion radical, (E)-1aK%. It is, thus, very likely that
the (Z)-1-derived ion radical pair (Z)-IA undergoes an
exclusive back ET to regenerate (Z)-1 and TEA (Scheme 2).
An ET from the ground-state TEA to the singlet excited-
state (E)-isomer produces the ion radical pair intermediate
(E)-IA which may be in equilibrium with the ion radical pair
(E)-IB formed via intramolecular ET. Hydrogen transfer
from the amide nitrogen to the amide carbonyl oxygen in the
intermediate (E)-IA and the subsequent back ET to the TEA
cation radical afford TEA and the enol-type biradical
intermediate II, the coupling and tautomerization of which
generate the cyclization product III. The process that
reaches the dihydrobenzoquinolinone derivative (2) is
completed by aromatization of III via hydrogen shift. In
competition with this cyclization process, the nucleophilic
attack of the N-acyl carbonyl oxygen anion upon the olefinic
carbon in (E)-IB takes place to give the cyclized anion
radical. A back ET to the TEA cation radical followed by
ound obtained by the 5-h irradiation of (Z)-1a in MeOH–TEA at room

Composition (%)

2a cis-3a trans-3a

0 0 0
1.4 0.2 0

19.7 1.9 0.3
39.3 3.5 0.6



Scheme 2.
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hydrogen shift leads to cis- and trans-3 (Scheme 2).
Evidence in support of this mechanism comes from the
finding that the free energy change (DGet) for an ET from
TEA to the singlet excited-state (E)-1f is K85 kJ molK1.
This DGet was estimated by using the simplified Weller
equation: DGet/kJ molK1Z96.5 (EoxKEred)KES,10 where
Eox, Ered and ES refer to the oxidation potential of TEA
(0.76 V vs. Ag/AgCl in MeCN), the reduction potential of
(E)-1f (K2.09 V vs. Ag/AgCl in MeCN) and the first singlet
excitation energy of (E)-1f (360 kJ molK1 in MeCN),
respectively. In addition, a methanol solution of 1a
(3.75!10K3 mol dmK3) containing deuteriated TEA
(0.10 mol dmK3) was irradiated with Pyrex-filtered light
from a 450 W high pressure Hg lamp for 3.0 h at room
temperature. 1H NMR spectral analysis of the product
mixture in DMSO-d6, obtained after usual work-up, clearly
showed no disappearance of the 4.86 ppm signal which is
ascribed to the proton attached to the 3-position of the
dihydrobenzoquinolinone ring. This finding substantiates
that proton transfer from the TEA cation radical to the
(E)-1-derived anion radical occurs within the intermediate
(E)-IA to, if any, only a small extent and, hence, consistent
with the formation mechanism shown in Scheme 2.

In Table 2 is summarized composition of each compound
obtained by the 0.5- and 5-h irradiation of methanol
solutions of 1a–i (3.75!10K3 mol dmK3) containing TEA
(0.10 mol dmK3) at room temperature (450 W high-pres-
sure Hg lamp; Pyrex-filtered light). An inspection of Table 2
demonstrates that the reactivity of 1 has a clear propensity to
decrease with increasing the electron-withdrawing ability of
the substituent introduced at the para-position on the
benzoyl benzene ring (1bO1az1cO1d[1e). It is likely
that anion radical produced by an ET from TEA migrates to
the benzoyl moiety in the presence of stronger electron-
withdrawing substituent to a more extent. Therefore, we see
that the introduction of trifluoromethyl or cyano group
promotes a back ET from the anion radical to the TEA
cation radical to result in a decrease in the conversion of 1.
Additionally, the observation that the selectivity of 2 is also
decreased by introducing these substituents allows us to
propose that the shift of equilibrium between (E)-IA and
(E)-IB to the latter intermediate lowers the relative rate for
hydrogen abstraction in the former intermediate (Scheme 2).
Taking into account the fact that the irradiation of 1b having
the electron-donating methoxy substituent at the para-
position on the benzoyl benzene ring gives 2 in higher
selectivity than that of 1a, it can be predicted that the
conversion of 1 and the selectivity of 2 is enhanced with
decreasing the electron-withdrawing ability of aroyl group.
From the data given in Table 2 we can see that the
conversion of 1g having the trimethylacetyl group is higher
than that of 1a having the benzoyl and also that the
selectivity of 2g is greater as compared to that of 2a.



Table 2. Substituent effects on the conversion of 1 and selectivity of each compound, obtained by the irradiation of (Z)-1 in MeOH containing TEA at room
temperature

Compound Irradiation time
(h)

Composition (%) Conversiona

(%)
Selectivity of 2

(%)b

(Z)-1 (E)-1 2 3c

1a 0.5 85.6 12.8 1.4 0.2
5 36.1 20.5 39.3 4.1 43 91

1b 0.5 78.9 16.7 4.4 0
5 14.8 7.4 75.6 2.2 78 97

1c 0.5 87.0 11.6 1.3 0.2
5 40.0 21.8 34.2 3.9 38 90

1d 0.5 93.2 6.8 0 0
5 51.6 25.5 18.8 4.1 23 82

1e 0.5 97.9 2.1 0 0
10 60.1 25.0 11.1 3.8 15 74

1f 0.5 86.9 9.4 3.6 0
5 48.8 7.4 43.8 0 44 100

1g 0.5 79.3 18.2 2.5 0
5 21.6 16.9 59.9 1.6 62 97

1h 0.5 82.4 16.0 1.1 0.5
5 37.8 26.2 27.3 8.7 36 76

1i 0.5 82.7 16.0 0.6 0.4
5 36.4 28.2 28.6 6.7 35 81

a Conversion was estimated by the sum of compostion for 2 and 3.
b Selectivity for 2 was evaluated by dividing the composition for 2 by the sum of compostion for 2 and 3.
c The sum of composition for cis-3 and trans-3.
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Interestingly, ET-initiated photocyclization of 1f bearing
the 2,4-dimethoxybenzoyl group afforded 2f in quantitative
yield without forming 3f, though the expected high
conversion of 1f was not attained. Because the rate for
isomerization of (Z)-1f is much slower as compared to that
Table 3. Composition of each compound, conversion of 1 and selectivity of 2, o
temperature

Compound Composition (%)

(Z)-1 (E)-1 2

1j 48.1 27.1 17.6
1k 53.8 15.2 25.7
1l 62.8 19.1 11.4

a The mixture of cis- and trans-isomers.
of (Z)-1b (Table 2, 0.5-h irradiation), it is reasonable to
explain the decreased photoreactivity of 2,4-dimethoxyben-
zoyl-substituted 1f in terms of the enhanced deactivation of
the excited-state (Z)-1f. Electronic effects of the ortho-
methoxy group in the (Z)-isomer may play a role in slowing
btained by the 5-h irradiation of (Z)-1 in MeOH containing DBU at room

Conversion (%) Selectivity of 2
(%)

3a

7.2 25 71
5.3 31 83
6.7 18 63
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down the isomerization into (E)-1f. These considerations,
therefore, substantiate the mechanism proposed by us.

In order to explore the scope and limitations of the observed
ET-initiated photocyclization, we attempted PET reactions
of a-dehydronaphthylalaninamides (1j–l) in which the
2-naphthyl group was introduced instead of the 1-naphthyl.
When a methanol solution of 1j (3.75!10K3 mol dmK3)
containing TEA (0.10 mol dmK3) was irradiated with
Pyrex-filtered light from a 450 W high-pressure Hg lamp
at room temperature, complicated product mixtures were
obtained. However, the use of 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU, 0.10 mol dmK3) as an electron donor
enabled the estimation of composition for each compound
obtained by the 5-h irradiation of 1j, as shown in Table 3.
Because DBU possesses greater electron-donating ability
than TEA, the presence of DBU is considered to markedly
enhance the relative rate of ET process affording only the
products derived from PET reaction. The same product
distribution was observed by the irradiation of methanol
solutions of 1k and 1l (Table 3). A comparison of the
selectivity for 2a,b,f with that for 2j–l reveals that
replacement of the 1-naphthyl group by the 2-naphthyl
lowers the selectivity of a given dihydrobenzoquinolinone.
The 2-naphthyl substituent in (E)-1j–l is considered to exert
less steric hindrance than the 1-naphthyl in (E)-1a–i in the
cyclization process from the anion radical in IB. This less
steric hindrance accelerates the cyclization reaction that
proceeds through IB to result in a decrease in the selectivity
of 2 as observed.
Figure 1. Double reciprocal plot of F2f
K1 versus [TEA]K1 for the

ET-initiated photocyclization of (E)-1f in methanol at room temperature.
2.2. Effects of TEA concentration on the quantum yield
for formation of 2

As described in Section 2.1, the ET-initiated photocycliza-
tion of 1f selectively produces the corresponding dihydro-
benzoquinolinone derivative (2f). This result allows us to
obtain quantitative information concerning the relative rates
of ET and related processes (that control the formation
efficiency of 2), through analysis of the TEA concentration
dependence of the quantum yield (F) for appearance of 2.
We are able to propose Scheme 3 based on the findings that
the presence of TEA affects the rate for photoisomerization
from (E)-1 into (Z)-1 to a negligible extent and, in addition,
the singlet excited-state (E)-isomer serves as a precursor of
2. In order to exclude the contribution of (Z)-1f-derived ET
reaction process, quantum yields for the isomerization into
(Z)-1f as well as for appearance of 2f were determined at
Scheme 3.
less than 4% conversion of (E)-1f employed as the starting
isomer. By applying the steady-state approximation to
Scheme 3, we obtain Eqs. 1 and 2, where F2f and Fi refer to
the quantum yields for the formation of 2f and for the
isomerization, respectively.
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2f Z 1C

kKet

k2f

� �
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kd Cki
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Fi Z
ki

ðki CkdÞ
(2)

As typically depicted in Figure 1, there was a linear
relationship between the reciprocals of F2f (F2f

K1) and TEA
concentration ([TEA]K1). From the intercept and the ratio
of slope to the intercept of linear plot obtained, we were able
to evaluate the relative rates of ET and back ET processes,
that is, the magnitude of ket/(kdCki) and kKet/k2f, respec-
tively. Furthermore, there was no formation of 2f when a
methanol solution of (E)-1f containing no TEA was
irradiated,6 so that we were able to determine quantum
yield for the isomerization (Fi) and then to estimate the
relative rates of given processes by the use of Fi (Z0.35G
0.01) and Eqs. 3–5.
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In Table 4 are summarized these relative rates which
demonstrate that the ET rate (ket[TEA], [TEA]Z
0.10 mol dmK3) is faster than the rate for deactivation and
isomerization (kdCki) of the excited-state (E)-1f by a factor
of about 2. In addition, the magnitude of ki/kd confirms that
isomerization into (Z)-1f is the minor deactivation pathway
of the excited-state (E)-isomer in the absence of TEA.
Despite the rapid progress of PET reaction, the F2f value



Table 4. Relative rates for given processes

ki/kd ket[TEA]/kd
a ket[TEA]/ki

a ket[TEA]/(kdCki)
a kKet/k2f

0.54 2.9 5.4 1.9 14

a Value estimated at [TEA]Z0.10 mol dmK3.
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was not so large (F2fZ0.045 at [TEA]Z0.10 mol dmK3).
The fact that the rate for a back ET from the (E)-1 anion
radical to the TEA cation radical (kKet) is 14 times as fast as
that for the cyclization (k2f), therefore, led us to conclude
that the relative rate for this back ET is a major factor that
controls the overall efficiency of PET reactions examined.
3. Conclusions

Although there are many synthetic methods for the construc-
tion of significant heterocyclic rings,11 convenient photo-
chemical route to dihydrobenzoquinolinone derivatives is
scarcely known.12 Because it is facile to prepare the startingN-
aroyl-a-dehydronaphthylalaninamides (1) and related a-
dehydroarylalaninamides, a wide variety of substituted
dihydroquinolinones can be synthesized by the ET-initiated
photocyclization of these alaninamide derivatives. The facts
that dihydrobenzoquinolinones are extremely stable under
irradiation conditions and then obtained in high selectivities
render our PET reactions in methanol containing TEA or DBU
very useful in constructing the dihydroquinolinone ring. We
were also able to obtain quantitative information about the
relative rates of ET and related processes, through analysis of
the dependence of quantum yield for formation of 2 on the
TEA concentration.
4. Experimental

4.1. General

1H and 13C NMR and IR spectra were taken with a JEOL
JNM-A500 spectrometer and a HITACHI 270-30 infrared
spectrometer, respectively. Chemical shifts were deter-
mined using tetramethylsilane as an internal standard.
HPLC analysis was performed on a SHIMADZU LC-
10AT high-performance liquid chromatography system
equipped with a 4.6!250-mm ODS (Zorbax) column and
a SHIMADZU SPD-10A UV detector (detection wave-
lengthZ240 nm; mobile phase, MeCN/H2OZ60:40, v/v).
UV absorption and fluorescence spectra were measured at
room temperature with a HITACHI U-3300 spectro-
photometer and a HITACHI F-4500 spectrofluorimeter,
respectively. A cell with a 10-mm pathlength was used.
Elemental analysis was performed on a PERKIN–ELMER
PE2400 series II CHNS/O analyzer. Oxidation and
reduction potentials were measured with a YANACO
P-1100 polarographic analyzer. Mass spectra were recorded
on a JEOL JMS-01SG-2 spectrometer. MeOH was purified
according to the standard procedure and freshly distilled
prior to use. TEA and DBU were fractionally distilled from
sodium hydroxide. All other reagents used were obtained
from commercial sources and of the highest grade available.

A potassium tris(oxalato)ferrate(III) actinometer was
employed to determine quantum yields for appearance of
2f and (Z)-1f at low conversions of the starting (E)-1f (!
4%).13 A 450 W high-pressure Hg lamp was used as the
light source from which 313 nm light was selected with
1.0 wt% potassium carbonate solution of potassium chro-
mate (2.0!10K3 mol dmK3), CORNING 7-54 and
TOSHIBA IRA-25S glass filters. Linear calibration curves
for 2f and (Z)-1f, made under the same analytical
conditions, were utilized to quantify the formation of
these two compounds. All of the quantum yields are an
average of more than three determinations.

4.2. General procedure for the synthesis of (Z)-4-
(1-naphthylmethylene)-2-(substituted phenyl)-5(4H)-
oxazolones, (Z)-4-(2-naphthylmethylene)-2-(substituted
phenyl)-5(4H)-oxazolones and (Z)-2-(tert-butyl)-4-
(1-naphthylmethylene)-5(4H)-oxazolone

N-(Substituted benzoyl)glycine or trimethylacetylglycine
(0.04 mol), 1-naphthaldehyde or 2-naphthaldehyde (0.05 mol),
and sodium acetate (0.02 mol) were added to acetic anhydride
(25 mL) and the resulting mixture was heated at 65–75 8C for
1–2 h [N-(substituted benzoyl)glycine] or 6 h (N-trimethyl-
acetylglycine) with stirring. The mixture was cooled with ice
and the solid separated out was collected by filtration with
suction and washed with water, a small amount of cold EtOH
and then with dry hexane. After the crude product had been air-
dried at room temperature, it was recrystallized from hexane–
CHCl3 to give yellow crystals (50–70%).

4.2.1. (Z)-2-Phenyl-4-(1-naphthylmethylene)-5(4H)-oxa-
zolone. Mp 166.0–167.0 8C. IR (KBr): 1797, 1647,
1167 cmK1. 1H NMR (500 MHz, CDCl3): d 7.54 (2H, dd,
JZ7.3, 7.6 Hz), 7.55 (1H, dd, JZ8.6, 8.6 Hz), 7.62 (1H, dd,
JZ7.3, 7.3 Hz), 7.63 (1H, dd, JZ8.6, 8.6 Hz), 7.64 (1H, dd,
JZ6.7, 8.6 Hz), 7.90 (1H, d, JZ8.6 Hz), 7.97 (1H, d, JZ
8.6 Hz), 8.13 (1H, s), 8.21 (2H, d, JZ7.6 Hz), 8.31 (1H, d,
JZ8.6 Hz), 9.03 (1H, d, JZ6.7 Hz).

4.2.2. (Z)-2-(4-Methoxyphenyl)-4-(1-naphthylmethyl-
ene)-5(4H)-oxazolone. Mp 207.0–208.0 8C. IR (KBr):
1788, 1644, 1170 cmK1. 1H NMR (500 MHz, CDCl3): d
3.91 (3H, s), 7.03 (2H, d, JZ8.8 Hz), 7.54–7.66 (3H, m),
7.90 (1H, d, JZ7.9 Hz), 7.95 (1H, d, JZ7.9 Hz), 8.07 (1H,
s), 8.16 (2H, d, JZ8.8 Hz), 8.32 (1H, d, JZ8.5 Hz), 9.02
(1H, d, JZ7.3 Hz).

4.2.3. (Z)-2-(4-Bromophenyl)-4-(1-naphthylmethylene)-
5(4H)-oxazolone. Mp 201.0–201.5 8C. IR (KBr): 1799,
1650, 1180 cmK1. 1H NMR (500 MHz, CDCl3): d 7.57 (1H,
dd, JZ7.6, 7.6 Hz), 7.63–7.66 (2H, m), 7.69 (2H, d, JZ
8.3 Hz), 7.92 (1H, d, JZ8.2 Hz), 7.99 (1H, d, JZ8.3 Hz),
8.07 (2H, d, JZ8.3 Hz), 8.17 (1H, s), 8.31 (1H, d, JZ
8.2 Hz), 9.00 (1H, d, JZ7.6 Hz).

4.2.4. (Z)-2-(4-Trifluoromethylphenyl)-4-(1-naphthyl-
methylene)-5(4H)-oxazolone. Mp 201.0–202.0 8C. IR
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(KBr): 1797, 1641, 1167 cmK1. 1H NMR (500 MHz,
CDCl3): d 7.58 (1H, dd, JZ6.7, 7.9 Hz), 7.65–7.69 (2H,
m), 7.81 (2H, d, JZ8.6 Hz), 7.93 (1H, d, JZ8.2 Hz), 8.10
(1H, d, JZ8.2 Hz), 8.24 (1H, s), 8.33 (2H, d, JZ8.6 Hz),
8.33 (1H, d, JZ7.9 Hz), 9.02 (1H, d, JZ7.6 Hz).

4.2.5. (Z)-2-(4-Cyanophenyl)-4-(1-naphthylmethylene)-
5(4H)-oxazolone. Mp 237.0–238.0 8C. IR (KBr): 2236,
1794, 1641, 1164 cmK1. 1H NMR (500 MHz, CDCl3): d
7.59 (1H, dd, JZ7.3, 7.9 Hz), 7.64–7.68 (2H, m), 7.84 (2H,
d, JZ8.2 Hz), 7.93 (1H, d, JZ7.9 Hz), 8.02 (1H, d, JZ
7.9 Hz), 8.25 (1H, s), 8.31 (2H, d, JZ8.2 Hz), 8.32 (1H, d,
JZ8.5 Hz), 9.00 (1H, d, JZ7.3 Hz).

4.2.6. (Z)-2-(2,4-Dimethoxyphenyl)-4-(1-naphthylmethyl-
ene)-5(4H)-oxazolone. Mp 174.0–175.5 8C. IR (KBr):
1768, 1643, 1165 cmK1. 1H NMR (500 MHz, CDCl3): d
3.91 (3H, s), 4.01 (3H, s), 6.56 (1H, d, JZ2.4 Hz), 6.63 (1H,
dd, JZ2.4, 8.5 Hz), 7.55 (1H, dd, JZ7.3, 6.7 Hz), 7.6–7.60
(2H, m), 7.89 (1H, d, JZ7.9 Hz), 7.94 (1H, d, JZ8.5 Hz),
8.05 (1H, s), 8.08 (1H, d, JZ8.5 Hz), 8.33 (1H, d, JZ
8.5 Hz), 9.07 (1H, d, JZ7.3 Hz).

4.2.7. (Z)-2-(tert-Butyl)-4-(1-naphthylmethylene)-5(4H)-
oxazolone. Mp 89.0–90.0 8C. IR (KBr): 1794, 1652, 1647,
1150 cmK1. 1H NMR (500 MHz, CDCl3): d 1.41 (9H, s),
7.54 (1H, dd, JZ6.9, 8.2 Hz), 7.60 (1H, dd, JZ7.6, 8.2 Hz),
7.61 (1H, dd, JZ6.9, 8.9 Hz), 7.89 (1H, d, JZ8.2 Hz), 7.94
(1H, d, JZ8.2 Hz), 8.04 (1H, s), 8.27 (1H, d, JZ8.9 Hz),
8.89 (1H, d, JZ7.6 Hz).

4.2.8. (Z)-4-(2-Naphthylmethylene)-2-phenyl-5(4H)-oxa-
zolone. Mp 142.0–143.0 8C. IR (KBr): 1797, 1626, 1167 cmK1.
1H NMR (500 MHz, CDCl3): d 7.51 (1H, dd, JZ7.9, 7.9 Hz),
7.54 (1H, dd, JZ7.9, 7.9 Hz), 7.54 (2H, dd, JZ7.9, 7.9 Hz),
7.61 (1H, dd, JZ7.9, 7.9 Hz), 7.83 (1H, d, JZ7.9 Hz), 7.89
(1H, d, JZ8.5 Hz), 7.91 (1H, d, JZ7.9 Hz), 8.19 (2H, d, JZ
7.9 Hz), 8.43 (1H, s), 8.49 (1H, d, JZ8.5 Hz).

4.2.9. (Z)-2-(4-Methoxyphenyl)-4-(2-naphthylmethyl-
ene)-5(4H)-oxazolone. Mp 198.0–199.0 8C. IR (KBr):
1788, 1653, 1167 cmK1. 1H NMR (500 MHz, CDCl3): d
3.91 (3H, s), 7.04 (2H, d, JZ8.9 Hz), 7.32 (1H, s), 7.49–
7.58 (2H, m), 7.83–7.94 (3H, m), 8.17 (2H, d, JZ8.9 Hz),
8.46–8.52 (2H, m).

4.2.10. (Z)-2-(2,4-Dimethoxyphenyl)-4-(2-naphthyl-
methylene)-5(4H)-oxazolone. Mp 173.5–174.5 8C. IR
(KBr): 1775, 1655, 1170 cmK1. 1H NMR (500 MHz,
CDCl3): d 3.92 (3H, s), 4.06 (3H, s), 6.58 (1H, d, JZ
2.1 Hz), 6.64 (1H, dd, JZ2.1, 8.6 Hz), 7.32 (1H, s), 7.51–
7.56 (2H, m), 7.84–7.93 (3H, m), 8.08 (1H, d, JZ8.6 Hz),
8.47 (1H, d, JZ8.9 Hz), 8.56 (1H, s).

4.3. General procedure for the synthesis of (Z)-N-alkyl-
3-(1-naphthyl)-2-(substituted benzoylamino)-2-propen-
amides [(Z)-1a–f,i], (Z)-N-methyl-3-(1-naphthyl)-2-
trimethylacetylamino-2-propenamide [(Z)-1g], (Z)-3-(1-
naphthyl)-2-benzoylamino-2-propenamide [(Z)-1h], and
(Z)-N-methyl-3-(2-naphthyl)-2-(substituted benzoyl-
amino)-2-propenamides [(Z)-1j–l]

(Z)-4-(1-Naphthylmethylene)-2-(substituted phenyl)-
5(4H)-oxazolone (for 1a–f,h,i, 0.010 mol), (Z)-2-(tert-
butyl)-4-(1-naphthylmethylene)-5(4H)-oxazolone (for 1g,
0.010 mol) or (Z)-4-(2-naphthylmethylene)-2-(substituted
phenyl)-5(4H)-oxazolone (for 1j–l, 0.010 mol) was added
to dry CHCl3 (30 mL) containing primary amine
(0.012 mol) and the resulting solution was stirred for
0.5–1 h at room temperature. After removal of the solvent
under reduced pressure, the crystalline solid obtained was
recrystallized twice from EtOH–hexane affording colorless
crystals (50–80%).

4.3.1. (Z)-2-Benzoylamino-N-methyl-3-(1-naphthyl)-2-
propenamide [(Z)-1a]. Mp 205.0–206.0 8C. IR (KBr):
1650, 1670, 3080, 3300 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 2.75 (3H, d, JZ4.9 Hz) 7.43 (2H, dd, JZ
7.3, 7.3 Hz), 7.43 (1H, dd, JZ6.7, 7.9 Hz), 7.52 (1H, dd,
JZ7.3, 7.3 Hz), 7.54 (1H, dd, JZ6.7, 7.0 Hz), 7.56 (1H, dd,
JZ6.7, 7.9 Hz), 7.62 (1H, d, JZ6.7 Hz), 7.76 (1H, s), 7.84
(2H, d, JZ7.3 Hz), 7.86 (1H, d, JZ7.9 Hz), 7.93 (1H, d,
JZ7.0 Hz), 8.04 (1H, d, JZ7.9 Hz), 8.19 (1H, q, JZ
4.9 Hz), 9.75 (1H, s). 13C NMR (125 MHz, DMSO-d6): d
26.3, 124.2, 125.3, 125.99, 126.02, 126.03, 126.3, 127.8
(2C), 128.0 (2C), 128.4 (2C), 131.1, 131.5 (2C), 132.4,
133.1, 133.7, 165.2, 166.2. Anal. Calcd (found) for
C21H18N2O2: C, 76.34 (75.97); H, 5.49 (5.18); N, 8.48%
(8.45%).

4.3.2. (Z)-2-(4-Anisoylamino)-N-methyl-3-(1-naphthyl)-
2-propenamide [(Z)-1b]. Mp 226.0–227.0 8C. IR (KBr):
1670, 1650, 3080, 3300 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 2.74 (3H, d, JZ4.3 Hz), 3.79 (3H, s), 6.96
(2H, d, JZ8.6 Hz), 7.42 (1H, dd, JZ7.3, 7.9 Hz), 7.57–7.53
(2H, m), 7.60 (1H, d, JZ7.3 Hz), 7.71 (1H, s), 7.83 (2H, d,
JZ8.6 Hz), 7.85 (1H, d, JZ7.9 Hz), 7.93 (1H, d, JZ
7.6 Hz), 8.03 (1H, d, JZ7.9 Hz), 8.16 (1H, q, JZ4.3 Hz),
9.61 (1H, s). 13C NMR (125 MHz, DMSO-d6): d 26.3, 55.4,
113.3 (2C), 124.3, 125.4, 125.5, 126.0 (2C), 126.03, 126.4,
128.38, 128.40, 129.8 (2C), 131.2 (2C), 131.5, 132.6, 161.9,
165.4, 165.7. Anal. Calcd (found) for C22H20N2O3: C, 73.32
(73.53); H, 5.59 (5.51); N, 7.77% (7.37%).

4.3.3. (Z)-2-(4-Bromobenzoylamino)-N-methyl-3-(1-
naphthyl)-2-propenamide [(Z)-1c]. Mp 220.0–221.0 8C.
IR (KBr): 1630, 1650, 3200, 3350 cmK1. 1H NMR
(500 MHz, DMSO-d6): d 2.74 (3H, d, JZ4.9 Hz), 7.43
(1H, dd, JZ7.3, 7.9 Hz), 7.56–7.52 (2H, m), 7.58 (1H, d,
JZ7.3 Hz), 7.66 (2H, d, JZ8.6 Hz), 7.76 (1H, s), 7.78 (2H,
d, JZ8.6 Hz), 7.86 (1H, d, JZ7.9 Hz), 7.93 (1H, d, JZ
9.2 Hz), 8.02 (1H, d, JZ7.3 Hz), 8.22 (1H, q, JZ4.9 Hz),
9.84 (1H, s). 13C NMR (125 MHz, DMSO-d6): d 26.3,
124.2, 125.3, 125.4, 125.99, 126.00, 126.3, 126.4, 128.4,
128.5, 130.0 (2C), 131.1, 131.13 (2C), 131.4, 132.1, 132.9,
133.1, 165.0, 165.3. Anal. Calcd (found) for
C21H17Br1N2O2: C, 61.63 (61.26); H, 4.19 (3.90); N,
6.84% (7.00%).

4.3.4. (Z)-N-Methyl-3-(1-naphthyl)-2-(4-trifluoromethyl-
benzoylamino)-2-propenamide [(Z)-1d]. Mp 195.0–
196.0 8C. IR (KBr): 1650, 1675, 3170, 3290 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 2.76 (3H, d, JZ4.9 Hz),
7.44 (1H, dd, JZ6.7, 7.9 Hz), 7.54 (1H, dd, JZ6.1, 7.3 Hz),
7.57 (1H, dd, JZ6.1, 8.9 Hz), 7.61 (1H, d, JZ6.7 Hz), 7.81
(1H, s), 7.83 (2H, d, JZ7.9 Hz), 7.87 (1H, d, JZ7.9 Hz),
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7.94 (1H, d, JZ8.9 Hz), 8.03 (2H, d, JZ7.9 Hz), 8.03 (1H,
d, JZ7.3 Hz), 8.26 (1H, q, JZ4.9 Hz), 10.01 (1H, s). 13C
NMR (125 MHz, DMSO-d6): d 26.3, 123.9 (1C, q, JZ
273.1 Hz), 124.2, 125.1 (2C, q, JZ3.0 Hz), 125.4, 126.0,
126.1, 126.4, 126.7, 128.5, 128.6, 128.7 (2C), 131.1, 131.3,
131.5 (1C, q, JZ31.0 Hz), 131.9, 133.2, 137.6, 164.9,
165.1. Anal. Calcd (found) for C22H17F3N2O2: C, 66.33
(66.12); H, 4.30 (4.06); N, 7.03% (7.16%).

4.3.5. (Z)-2-(4-Cyanobenzoylamino)-N-methyl-3-(1-
naphthyl)-2-propenamide [(Z)-1e]. Mp 210.0–211.0 8C.
IR (KBr): 1650, 1670, 2230, 3290, 3400 cmK1. 1H NMR
(500 MHz, DMSO-d6): d 2.74 (3H, d, JZ4.9 Hz), 7.42 (1H,
dd, JZ7.3, 8.5 Hz), 7.52–7.55 (2H, m), 7.57 (1H, d, JZ
7.3 Hz), 7.79 (1H, s), 7.85 (1H, d, JZ8.5 Hz), 7.96–7.91
(5H, m), 8.00 (1H, d, JZ7.3 Hz), 8.24 (1H, q, JZ4.9 Hz),
9.99 (1H, s). 13C NMR (125 MHz, DMSO-d6): d 26.3,
113.8, 118.3, 124.2, 125.4, 126.0, 126.1, 126.4, 126.8, 128.5
(2C), 128.6 (2C), 131.1, 131.3, 131.8, 132.2 (2C), 133.2,
137.8, 164.8, 164.9. Anal. Calcd (found) for C22H17N3O2:
C, 74.35 (73.98); H, 4.82 (4.72); N, 11.82% (12.14%).

4.3.6. (Z)-2-(2,4-Dimethoxybenzoylamino)-N-methyl-3-
(1-naphthyl)-2-propenamide [(Z)-1f]. Mp 176.0–
176.5 8C. IR (KBr): 1640, 1665, 3348 cmK1. 1H NMR
(500 MHz, DMSO-d6): d 2.76 (3H, d, JZ4.3 Hz), 3.59 (3H,
s), 3.79 (3H, s), 6.58 (1H, d, JZ2.5 Hz), 6.62 (1H, dd, JZ
2.5, 8.9 Hz), 7.27 (1H, s), 7.54–7.57 (3H, m), 7.62 (1H, d,
JZ7.3 Hz), 7.77 (1H, d, JZ8.9 Hz), 7.92 (1H, d, JZ
7.9 Hz), 7.98–7.96 (1H, m), 8.08–8.06 (1H, m), 8.22 (1H, q,
JZ4.3 Hz), 9.47 (1H, s). 13C NMR (125 MHz, DMSO-d6):
d 26.2, 55.6, 56.0, 98.5, 106.1, 113.6, 120.1, 124.5, 125.4,
126.10, 126.15, 126.4, 128.2, 128.4, 130.9, 131.4, 132.7,
133.2, 133.4, 158.6, 162.6, 163.4, 165.4. Anal. Calcd
(found) for C23H22N2O4: C, 70.75 (70.41); H, 5.68 (5.61);
N, 7.17% (6.87%).

4.3.7. (Z)-N-Methyl-3-(1-naphthyl)-2-trimethylacetyl-
amino-2-propenamide [(Z)-1g]. Mp 180.0–181.5 8C. IR
(KBr): 1630, 1650, 3300, 3350 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 1.03 (9H, s), 2.75 (3H, d, JZ4.9 Hz), 7.47
(1H, dd, JZ7.3, 7.9 Hz), 7.53–7.55 (4H, m), 7.84 (1H, q,
JZ4.9 Hz), 7.88 (1H, d, JZ7.9 Hz), 7.93–7.95 (1H, m),
7.98–8.00 (1H, m), 8.75 (1H, s). 13C NMR (125 MHz,
DMSO-d6): d 26.3, 26.9 (3C), 38.3, 124.4, 124.8, 125.2,
125.9, 126.2, 126.3, 128.3, 128.4, 131.0, 131.5, 132.8,
133.1, 165.6, 176.9. Anal. Calcd (found) for C19H22N2O2:
C, 73.52 (73.80); H, 7.14 (7.04); N, 9.03% (9.10%).

4.3.8. (Z)-2-Benzoylamino-3-(1-naphthyl)-2-propen-
amide [(Z)-1h]. Mp 159.5–160.0 8C. IR (KBr): 1650,
1690, 3190, 3280 cmK1. 1H NMR (500 MHz, DMSO-d6):
d 7.30 (1H, br s), 7.41 (2H, dd, JZ7.3, 7.3 Hz), 7.43 (1H,
dd, JZ7.3, 8.5 Hz), 7.50 (1H, dd, JZ7.3, 7.3 Hz), 7.54 (1H,
dd, JZ6.7, 8.6 Hz), 7.57 (1H, dd, JZ6.7, 7.9 Hz), 7.62 (1H,
d, JZ7.3 Hz), 7.75 (1H, s), 7.75 (1H, br s), 7.82 (2H, d, JZ
7.3 Hz), 7.85 (1H, d, JZ8.5 Hz), 7.92 (1H, d, JZ8.6 Hz),
8.04 (1H, d, JZ7.9 Hz), 9.71 (1H, s). 13C NMR (125 MHz,
DMSO-d6): d 124.3, 125.4, 126.1, 126.2 (2C), 126.4, 127.8
(2C), 128.2 (2C), 128.47, 128.5, 131.2, 131.5, 131.6, 132.5,
133.2, 133.9, 166.2, 166.7. Anal. Calcd (found) for
C20H16N2O2: C, 75.93 (75.61); H, 5.10 (5.13); N, 8.86%
(8.96%).
4.3.9. (Z)-2-Benzoylamino-N-benzyl-3-(1-naphthyl)-2-
propenamide [(Z)-1i]. Mp 178.0–178.5 8C. IR (KBr):
1610, 1650, 3060, 3250 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 4.47 (2H, d, JZ6.1 Hz), 7.25 (1H, dd, JZ
7.3, 7.3 Hz), 7.34 (2H, dd, JZ7.3, 7.3 Hz), 7.40 (2H, d, JZ
7.3 Hz), 7.42–7.46 (3H, m), 7.52 (1H, dd, JZ7.9, 7.9 Hz),
7.55 (1H, dd, JZ7.3, 8.5 Hz), 7.58 (1H, dd, JZ7.3, 7.9 Hz),
7.66 (1H, d, JZ6.7 Hz), 7.84 (1H, s), 7.86 (2H, d, JZ
7.9 Hz), 7.86 (1H, d, JZ7.9 Hz), 7.94 (1H, d, JZ8.5 Hz),
8.05 (1H, d, JZ7.9 Hz), 8.84 (1H, t, JZ6.1 Hz), 9.83 (1H,
s). 13C NMR (125 MHz, DMSO-d6): d 42.6, 124.3, 125.4,
126.0, 126.1, 126.4, 126.6 (2C), 127.2 (2C), 127.9 (2C),
128.1, 128.2, 128.45, 128.53, 131.1, 131.4, 131.5 (2C),
132.4, 133.2 (2C), 133.8, 139.8, 164.9, 166.4. Anal. Calcd
(found) for C27H22N2O2: C, 79.78 (79.51); H, 5.46 (5.87);
N, 6.89% (6.70%).

4.3.10. (Z)-2-Benzoylamino-N-methyl-3-(2-naphthyl)-2-
propenamide [(Z)-1j]. Mp 189.0–190.0 8C. IR (KBr):
1628, 3052, 3248 cmK1. 1H NMR (500 MHz, DMSO-d6):
d 2.72 (3H, d, JZ4.9 Hz) 7.42 (1H, s), 7.49 (1H, dd, JZ6.7,
7.6 Hz), 7.50 (1H, dd, JZ6.7, 7.6 Hz), 7.53 (2H, dd, JZ7.3,
7.9 Hz), 7.60 (1H, dd, JZ7.9, 7.9 Hz), 7.71 (1H, d, JZ
8.5 Hz), 7.78 (1H, d, JZ6.7 Hz), 7.83 (1H, d, JZ8.5 Hz),
7.85 (1H, d, JZ6.7 Hz), 8.03 (2H, d, JZ7.9 Hz), 8.08 (1H,
s), 8.14 (1H, q, JZ4.9 Hz), 9.98 (1H, s). 13C NMR
(125 MHz, DMSO-d6): d 26.3, 126.1, 126.5, 126.7, 127.4,
127.7, 127.9 (2C), 128.0, 128.3 (2C), 128.8, 129.3, 130.5,
131.6, 132.0, 132.6, 132.7, 133.8, 165.4, 165.9. Anal. Calcd
(found) for C21H18N2O2: C, 76.34 (76.30); H, 5.49 (5.60);
N, 8.48% (8.31%).

4.3.11. (Z)-2-(4-Anisoylamino)-N-methyl-3-(2-naphthyl)-
2-propenamide [(Z)-1k]. Mp 138.0–139.5 8C. IR (KBr):
1610, 1640, 3090, 3250 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 2.72 (3H, d, JZ4.6 Hz), 3.84 (3H, s), 7.07
(2H, d, JZ8.9 Hz), 7.38 (1H, s), 7.48–7.52 (2H, m), 7.70
(1H, d, JZ8.5 Hz), 7.78 (1H, d, JZ8.5 Hz), 7.82 (1H, d,
JZ8.5 Hz), 7.85 (1H, d, JZ7.2 Hz), 8.02 (2H, d, JZ
8.9 Hz), 8.06 (1H, s), 8.13 (1H, q, JZ4.6 Hz), 9.85 (1H, s).
13C NMR (125 MHz, DMSO-d6): d 26.3, 55.4, 113.5 (2C),
126.1, 126.2, 126.5, 126.7, 127.4, 127.7, 128.0, 128.5,
129.3, 129.9 (2C), 130.7, 132.1, 132.6, 132.8, 162.0, 165.5,
165.6. Anal. Calcd (found) for C22H20N2O3: C, 73.32
(72.98); H, 5.59 (5.93); N, 7.77% (7.43%).

4.3.12. (Z)-2-(2,4-Dimethoxybenzoylamino)-N-methyl-3-
(2-naphthyl)-2-propenamide [(Z)-1l]. Mp 173.5–174.5 8C.
IR (KBr): 1630, 1643, 3323 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 2.72 (3H, d, JZ4.6 Hz), 3.85 (3H, s), 3.89
(3H, s), 6.68 (1H, dd, JZ2.3, 8.6 Hz), 6.74 (1H, dd, JZ
2.3 Hz), 7.12 (1H, s), 7.51–7.53 (2H, m), 7.74 (1H, d, JZ
8.6 Hz), 7.82–7.90 (4H, m), 8.06 (1H, q, JZ4.6 Hz), 8.10
(1H, s), 9.63 (1H, s). 13C NMR (125 MHz, DMSO-d6): d
26.2, 55.6, 56.2, 98.5, 106.0, 114.3, 125.3, 126.3, 126.5,
126.6, 127.5, 127.8, 128.0, 128.8, 130.8, 132.1, 132.5,
132.7, 132.8, 158.9, 163.4 (2C), 165.6. Anal. Calcd (found)
for C23H22N2O4: C, 70.75 (70.93); H, 5.68 (6.01); N, 7.17%
(7.08%).

4.4. General procedure for the irradiation of (Z)-1a–l

In order to examine the dependence of product distribution
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and composition on irradiation time, a MeOH solution
(45 mL) of (Z)-1 (3.75!10K3 mol dmK3) containing TEA
(0.10 mol dmK3, for 1a–i), or DBU (0.10 mol dmK3, for
1j–l) placed in a Pyrex vessel, was irradiated under nitrogen
at room temperature with Pyrex-filtered light from a 450 W
high-pressure Hg lamp (external irradiation). At suitable
time intervals, an aliquot (5 mL) of the solution was pipetted
off and concentrated to dryness in vacuo. The resulting
residue was dissolved in DMSO-d6 and subjected to 1H
NMR spectral analysis. When DBU was used as an electron
donor, the resulting residue was at first dissolved in CHCl3
and subsequently washed with 0.2 mol dmK3 HCl solution
(20 mL). After removal of CHCl3 under reduced pressure,
the resulting residue was dissolved in DMSO-d6 and
subjected to 1H NMR spectral analysis. The product
composition was estimated from the area ratio of a given
1H NMR signal for each compound.

On the other hand, a MeOH solution (200 mL) of (Z)-1a–l
(3.75!10K3 mol dmK3) containing TEA (0.10 mol dmK3,
for 1a–i) or DBU (0.10 mol dmK3, for 1j–l), placed in a
Pyrex vessel, was irradiated for a given period of time under
nitrogen with Pyrex-filtered light from a 400 W high-
pressure Hg lamp at room temperature (internal irradiation).
After 3-h (1b), 6-h (1a,c,f–l), 10-h (1d), or 30-h (1e)
irradiation, an appropriate amount of the solution (5 mL)
being irradiated was pipetted off and concentrated to
dryness in vacuo giving the residue which was subjected
to 1H NMR spectral analysis in DMSO-d6. DBU was
removed according to the same procedure as above. The
remaining solutions of 1a–l were concentrated to dryness
under reduced pressure. The resulting residues were washed
with a small amount of EtOH, allowing us to obtain
analytical-grade 2a–l. The combined filtrates were concen-
trated to dryness and subjected to column chromatography
over silica gel (230 mesh, Merck) eluting with EtOAc–
hexane. For the purpose of isolating and purifying the
photoproducts, preparative TLC plate (silica gel) was also
used. Physical and spectroscopic properties of the isolated
isomers [(E)-1a,f,h–j], 3,4-dihydrobenzo[f]quinolinones
(2a–i), 3,4-dihydrobenzo[h]quinolinones (2j–l) and 4,5-
dihydrooxazoles (cis-3a,h,i) are as follows. Conversion was
estimated by the sum of composition for 2 and 3.

4.4.1. (E)-1a. Yield, 10% (conversion, 7%). Mp 171.0–
172.0 8C. IR (KBr): 1678, 1664, 3264, 3320 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 2.46 (3H, d, JZ4.9 Hz),
7.33 (1H, s), 7.43–7.47 (2H, m), 7.54 (2H, dd, JZ7.3,
7.9 Hz), 7.54–7.58 (2H, m), 7.61 (1H, dd, JZ7.3, 7.3 Hz),
7.83 (1H, d, JZ7.3 Hz), 7.83 (1H, q, JZ4.9 Hz), 7.94 (1H,
d, JZ6.4 Hz), 7.98 (2H, d, JZ7.9 Hz), 8.07 (1H, d, JZ
7.9 Hz), 10.27 (1H, s). 13C NMR (125 MHz, DMSO-d6): d
25.7, 115.7, 124.4, 125.3, 125.4, 125.8, 126.0, 127.3, 127.7
(2C), 128.2, 128.3 (2C), 131.2, 131.7, 132.0, 133.0, 133.7,
134.8, 164.8, 164.9. Anal. Calcd (found) for C21H18N2O2:
C, 76.34 (76.34); H, 5.49 (5.81); N, 8.48% (8.47%).

4.4.2. (E)-1f. Yield, 6% (conversion, 12%). Mp 191.0–
192.0 8C. IR (KBr): 1608, 1636, 2945, 3347 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 2.45 (3H, d, JZ4.8 Hz),
3.87 (3H, s), 4.00 (3H, s), 6.72 (1H, dd, JZ2.1, 8.6 Hz),
6.74 (1H, d, JZ2.1 Hz), 7.38 (1H, d, JZ7.6 Hz), 7.46 (1H,
dd, JZ7.6, 7.9 Hz), 7.54–7.60 (2H, m), 7.65 (1H, q, JZ
4.8 Hz), 7.84 (1H, d, JZ8.6 Hz), 7.92–7.95 (2H, m), 7.93
(1H, s), 8.08 (1H, d, JZ7.9 Hz), 9.96 (1H, s). 13C NMR
(125 MHz, DMSO-d6): d 25.9, 55.6, 56.4, 98.7, 106.3,
114.0, 114.1, 124.6, 125.4, 125.7, 125.9, 126.1, 127.4,
128.3, 131.3, 132.4, 132.7, 133.2, 133.8, 158.7, 162.8,
163.5, 165.3. Anal. Calcd (found) for C23H22N2O4: C, 70.75
(70.62); H, 5.68 (5.77); N, 7.17% (7.32%).

4.4.3. (E)-1h. Yield, 12% (conversion, 6%). Mp 160.5–
161.5 8C. IR (KBr): 1666, 1690, 3368, 3464 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 7.14 (1H, br s), 7.30 (1H, s),
7.34 (1H, br s), 7.46 (1H, dd, JZ7.3, 8.2 Hz), 7.54 (2H, dd,
JZ7.3, 8.5 Hz), 7.54–7.58 (3H, m), 7.61 (1H, dd, JZ7.3,
7.3 Hz), 7.84 (1H, d, JZ8.2 Hz), 7.93–7.95 (1H, m), 7.99
(2H, d, JZ8.5 Hz), 8.05–8.07 (1H, m), 10.24 (1H, s). 13C
NMR (125 MHz, DMSO-d6): d 116.2, 124.6, 125.4, 125.9,
126.0, 126.1, 127.4, 127.7 (2C), 128.26 (2C), 128.32 (2C),
131.3, 131.7, 132.3, 133.1, 133.9, 165.0, 166.0. Anal. Calcd
(found) for C20H16N2O2: C, 75.93 (75.72); H, 5.10 (5.35);
N, 8.86% (8.75%).

4.4.4. (E)-1i. Yield, 10% (conversion, 6%). Mp 155.5–
157.0 8C. IR (KBr): 1627, 1644, 3256, 3330 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 4.19 (2H, d, JZ6.1 Hz),
6.97–6.99 (2H, m), 7.14–7.16 (3H, m), 7.32 (1H, s), 7.33
(1H, dd, JZ7.3, 8.5 Hz), 7.42 (1H, d, JZ6.7 Hz), 7.53–7.57
(2H, m), 7.55 (2H, dd, JZ7.3, 7.9 Hz), 7.62 (1H, dd, JZ7.9,
7.9 Hz), 7.84 (1H, d, JZ8.5 Hz), 7.94 (1H, d, JZ7.9 Hz),
8.01 (2H, d, JZ7.3 Hz), 8.07 (2H, d, JZ7.3 Hz), 8.44 (1H,
t, JZ6.1 Hz), 10.34 (1H, s). 13C NMR (125 MHz, DMSO-
d6): d 42.3, 124.7, 125.4, 125.9, 126.0 (2C), 126.4, 127.3
(2C), 127.4 (2C), 127.8 (2C), 127.9 (2C), 128.3, 128.4 (2C),
131.4, 131.8, 132.1, 133.1, 133.9, 134.9, 138.9, 164.6,
165.0. Anal. Calcd (found) for C27H22N2O2: C, 79.78
(79.37); H, 5.46 (5.87); N, 6.89% (6.80%).

4.4.5. (E)-1j. Yield, 10% (conversion, 4%). Mp 167.0–
168.0 8C. IR (KBr): 1643, 3059, 3260 cmK1. 1H NMR
(500 MHz, DMSO-d6): d 2.60 (3H, d, JZ4.9 Hz), 6.89 (1H,
s), 7.43 (1H, d, JZ8.5 Hz), 7.47 (1H, dd, JZ7.3, 7.3 Hz),
7.49 (1H, dd, JZ7.3, 7.3 Hz), 7.53 (2H, dd, JZ7.3, 8.3 Hz),
7.60 (1H, dd, JZ7.3, 7.3 Hz), 7.79 (1H, s), 7.83 (1H, d, JZ
7.3 Hz), 7.85 (1H, d, JZ8.5 Hz), 7.95 (2H, d, JZ8.3 Hz),
8.08 (1H, q, JZ4.9 Hz), 10.20 (1H, s). 13C NMR (125 MHz,
DMSO-d6): d 25.8, 118.0, 125.9, 126.1, 126.2, 126.9, 127.3
(2C), 127.7 (3C), 128.3 (2C), 131.7, 131.9, 132.7, 132.9,
133.8, 133.9, 164.8, 165.1. Anal. Calcd (found) for
C21H18N2O2: C, 76.34 (76.18); H, 5.49 (5.32); N, 8.48%
(8.40%).

4.4.6. 3-Benzoylamino-3,4-dihydro-1-methyl-2(1H)-benzo-
[f]quinolinone (2a). Yield, 67% (conversion, O99%). Mp
167.0–168.0 8C. IR (KBr): 1630, 1690, 3090, 3340 cmK1.
1H NMR (500 MHz, DMSO-d6): d 3.28 (1H, dd, JZ15.3,
15.3 Hz), 3.45 (3H, s), 3.74 (1H, dd, JZ6.7, 15.3 Hz), 4.86
(1H, ddd, JZ6.7, 8.5, 15.3 Hz), 7.46 (1H, dd, JZ6.7,
7.3 Hz), 7.52 (1H, d, JZ8.5 Hz), 7.53 (2H, dd, JZ6.7,
7.3 Hz), 7.57 (1H, dd, JZ6.7, 8.5 Hz), 7.59 (1H, dd, JZ7.3,
7.3 Hz), 7.93 (1H, d, JZ7.3 Hz), 7.96 (2H, d, JZ6.7 Hz),
7.96 (1H, d, JZ8.5 Hz), 8.06 (1H, d, JZ8.5 Hz), 8.86 (1H,
d, JZ8.5 Hz). 13C NMR (125 MHz, DMSO-d6): d 26.7,
30.4, 48.5, 116.1, 117.6, 123.0, 124.5, 127.1, 127.3 (2C),
128.1, 128.4 (3C), 129.6, 130.5, 131.5, 134.1, 137.2, 166.2,
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168.3. Anal. Calcd (found) for C21H18N2O2: C, 76.34
(76.10); H, 5.49 (5.50); N, 8.48% (8.70%).

4.4.7. 3-(4-Anisoylamino)-3,4-dihydro-1-methyl-2(1H)-
benzo[f]quinolinone (2b). Yield, 80% (conversion,
O99%). Mp 172.0–173.0 8C. IR (KBr): 1640, 1690, 3300,
3400 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.25 (1H,
dd, JZ14.7, 15.3 Hz), 3.33 (3H, s), 3.44 (3H, s), 3.72 (1H,
dd, JZ6.1, 15.3 Hz), 4.84 (1H, ddd, JZ6.1, 7.9, 14.7 Hz),
7.06 (2H, d, JZ9.2 Hz), 7.45 (1H, dd, JZ7.3, 7.9 Hz), 7.51
(1H, d, JZ9.2 Hz), 7.56 (1H, dd, JZ7.9, 8.5 Hz), 7.96–7.92
(4H, m), 8.06 (1H, d, JZ8.5 Hz), 8.70 (1H, d, JZ7.9 Hz).
13C NMR (125 MHz, DMSO-d6): d 26.7, 30.3, 48.3, 55.3,
113.5 (2C), 116.0, 117.6, 123.0, 124.4, 126.2, 126.9, 127.9,
128.3, 129.1 (2C), 129.5, 130.5, 137.1, 161.6, 165.5, 168.4.
Anal. Calcd (found) for C22H20N2O3: C, 73.32 (73.69); H,
5.59 (5.63); N, 7.77% (7.78%).

4.4.8. 3-(4-Bromobenzoylamino)-3,4-dihydro-1-methyl-
2(1H)-benzo[f]quinolinone (2c). Yield, 77% (conversion,
O99%). Mp 209.0–210.0 8C. IR (KBr): 1640, 1685, 3300,
3350 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.26 (1H,
dd, JZ14.7, 15.3 Hz) 3.44 (3H, s), 3.73 (1H, dd, JZ6.1,
15.3 Hz), 4.84 (1H, ddd, JZ6.1, 8.5, 14.7 Hz), 7.46 (1H, dd,
JZ6.7, 7.9 Hz), 7.51 (1H, d, JZ9.2 Hz), 7.56 (1H, dd, JZ
7.3, 7.9 Hz), 7.75 (2H, d, JZ8.5 Hz), 7.91 (2H, d, JZ
8.5 Hz), 7.93 (1H, d, JZ9.2 Hz), 7.95 (1H, d, JZ6.7 Hz),
8.06 (1H, d, JZ7.3 Hz), 8.98 (1H, d, JZ8.5 Hz). 13C NMR
(125 MHz, DMSO-d6): d 20.6, 30.4, 48.6, 116.1, 117.5,
123.1, 124.6, 125.3, 127.1, 128.1, 128.4, 129.6 (2C), 129.7,
130.6, 131.5 (2C), 133.2, 137.2, 165.4, 168.2. Anal. Calcd
(found) for C21H17BrN2O2: C, 61.63 (61.47); H, 4.19 (4.20);
N, 6.84% (7.08%).

4.4.9. 3,4-Dihydro-1-methyl-3-(4-trifluoromethylbenzoyl-
amino)-2(1H)-benzo[f]quinolinone (2d). Yield, 75% (con-
version, O99%). Mp 213.0–214.0 8C. IR (KBr): 1640,
1690, 3310 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.28
(1H, dd, JZ14.6, 15.3 Hz), 3.45 (3H, s), 3.77 (1H, dd, JZ
6.1, 15.3 Hz), 4.88 (1H, ddd, JZ6.1, 8.5, 14.6 Hz), 7.46
(1H, dd, JZ7.3, 7.9 Hz), 7.52 (1H, d, JZ8.6 Hz), 7.56 (1H,
dd, JZ7.3, 8.5 Hz), 7.93 (2H, d, JZ8.2 Hz), 7.94 (1H, d,
JZ7.9 Hz), 7.96 (1H, d, JZ8.6 Hz), 8.07 (1H, d, JZ
8.5 Hz), 8.16 (2H, d, JZ8.2 Hz), 9.15 (1H, d, JZ8.5 Hz).
13C NMR (125 MHz, DMSO-d6): d 26.5, 30.4, 48.6, 116.1,
117.5, 123.1, 123.9 (1C, q, JZ272.1 Hz), 124.5, 125.4 (2C,
q, JZ4.1 Hz), 127.0, 128.1, 128.3 (2C), 128.34, 129.6,
130.5, 131.3 (1C, q, JZ31.0 Hz), 137.1, 137.9, 165.1,
168.1. Anal. Calcd (found) for C22H17F3N2O2: C, 66.20
(66.20); H, 4.30 (3.97); N, 7.03% (6.87%).

4.4.10. 3-(4-Cyanobenzoylamino)-3,4-dihydro-1-methyl-
2(1H)-benzo[f]quinolinone (2e). Yield, 60% (conversion,
O99%). Mp 217.0–218.0 8C. IR (KBr): 1632, 1674, 2230,
3316 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.27 (1H,
dd, JZ15.2, 15.2 Hz), 3.44 (3H, s), 3.76 (1H, dd, JZ6.7,
15.2 Hz), 4.86 (1H, ddd, JZ6.7, 8.5, 15.2 Hz), 7.46 (1H, dd,
JZ6.7, 7.3 Hz), 7.52 (1H, d, JZ8.6 Hz), 7.57 (1H, dd, JZ
6.7, 8.5 Hz), 7.93 (1H, d, JZ7.3 Hz), 7.95 (1H, d, JZ
8.6 Hz), 8.03 (2H, d, JZ8.6 Hz), 8.06 (1H, d, JZ8.5 Hz),
8.11 (2H, d, JZ8.6 Hz), 9.17 (1H, d, JZ8.5 Hz). 13C NMR
(125 MHz, DMSO-d6): d 26.4, 30.3, 48.6, 113.7, 116.0,
117.4, 118.2, 123.0, 124.5, 127.0, 128.0, 128.1 (2C), 128.3,
129.6, 130.4, 132.4 (2C), 137.0, 138.0, 164.8, 167.9. Anal.
Calcd (found) for C22H17N3O2: C, 74.35 (74.36); H, 4.82
(4.86); N, 11.82% (11.71%).

4.4.11. 3,4-Dihydro-3-(2,4-dimethoxybenzoylamino)-1-
methyl-2(1H)-benzo[f]quinolinone (2f). Yield, 87% (con-
version, O99%). Mp 198.0–199.0 8C. IR (KBr): 1610,
1643, 3352 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.05
(1H, dd, JZ15.3, 14.7 Hz), 3.47 (3H, s), 3.86 (3H, s), 3.99
(3H, s), 4.04 (1H, dd, JZ15.3, 6.1 Hz), 4.63 (1H, ddd, JZ
14.7, 6.1, 5.5 Hz), 6.69 (1H, dd, JZ8.8, 2.4 Hz), 6.73 (1H,
d, JZ2.4 Hz), 7.47 (1H, d, JZ7.3, 6.7 Hz), 7.53 (1H, d, JZ
9.2 Hz), 7.58 (1H, dd, JZ8.5, 6.7 Hz), 7.94 (1H, d, JZ
9.2 Hz), 7.95 (1H, d, JZ7.3 Hz), 7.98 (1H, d, JZ8.8 Hz),
8.03 (1H, d, JZ8.5 Hz), 8.90 (1H, d, JZ5.5 Hz). 13C NMR
(125 MHz, DMSO-d6): d 168.4, 164.0, 163.3, 159.0, 137.0,
132.8, 130.6, 129.7, 128.4, 128.0, 127.1, 124.6, 123.1,
118.0, 116.2, 113.7, 106.0, 98.7, 56.3, 55.5, 49.2, 30.5, 26.6.
Anal. Calcd (found) for C22H22N2O4: C, 70.75 (70.43); H,
5.68 (5.41); N, 7.17% (7.13%).

4.4.12. 3,4-Dihydro-1-methyl-3-trimethylacetylamino-
2(1H)-benzo[f]quinolinone (2g). Yield, 75% (conversion,
O99%). Mp 220.0–221.5 8C. IR (KBr): 1650, 1690,
3360 cmK1. 1H NMR (500 MHz, DMSO-d6): d 1.20 (9H,
s), 3.15 (1H, dd, JZ14.6, 15.3 Hz), 3.41 (3H, s), 3.60 (1H,
dd, JZ6.7, 15.3 Hz), 4.59 (1H, ddd, JZ6.7, 7.3, 14.6 Hz),
7.44 (1H, dd, JZ7.3, 7.3 Hz), 7.48 (1H, d, JZ8.6 Hz), 7.56
(1H, dd, JZ7.3, 8.5 Hz), 7.76 (1H, d, JZ7.3 Hz), 7.92 (1H,
d, JZ7.3 Hz), 7.93 (1H, d, JZ8.6 Hz), 8.02 (1H, d, JZ
8.5 Hz). 13C NMR (125 MHz, DMSO-d6): d 26.5, 27.4 (3C),
30.3, 38.2, 47.9, 116.1, 117.7, 123.0, 124.5, 127.0, 127.9,
128.3, 129.6, 130.5, 137.1, 168.5, 177.5. Anal. Calcd
(found) for C19H22N2O2: C, 73.52 (73.92); H, 7.14 (7.21);
N, 9.03% (9.18%).

4.4.13. 3-Benzoylamino-3,4-dihydro-2(1H)-benzo[f]quino-
linone (2h). Yield, 59% (conversion, 94%). Mp 184.0–
186.0 8C. IR (KBr): 1650, 1680, 1746, 2944, 3404 cmK1.
1H NMR (500 MHz, DMSO-d6): d 1.54 (3H, d, JZ6.7 Hz),
3.29 (1H, dd, JZ15.2, 14.6 Hz), 3.62 (3H, s), 3.70 (1H, dd,
JZ15.2, 6.1 Hz), 4.80 (1H, ddd, JZ14.6, 8.6, 6.1 Hz), 5.35
(1H, q, JZ6.7 Hz), 7.48 (1H, dd, JZ7.9, 7.9 Hz), 7.52 (2H,
dd, JZ7.3, 7.9 Hz), 7.58 (1H, d, JZ9.2 Hz), 7.58–7.60 (2H,
m), 7.94 (1H, d, JZ9.2 Hz), 7.94 (1H, d, JZ7.9 Hz), 7.95
(2H, d, JZ7.3 Hz), 8.09 (1H, d, JZ8.5 Hz), 8.90 (1H, d,
JZ8.6 Hz). 13C NMR (125 MHz, DMSO-d6): d 15.1, 26.8,
48.6, 52.1, 53.5, 116.1, 119.1, 123.3, 124.8, 127.2, 127.4
(2C), 128.2, 128.3 (3C), 129.9, 130.6, 131.5, 134.0, 136.3,
166.1, 168.3, 171.0. Anal. Calcd (found) for C24H22N2O4:
C, 71.63 (71.80); H, 5.51 (5.34); N, 6.96% (6.59%).

4.4.14. 3-Benzoylamino-1-benzyl-3,4-dihydro-2(1H)-
benzo[f]quinolinone (2i). Yield, 55% (conversion, 96%).
Mp 194.0–195.0 8C. IR (KBr): 1640, 1690, 3090, 3340 cmK1.
1H NMR (500 MHz, DMSO-d6): d 3.37 (1H, dd, JZ14.3,
14.3 Hz), 3.82 (1H, dd, JZ6.4, 14.3 Hz), 5.06 (1H, ddd, JZ
6.4, 8.2, 14.3 Hz), 5.33 (1H, d, JZ16.5 Hz), 5.37 (1H, d,
JZ16.5 Hz), 7.24–7.20 (1H, m), 7.34–7.28 (4H, m), 7.38
(1H, d, JZ9.2 Hz), 7.44 (1H, dd, JZ7.0, 7.0 Hz), 7.54 (2H,
dd, JZ7.0, 7.6 Hz), 7.56 (1H, dd, JZ7.0, 7.6 Hz), 7.60 (1H,
dd, JZ7.6, 7.6 Hz), 7.80 (1H, d, JZ9.2 Hz), 7.85 (1H, d,
JZ7.0 Hz), 8.00 (2H, d, JZ7.0 Hz), 8.07 (1H, d, JZ
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7.6 Hz), 8.96 (1H, d, JZ8.2 Hz). 13C NMR (125 MHz,
DMSO-d6): d 26.8, 45.4, 48.5, 116.4, 118.2, 123.2, 124.7,
126.5 (2C), 127.0, 127.1, 127.4 (2C), 128.0, 128.3, 128.4
(2C), 128.6 (2C), 129.7, 130.7, 131.5, 134.1, 136.1, 137.2,
166.3, 168.8. Anal. Calcd (found) for C27H22N2O2: C, 79.78
(79.95); H, 5.46 (5.55); N, 6.89% (6.99%).

4.4.15. 3-Benzoylamino-3,4-dihydro-1-methyl-2(1H)-
benzo[h]quinolinone (2j). Yield, 35% (conversion, 72%).
Mp 153.0–154.0 8C. IR (KBr): 1636, 1690, 3237 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 3.06–3.10 (1H, m), 3.30–
3.36 (1H, m), 3.50 (3H, s), 4.73–4.78 (1H, m), 7.48 (1H, d,
JZ8.5 Hz), 7.53 (2H, dd, JZ7.3, 7.3 Hz), 7.54 (1H, dd, JZ
7.3, 8.5 Hz), 7.56 (1H, dd, JZ7.3, 8.6 Hz), 7.58 (1H, dd,
JZ7.3, 7.3 Hz), 7.75 (1H, d, JZ8.6 Hz), 7.95 (1H, d, JZ
7.3 Hz), 7.97 (1H, d, JZ8.5 Hz), 8.03 (1H, d, JZ8.6 Hz),
8.74 (1H, d, JZ7.9 Hz). 13C NMR (125 MHz, DMSO-d6): d
31.6, 37.9, 49.2, 123.4, 124.8, 124.9, 125.3, 125.5, 125.7,
125.9, 127.3 (2C), 128.3 (2C), 128.6, 131.4, 133.8, 134.0,
136.5, 166.2, 171.1. Anal. Calcd (found) for C21H18N2O2:
C, 76.34 (76.28); H, 5.49 (5.24); N, 8.48% (8.35%).

4.4.16. 3-(4-Anisoylamino)-3,4-dihydro-1-methyl-2(1H)-
benzo[h]quinolinone (2k). Yield, 40% (conversion, 85%).
Mp 224.0–225.0 8C. IR (KBr): 1660, 1680, 3400 cmK1. 1H
NMR (500 MHz, DMSO-d6): d 3.07 (1H, dd, JZ5.5,
15.6 Hz), 3.29–3.38 (1H, m), 3.50 (3H, s), 3.84 (3H, s), 4.75
(1H, ddd, JZ5.5, 7.9, 14.2 Hz), 7.05 (2H, d, JZ9.2 Hz),
7.47 (1H, d, JZ8.5 Hz), 7.53 (1H, dd, JZ7.9, 9.2 Hz), 7.57
(1H, dd, JZ7.9, 8.5 Hz), 7.75 (1H, d, JZ8.5 Hz), 7.94 (2H,
d, JZ9.2 Hz), 7.97 (1H, d, JZ9.2 Hz), 8.02 (1H, d, JZ
8.5 Hz), 8.60 (1H, d, JZ7.9 Hz). 13C NMR (125 MHz,
DMSO-d6): d 31.7, 37.8, 49.0, 55.3, 113.5 (2C), 123.3,
124.7, 124.8, 125.3, 125.4, 125.6, 125.8, 126.1, 128.6, 129.2
(2C), 133.7, 136.5, 161.7, 165.6, 171.3. Anal. Calcd (found)
for C22H20N2O3: C, 73.32 (73.14); H, 5.59 (5.63); N, 7.77%
(7.74%).

4.4.17. 3,4-Dihydro-3-(2,4-dimethoxybenzoylamino)-1-
methyl-2(1H)-benzo[h]quinolinone (2l). Yield, 30% (con-
version, 70%). Mp 198.0–198.5 8C. IR (KBr): 3360, 1672,
1639 cmK1. 1H NMR (500 MHz, DMSO-d6): d 3.07 (1H,
dd, JZ14.4, 15.1 Hz), 3.41 (1H, dd, JZ5.5, 15.1 Hz), 3.52
(3H, s), 3.85 (3H, s), 4.00 (3H, s), 4.58 (1H, ddd, JZ5.5,
5.5, 14.4 Hz), 6.69 (1H, dd, JZ2.1, 8.3 Hz), 6.73 (1H, d,
JZ2.1 Hz), 7.49 (1H, d, JZ8.3 Hz), 7.54 (1H, dd, JZ6.9,
7.6 Hz), 7.57 (1H, dd, JZ6.9, 8.3 Hz), 7.77 (1H, d, JZ
8.3 Hz), 7.95 (1H, d, JZ8.3 Hz), 7.98 (1H, d, JZ7.6 Hz),
8.01 (1H, d, JZ8.3 Hz), 8.95 (1H, d, JZ5.5 Hz). 13C NMR
(125 MHz, DMSO-d6): d 33.6, 39.5, 51.5, 57.2, 57.9, 100.3,
107.7, 115.2, 125.0, 126.5, 126.8, 126.9, 127.2, 127.4,
127.6, 130.3, 134.4, 135.4, 138.1, 160.7, 164.9, 165.3,
172.8. Anal. Calcd (found) for C22H22N2O4: C, 70.75
(70.76); H, 5.68 (5.95); N, 7.17% (7.22%).

4.4.18. cis-4-Methylaminocarbonyl-5-(1-naphthyl)-2-
phenyl-4,5-dihydrooxazole (3a). Yield, 5% (conversion,
O99%). IR (KBr): 3244, 1651 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 2.03 (3H, d, JZ4.9 Hz), 5.33 (1H, d, JZ
10.4 Hz), 6.80 (1H, d, JZ10.4 Hz), 7.44 (1H, dd, JZ7.3,
7.3 Hz), 7.47 (1H, d, JZ7.3 Hz), 7.47 (1H, q, JZ4.9 Hz),
7.53 (2H, m), 7.57 (2H, dd, JZ7.3, 7.3 Hz), 7.65 (1H, dd,
JZ7.3, 7.3 Hz), 7.85 (1H, d, JZ7.3 Hz), 7.92 (1H, d, JZ
7.3 Hz), 8.07 (2H, d, JZ7.3 Hz), 8.07 (1H, d, JZ7.3 Hz).
13C NMR (500 MHz, DMSO-d6): d 25.0, 73.6, 80.2, 123.3,
123.8, 124.8, 125.5, 125.8, 127.1, 128.0, 128.2, 128.3 (2C),
128.6 (2C), 130.2, 132.0, 132.7, 132.9, 164.8, 167.9. EI-MS
(m/z, %): 330 (MC, 56.91).
4.4.19. cis-4-Aminocarbonyl-5-(1-naphthyl)-2-phenyl-
4,5-dihydrooxazole (3h). Yield, 3% (conversion, 94%).
IR (KBr): 3453, 3321, 1667 cmK1. 1H NMR (500 MHz,
DMSO-d6): d 5.32 (1H, d, JZ10.4 Hz), 6.67 (1H, s), 6.76
(1H, d, JZ10.4 Hz), 7.02 (1H, s), 7.45 (1H, dd, JZ7.3,
7.9 Hz), 7.53–7.51 (3H, m), 7.56 (2H, dd, JZ6.7, 7.9 Hz),
7.63 (1H, dd, JZ7.9, 7.9 Hz), 7.84 (1H, d, JZ7.9 Hz), 7.91
(1H, d, JZ7.3 Hz), 8.05 (2H, d, JZ6.7 Hz), 8.05 (1H, d,
JZ7.9 Hz). 13C NMR (500 MHz, DMSO-d6): d 73.2, 80.3,
123.6, 124.1, 125.1, 125.6, 126.0, 127.2, 128.1, 128.3 (3C),
128.7 (2C), 130.3, 132.0, 132.9, 133.0, 164.6, 169.6. EI-MS
(m/z, %): 316 (MC, 48.36).
4.4.20. cis-4-Benzylaminocarbonyl-5-(1-naphthyl)-2-
phenyl-4,5-dihydrooxazole (3i). Yield, 10% (conversion,
96%). IR (KBr): 3265, 1657, 1645 cmK1. 1H NMR
(500 MHz, DMSO-d6): d 3.77 (1H, dd, JZ5.8, 15.3 Hz),
3.81 (1H, dd, JZ6.1, 15.3 Hz), 5.47 (1H, d, JZ10.7 Hz),
6.43 (2H, d, JZ7.3 Hz), 6.83 (1H, d, JZ10.7 Hz), 7.02 (2H,
dd, JZ7.0, 7.3 Hz), 7.07 (1H, dd, JZ7.0, 7.0 Hz), 7.45 (1H,
dd, JZ7.6, 7.6 Hz), 7.59–7.53 (5H, m), 7.65 (1H, dd, JZ
7.3, 7.3 Hz), 7.90 (1H, d, JZ7.6 Hz), 7.99–7.97 (1H, m),
8.08 (2H, d, JZ8.6 Hz), 8.11–8.07 (1H, m), 8.13 (1H, dd,
JZ5.8, 6.1 Hz). 13C NMR (500 MHz, DMSO-d6): d 41.6,
73.3, 80.4, 123.6, 123.9, 125.1, 125.6, 126.0, 126.2, 126.5
(2C), 127.1, 127.8 (2C), 128.1, 128.25 (2C), 128.3, 128.7
(2C), 130.2, 132.0, 132.6, 132.9, 137.6, 138.6, 164.7, 167.6.
EI-MS (m/z, %): 406 (MC, 32.06).
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Abstract—The stereoselective oxazaborolidine–borane reduction of biphenyl methyl diketones with different substitution patterns on the
biaryl unit was investigated, with the aim to better rationalize the factors influencing the diastereo- and enantioselectivity of the reaction for
this class of compounds. The observed stereoselectivity in the reduction of diketones 6 and 7, possessing a methoxy group in the meta
position with respect to the carbonyl group, is clearly dependent on the experimental conditions. The presence of an asymmetric centre in the
intermediate hydroxyketone influences the global stereoselectivity in the reduction of 5 and 6, as indicated from the different selectivity ratios
determined for each step of reaction.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Enantiopure biphenyl carbinols are valuable intermediates
in the preparation of new ligands1 and useful models for
understanding the biosynthesis and stereochemistry of
naturally occurring compounds which possess the biphenyl
structure.2 Recently, much progress has been made in the
study of conformationally flexible hydroxylated biphenyls
including their application in stoichiometric and catalytic
asymmetric reactions.3 It reflects the importance of the
biphenyl unit in stereochemical control4 and the efforts
devoted to design new chiral configurationally flexible
biphenyls, more available than the configurationally stable
ortho tetrasubstituted biphenyls. In spite of the importance
of biphenyl carbinols, an efficient method to synthesise
these compounds in high chemical and optical yields is still
required.

We have previously described the stereoselective reduction
of conformationally stable diketone (G)-1 using 60% mol
of (R)-oxazaborolidine 2 as chiral catalyst and BH3$Me2S
as the hydride source. The reaction, that proceeded with
satisfactory diastereoselectivity mainly dictated by the axial
chirality of the substrate, allowed us to prepare the
corresponding chiral carbinols in high chemical and optical
yield according to the stereochemical outcome of the CBS
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.066
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reaction.5 Selected experiments using diastereoisomeric
monoketones (G)-3 and (G)-4 indicated a chiral coopera-
tivity effect between the stereogenic axis and the first
formed stereogenic centre at the biphenyl structure in the
reduction reaction of (G)-1.

The same procedure was then applied to conformationally
flexible diketones 5 and 6; in both cases enantiopure (S,S)-
diols together with small amounts of meso-carbinols were
Tetrahedron 60 (2004) 10305–10310
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obtained.6 Despite the different substitution pattern of the
biphenyl backbone of 5 and 6, the CBS-reduction proceeded
with the same apparent stereoselectivity observed in the
reduction of 1 and thus the developed protocol seemed
generally applicable to biphenyldiketones.

However, when we reduced the amount of the catalyst, we
noticed marked differences in the reduction course of 5 and
6. This finding prompted us to extend our investigation
considering different experimental conditions as well as
other substrates related to 5 and 6 with the aim to obtain a
better understanding of the factors contributing to the global
stereoselectivity of the CBS-reduction of the flexible C2-
symmetrical biphenyl methyl diketones.
2. Results and discussion

2.1. Asymmetric reduction of biphenyl methyl diketones

In order to make the reported reduction of 5 and 6 to diols 8
and 9 more economic, we tried to decrease the amount of
(R)-CBS with respect to the substrate while maintaining the
chemical yield, diastereoselectivity and enantioselectivity
previously reported.

When we reduced 5 using 20% mol of (R)-CBS the
Table 1. Asymmetric reduction of biphenylmethylketonesa

Entry Ketone % mol (R)-CBS Solvent

1d 5 60 THF
2 5 20 THF
3 5 10 THF
4 5 20 Toluene
5d 6 60 THF
6 6 20 THF
7 6 20 THFf

8 6 20 Toluene
9 11 10 THF
10 12 10 THF
11 7 60 THF
12 7 20 THF
13 7 20 Toluene

a See Section 4.
b Determined by 1H NMR of the reaction mixture.
c Determined by chiral HPLC analysis.
d Ref. 6.
e 54% of monoketone 12 was present in the reaction mixture.
f 2.5 equiv of borane were used.
corresponding (S,S)-8 was obtained in high yield and optical
purity; a small increase in the amount of the meso-isomer
was noted with respect to the reaction with 60% mol catalyst
(Table 1, entries 1 and 2). The high stereoselectivity of the
reaction was not substantially affected by further decrease in
the amount of (R)-CBS to 10% mol (entry 3) so that
enantiopure diol with a diastereomeric ratio 89:11 was
isolated. The observed decrease in diastereoselectivity is in
agreement with the generally accepted explanation that a
decrease in the catalyst amount implies an increase in the
unselective chemical reduction of carbonyl groups by
borane itself.7

The use of 20% mol catalyst in the reduction of 6 resulted in
a dramatic change of the reaction rate, so that after 24 h the
starting diketone (20%) and the intermediate monoketone (S)-
12 (54%) were also present in the reaction mixture.
Furthermore, the obtained diol 9 showed a high content of
the meso-isomer (entry 6). Using an excess of BH3$Me2S
(2.5 equiv) exhaustive conversion of 6 was reached in 4 h, but
the diastereomeric ratio was substantially unchanged (entry 7)
allowing us to deduce that the uncatalyzed borane reduction of
diketone was not responsible for all meso-isomer formation.7a

A parallel experiment of reduction of the racemic
Time (h) Conv. %b Diol % eec dl/meso ratioc

0.5 100 O99 94:6
1 100 O99 92:8
3 100 98 89:11
3 100 92 73:27
1 100 O99 96:4

24 80e 96 79:21
4 100 O99 75:25
3 100 O99 86:14
3 100 65 56:44

24 41 87 51:49
1 100 O99 97:3
3 100 98 81:19
1 100 O99 87:13
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hydroxyketone (G)-12 (entry 10) indicated the resistance of
this substrate to be converted into the corresponding diol
and, after 24 h, 60% of unchanged (G)-12 was isolated
from the reaction mixture. Due to the racemic nature of the
recovered 12, it is easy to deduce that both enantiomers
reacted at the same rate giving a (S,S)-diol with 87% ee and
a 51:49 diastereomeric ratio.

We then considered diketone 7, related to 6 by substitution
of the para-methyl ether with an acetoxygroup, as substrate
for the CBS-catalyzed asymmetric reduction. In a compari-
son between the corresponding ‘monomers’,8 the asym-
metric reduction of 3-methoxy-4-acetylacetophenone
proceeded with better selectivity with respect to 3,4-
dimethoxyacetophenone.

In agreement with our previous results, using the standard
procedure with 60% mol of catalyst, excellent enantio- and
diastereoselectivity were obtained in the reduction of 7 and
diol (S,S)-10 with O99% ee and 97:3 diastereoisomeric
ratio was isolated in 90% yield (entry 11). However, as
observed for 6, the reduction of catalyst to 20% mol
afforded a marked decrease in diastereoselectivity never-
theless the conversion of diketone 7 was complete in 3 h
(entry 12).

From these data it seems clear that the presence of a
methoxy group in the meta-position with respect to the
carbonyl group has an influence on the stereoselective
course of the CBS-catalysed reduction,9 mainly evident
when the amount of the catalyst is decreased. This effect
could be due to sterical hindrance during the coordination of
the substrate to the intermediate oxazaborolidine–borane
complex since it is generally observed in substituted
biphenyls that the influence of meta substituents is mainly
related to steric factors.10

We then examined the CBS-catalysed (20% mol) reduction
of diketones 5–7 in a different solvent; changing the reaction
solvent from tetrahydrofuran to toluene,11 the reduction of 6
and 7 in both cases proceeded with better diastereoselec-
tivity and reaction rate (compare entries 6 and 8 for
compound 6 and entries 12 and 13 for compound 7) whereas
the solvent effect was opposite for diketone 5 which in
toluene afforded the corresponding diol 8 with markedly
lower enantiomeric and diastereoisomeric purity (compare
entries 2 and 4). As a possible explanation, the two
oxygenated functionalities at the 5(5 0) and 6(6 0) positions
(two methoxyl groups for compound 6 and a methoxyl
group and an acetyl group for compound 7) could be
involved in coordination with the catalyst. This interaction,
most stabilized in the more coordinating solvent THF, could
remove the catalyst from the carbonyl group with
consequent lowering of reaction rate and stereoselectivity.

2.2. Determination of the selectivity ratios

Although enantiopure dicarbinols are often obtained in the
asymmetric reduction of symmetrical diketones, as a
consequence of statistical multiplicative effect of the selec-
tivities for each reduction step, the formation of the meso
diastereomers cannot be overlooked.7,12 Indeed, the
observed diastereoselectivity is usually lower than expected
from statistical argument based on the results for the related
monoketones and in some instances an intramolecular
hydride transfer of the initially formed –OBH2 group to
the vicinal carbonyl group in the intermediate ketoalcohol
has been invoked.13 Other authors suggested that the
uncatalysed reduction by free borane has higher significance
for the more reactive diketones with respect to simple
monoketones.7c

However, the asymmetric reduction of a diketone could not
be considered merely a sum of two independent steps
because the first introduced stereocentre on the intermediate
hydroxyketone could influence the stereoselectivity of
second carbonyl group reduction, so that the final
diastereoselectivity could be intrinsically due to a difference
in the selectivities rather than a competing chemical
pathway.

A mathematical relationship between the diastereo- and
enantiomeric excesses of a diol obtained from the CBS-
reduction of a prochiral C2-symmetrical diketone has been
recently described by Kagan14 under the assumption that the
enantioselectivity in the first reduction step and the
diastereoselectivities in the second one are the same.

Eediol Z
2

ffiffiffiffiffiffi
De

p

ð1CDeÞ
(1)

In a general and complementary approach, the enantiomeric
excess and the diastereomeric ratio of the diol obtained from
the reduction of a prochiral C2-symmetrical diketone with a
catalyst with S stereopreference, can be expressed as a
function of the selectivity ratios for each reduction step,
defined as

A1 Z
½S�

½R�
; A2 Z

½SS0�

½SR0�
and A3 Z

½RS0�

½RR0�

where R and S refer to the configuration of the first
carbinolic center and S 0 and R 0 to the second one (see
Scheme 1). The enantiomer ratio (Er) and diastereomer ratio
(Dr) of the obtained diol are given by the following
equations:

Er Z
SS0

RR0
ZA1

A2

A2 C1
ðA3 C1Þ (2)

Dr ¼
SS0 þ RR0

RS0 þ SR0
¼

A1A2

1þA2
þ 1

1þA3

A1

1þA2
þ A3
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A2ðEr þ 1Þ

ðEr þ A2A3Þ
(3)

where Er and Dr are easily derived from the experimental
data by

Er Z
1CEe

1KEe
; Dr Z

1CDe

1KDe

Since in the Eq. 2 the term A2/A2C1 tends to 1 increasing
the A2 value, the final Er value depends linearly on A1 and
A3, the most influence being due to the selectivity in the first
step of reaction.15

The optimal value of Dr, compatible with a satisfactory Er,
depends on an appropriate balance of A2 and A3 and, for a
defined A1 selectivity, the amount of meso-isomer is



Scheme 1. Stereochemical distribution of the formed products in the asymmetric reduction of a symmetric prochiral diketone.
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minimized for high values of A2 and low values of A3;
however, too low A3 selectivity directly affects the optical
purity of the chiral diols.

Due to the impossibility to evaluate the individual amounts
of RS 0 and SR 0 indistinguishable diols in the final reaction
mixture the simultaneous determination of the three
selectivity ratios is not possible in the asymmetric reduction
of C2-symmetrical diketones, but when the related racemic
hydroxyketone is reacted in the same conditions used for a
diketone, the determination of diastereo- and enantiomeric
composition of the obtained diol could allow calculation of
A2 and A3.

These A2 and A3 ratios describe the stereoselectivity of the
reduction of one carbonyl group under the influence of the
chirality of a carbinolic function present on the same
molecule and it could be assumed that, in the same way,
they express the stereoselectivity of the second step of the
reduction of a symmetrical diketone. Under this assumption,
applying these A2 and A3 values and the experimental Er of
the diol obtained from the reduction of diketone to Eq. 2, the
A1 ratio can be calculated.

As an example of this approach, we reduced hydroxyketone
(G)-11 in the presence of 10% mol of CBS-catalyst and,
from the enantio- and diastereomeric ratios of the obtained
(S,S)-8 (see entry 9), we calculated

A2 ¼
½SS0�

½SR0�
¼ 12:1 and A3 ¼

½RS0�

½RR0�
¼ 4:1

When these values were used in Eq. 2 applying the
experimental Er for the reaction of entry 2, the A1 ratio
was derived as
A1 ¼
½S�

½R�
¼O42:2

In the same way, the combination of the data obtained in the
reduction of hydroxyketone (G)-12 (entry 10) and diketone
6 (entry 6) using the same amount of catalyst/carbonyl
group, allowed us to calculate the selectivity ratios

A1 Z 3:4; A2 Z 20:6 and A3 Z 14:1

On the basis of the determined selectivity ratios, some
important considerations arise:
(a)
 although the hydroxyl group of (G)-11 or (G)-12 is
quite distant from the carbonyl moiety, a long range
influence of its stereochemistry could be deduced from
the difference in the A2 and A3 selectivity ratios;
(b)
 the high stereoselectivity observed in the reduction of 5
with respect to 6 could be explained taken into account
the marked difference (about 10-fold) in the corre-
sponding A1 values. Due to the multiplicative effect of
the selectivity ratios, the enantiomeric excess of the
obtained diols is quite satisfactory in both cases, but not
the diastereomeric ratio;
(c)
 in the diketone 6, the presence of a methoxy group in
the meta position with respect to the carbonyl group
mainly influences the first step of reduction rather the
second one, that proceeded with better selectivity ratios.
This finding could be in agreement with a faster
uncatalyzed reduction of the first carbonyl group by
the free borane with respect the second one, as
suggested by some authors;7c
(d)
 the significance of this uncatalyzed reduction seems to be
minimized in the diketone 5, where the absence of
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the meta-substituent could promote a more efficient
coordination of the diketone with the oxazaborolidine–
borane complex and the subsequent asymmetric hydride
transfer.
3. Conclusions

We have reviewed the (R)-CBS-catalyzed asymmetric
reduction of biphenylmethylketones 5 and 6 under different
experimental conditions and extended our protocols to the
related diketone 7. The reduction of 5 proceeded with
satisfactory stereoselectivity also in the presence of 10%
mol (5% equiv) of catalyst. In the reduction of diketones 6
and 7, possessing a meta-substituent with respect to the
carbonyl group, the amount of meso-isomer contaminating
the optically active diols is clearly dependent on the experi-
mental conditions. An interesting improvement in the reac-
tivity, enantioselectivity and diastereoselectivity was
observed in the reduction of biphenyls 6 and 7 when the
reaction was carried out in toluene with respect to THF.

The quantitative relationship between the experimental
enantio- and diastereomeric ratio and the corresponding
selectivity ratios for each step of the reduction have been
developed and discussed.
4. Experimental

4.1. General

1H and 13C NMR spectra were recorded in CDCl3 on a
Bruker Avancee 400 spectrometer Chemical shift (d) are
given as ppm relative to the residual solvent peak. Coupling
constants (J) are in Hz. Optical rotations were measured on
a DIP 135 JASCO instrument. THF and toluene were
distilled under argon from sodium benzophenone ketyl. (R)-
Methyl-CBS–oxazaborolidine, (R)-CBS, was purchased
from Aldrich as 1 M solution in toluene. All the CBS-
catalyzed reactions were carried out under argon using
standard Schlenk techniques. Column chromatography was
performed on silica gel 60 (70–230 mesh) using the
specified eluants. Chiral HPLC analyses were carried out
on Chiracelw OD column (Daicel Chemical Industries)
using n-hexane/iso-propanol mixtures as a mobile phase and
detection by UV–vis detector at 225 nm.
4.2. General procedure for the asymmetric reduction

In a typical procedure, (R)-CBS (0.36 mmol, 0.36 mL of 1 M
solution in toluene) was dissolved in THF (8 mL) under argon
and cooled to 0 8C. From a syringe charged with BH3$Me2S
(2 M in THF, 0.6 mL, 1.2 mmol) dissolved in 8 mL of THF,
20% of the final amount was added to the catalyst solution.
After 10 min of stirring, the remaining BH3$Me2S and a
solution of diketone (0.6 mmol in 10 mL of THF) were
simultaneously added by syringe pump within 20 min. The
reaction mixture was then stirred at room temperature and
stopped when quantitative conversion of the substrate was
observed by TLC analysis. At the completion, the reaction was
quenched by careful dropwise addition of MeOH (2 mL),
diluted with sat. NH4Cl (50 mL) and extracted with AcOEt
(3!30 mL). The organic layer was washed with brine, dried
over Na2SO4 and taken to dryness under vacuum to give a
residue that was purified by column chromatography.
4.2.1. 1,1 0-[5,5 0-Dimethoxy-6,6 0-diacetoxy-1,1 0-biphenyl-
3,3 0-diyl]diethanone, 7. To a suspension of 1,1 0-[6,6 0-
dihydroxy-5,5 0-dimethoxy-1,1 0-biphenyl-3,3 0-diyl]dietha-
none (0.5 g, 1.5 mmol) in dry pyridine (10 mL), acetyl
chloride (0.36 g, 4.5 mmol) was added dropwise. The mixture
was stirred at rt for 6 h then treated with 10% HCl until pH 3
and extracted with CH2Cl2 (3!30 mL). The organic phases
were collected, dried over Na2SO4 and evaporated to dryness.
The crude product was purified by flash chromatography
(pentane:AcOEt 60:40, Rf 0.35) to obtain diketone 7 (0.41 g,
66% yield) as white solid, mp 208–209 8C; IR (KBr) 2941,
1765, 1686, 1591, 1369, 1197 cmK1; 1H NMR: d 2.12 (6H, s,
OAc), 2.58 (6H, s, MeCO), 3.93 (6H, s, OMe–), 7.47 (2H, d,
JZ2.0 Hz, 2!Ar-H), 7.64 (2H, d, JZ2.0 Hz, 2!Ar-H); 13C
NMR: d 19.5, 25.7, 55.5, 110.2, 122.8, 130.0, 134.5, 140.9,
150.9, 167.2, 195.9. Anal. Calcd for C22H22O8: C, 63.76; H,
5.35. Found: C, 63.95; H, 5.40%.
4.2.2. (1S,1 0S)-1,1 0-[5,5 0-Dimethoxy-6,6 0-diacetoxy-1,1 0-
biphenyl-3,3 0-diyl]diethanol, (K)-10. Asymmetric reduc-
tion of diketone 7 according the general procedure described
above (60% mol of catalyst) afforded diol (K)-10 as a
glassy solid in 85% isolated yield, RfZ0.26 (CH2Cl2/AcOEt
60:40); O99% ee; 97:3 diastereoisomeric ratio; [a]DZ
K22.3 (c 1.42, CHCl3); IR (liquid film) 3414, 2972, 1762,
1591, 1370, 1200 cmK1; 1H NMR: d 1.53 (6H, d, JZ6.4 Hz,
MeCH–), 2.11 (6H, s, OAc–), 3.89 (6H, s, OMe–), 4.91 (2H,
q, JZ6.4 Hz, CHOH–), 6.83 (2H, d, JZ1.9 Hz, 2!Ar-H),
7.07 (2H, d, JZ1.9 Hz, 2!Ar-H); 13C NMR: d 21.1, 25.9,
56.7, 70.8, 109.5, 120.1, 131.9, 137.3 144.7, 152.0, 169.4.
HPLC: n-hexane/2-PrOH 85:15, flow rate 0.5 mL/min, tR/
minZ20.9 (1S,1 0S), 23.1 (1R, 1 0S), 28.2 (1R,1 0R) Anal.
Calcd for C22H26O8: C, 63.15; H, 6.26. Found: C, 63.28; H,
6.28%.
4.2.3. 1-[30-(1-Hydroxyethyl)-6,60-dimethoxy-1,10-biphenyl-
3-yl]ethanone, (G)-11. Compound 5 (500 mg, 1.65 mmol)
was dissolved in THF (10 mL) and a solution of NaBH4

(26 mg, 0.7 mmol) in MeOH (1 mL), was added dropwise.
The reaction mixture was stirred at rt and after 2 h diols
began to be detected by TLC analysis. The excess of NaBH4

was quenched with MeOH (2 mL) and the reaction mixture
diluted with H2O (15 mL) and extracted with AcOEt (2!
20 mL). The combined extracts were dried over Na2SO4 and
evaporated under reduced pressure to give a residue that was
purified on silica gel column eluting with CH2Cl2/AcOEt
80:20 to give (G)-11 as a viscous oil, (280 mg, 57% yield).
Unreacted diketone 5 and diol (G)-8 were discarded. RfZ
0.34 (CH2Cl2/AcOEt 80:20); IR (liquid film) 3413, 2968,
1672, 1597, 1249 cmK1; 1H NMR: d 1.27 (3H, d, JZ6.4 Hz
MeCH–), 2.58 (3H, s, MeCO), 3.78 (3H, s, OMe–), 3.85
(3H, s, OMe–), 4.90 (1H, q, JZ6.4 Hz, –CHOH), 6.97 (1H,
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d, JZ8.4 Hz, Ar-H), 7.02 (1H, d, JZ8.6 Hz, Ar-H), 7.26
(1H, d, JZ2.1 Hz, Ar-H), 7.39 (1H, dd, JZ8.4, 2.1 Hz, Ar-
H), 7.88 (1H, d, JZ2.2 Hz, Ar-H), 8.00 (1H, dd, JZ8.6,
2.2 Hz, Ar-H); 13C NMR: d 24.8, 26.2, 55.7, 69.7, 110.2,
110.9, 125.0, 126.6, 127.6, 128.5, 129.7, 129.8, 131.0,
137.6, 156.3, 160.9, 196.7. Anal. Calcd for C18H20O4: C,
71.98; H, 6.71. Found: C, 72.09 H, 6.77%.
4.2.4. 1-[30-(1-Hydroxyethyl)-5,50,6,60-tetramethoxy-1,10-
biphenyl-3-yl]ethanone, (G)-12. Reduction of diketone 6
(500 mg 1,38 mmol) with NaBH4 according to the pro-
cedure described above afforded a residue that was purified
on silica gel column (CH2Cl2/AcOEt 80:20) to afford pure
(G)-12 as a viscous oil (300 mg, 60% yield); RfZ0.30
(CH2Cl2/AcOEt 80:20); IR (liquid film) 3418, 2966, 2937,
1678, 1580, 1362, 1280, 1146 cmK1; 1H NMR d 1.54 (3H,
d, JZ6.4 Hz, MeCH–), 2.58 (3H, s, MeCO), 3.65 (3H, s,
OMe–), 3.77 (3H, s, OMe–), 3.96 (3H, s, OMe–), 3.98 (3H,
s, OMe–) 4.91 (1H, q, JZ6.4 Hz, –CHOH), 6.86 (1H, d, JZ
1.9 Hz, Ar-H), 7.05 (1H, d, JZ1.9 Hz, Ar-H), 7.51 (1H, d,
JZ1.9 Hz, Ar-H), 7.6 (1H, d, JZ1.9 Hz, Ar-H); 13C NMR:
d 25.2, 26.4, 55.9, 55.9, 60.6, 60.8, 109.1, 110.5, 119.8,
125.1, 131.7, 132.0, 132.4, 141.3, 151.2, 152.8, 152.8. Anal.
Calcd for C20H24O6: C, 66.65; H, 6.71. Found: C, 66.81; H,
6.76%.
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Ruiz, A.; Claver, C. Tetrahedron: Asymmetry 2000, 11,

1097–1108. (f) Mikami, K.; Aikawa, K.; Yusa, Y.; Hatano,

M. Org. Lett. 2002, 4, 91–94.

4. Mikami, K.; Yamanaka, M. Chem. Rev. 2003, 103,

3369–3400.

5. Delogu, G.; Fabbri, D.; de Candia, C.; Patti, A.; Pedotti, S.

Tetrahedron: Asymmetry 2002, 13, 891–898.

6. Delogu, G.; Dettori, M. A.; Patti, A.; Pedotti, S.; Forni, A.;

Casalone, G. Tetrahedron: Asymmetry 2003, 14, 2467–2474.

7. (a) Quallich, G. J.; Keavey, K. N.; Woodall, T. M. Tetrahedron

Lett. 1995, 36, 4729–4732. (b) Bach, J.; Berenguer, R.; Garcia,

J.; Loscertales, T.; Manzanal, J.; Vilarrasa, J. Tetrahedron

Lett. 1997, 38, 1091–1094. (c) Bach, J.; Berenguer, R.; Garcia,

J.; Lopez, M.; Manzanal, J.; Vilarrasa, J. Tetrahedron 1998,

54, 14947–14962. (d) Shimizu, M.; Yamada, S.; Fujita, Y.;

Kobayashi, F. Tetrahedron: Asymmetry 2000, 11, 3883–3886.

8. Ponzo, V. L.; Kaufman, T. S. Tetrahedron Lett. 1995, 36,

9105–9108.

9. The reduction of 4-methoxyacetophenone with CBS catalyst

gave 4-methoxy-a-methylbenzenemethanol with O99% ee.

Mathre, D. J.; Thompson, A. S.; Douglas, K. H.; Carroll, J. D.;

Corley, E. G.; Grabowski, E. J. J. J. Org. Chem. 1993, 58,

2880–2888. Using the same procedure 3,4-dimethoxyaceto-

phenone gave the corresponding alcohol with 88% ee (see

Ref. 8).

10. Wolf, C.; König, W. A.; Roussel, C. Liebigs Ann. 1996,

357–363.

11. (a) Corey, E. J.; Cheng, X.-M.; Cimprich, K. A.; Sarshar, S.

Tetrahedron Lett. 1991, 32, 6835–6838. (b) Manju, K.;

Trehan, S. Tetrahedron: Asymmetry 1998, 9, 3365–3369. (c)

Ponzo, V. L.; Kaufman, T. S. Synlett 2002, 7, 1128–1130.

12. (a) Chong, J. M.; Clarke, I. S.; Koch, I.; Olbach, P. C.; Taylor,

N. J. Tetrahedron: Asymmetry 1995, 6, 409–418. (b) Shimizu,

M.; Tsukamoto, K.; Matsutani, T.; Fujisawa, T. Tetrahedron

1998, 54, 10265–10274. (c) Schwink, L.; Knochel, P. Chem.

Eur. J. 1998, 4, 950–968.

13. Prasad, K. R. K.; Joshi, N. N. J. Org. Chem. 1996, 61,

3888–3889.

14. Lagasse, F.; Tsukamoto, M.; Welch, C. J.; Kagan, H. B. J. Am.

Chem., Soc. 2003, 125, 7490–7491.

15. Under the assumption of Kagan, i.e. A1ZA2ZA3, ErZA2;

DrZ(A2C1)/2A and the Eq. 1 is satisfied.



Studies on the catalytic hydrogenation of Baylis–Hillman
derivatives of substituted isoxazolecarbaldehydes. Unusual

retention of isoxazole ring during Pd–C-promoted hydrogenation
of Baylis–Hillman adducts*,**

R. Saxena, V. Singh and S. Batra*

Medicinal Chemistry Division, Central Drug Research Institute, PO Box 173, Lucknow 226 001, India

Received 28 May 2004; revised 27 July 2004; accepted 19 August 2004

Abstract—Results of the catalytic hydrogenation of Baylis–Hillman adducts obtained from substituted 3-, 4- and 5-isoxazolecarbox-
aldehydes and their corresponding acetates in the presence of Raney-Ni and Pd–C are presented. The hydrogenation of Baylis–Hillman
adducts of substituted 5-isoxazolecarbaldehydes and 3-isoxazolecarbaldehydes in the presence of Raney-Ni furnishes diastereoselectively
syn enaminones over anti and in the presence of boric acid as an additive further enhancement of diastereoselectivity in favor of syn isomer is
observed. The Pd–C-promoted hydrogenation of these substrates is also diastereoselective in favor of syn isomer but occurs without the
hydrogenolysis of isoxazole-ring. The presence of boric acid as an additive in this hydrogenation exhibits no pronounced effect on
diastereoselectivity. The Raney-Ni-mediated hydrogenation of Baylis–Hillman adducts of substituted 4-isoxazolecarbaldehydes yield
pyridone derivatives and Pd–C-promoted hydrogenation of the same substrate is diastereoselective to afford the anti isomer of the resulting
products. The enaminones derived from Baylis–Hillman adducts of 3- and 5-isoxazolecarbaldehydes serve as versatile precursors for a 0-
hydroxy-1,3-diketones, which undergo acid-catalyzed ring-closure reaction to afford the furanone derivatives in excellent yields.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The isoxazole heterocycle represents masked b-enaminone
and 1,3-dione systems because of the lability of the N–O
bond towards catalytic and chemical reductions under mild
conditions.1–5 This ability of the isoxazole-ring besides
making it a useful synthetic intermediate also evokes
interest to understand reasons for biological activity because
our interest in the Baylis–Hillman chemistry of isoxazole-
carbaldehydes has not only led us to generate novel
isoxazole-based synthetic intermediates but has also led to
identification of bioactive compounds.6–10

The hydrogenation studies of the Baylis–Hillman adduct
and their corresponding derivatives under heterogeneous
catalytic conditions with Pd–C and rhodium have been
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.068
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earlier reported.11–14 While these detailed studies address
the issue of diastereoselectivity in the reduced product under
different additives and solvent conditions, the fate of the
Baylis–Hillman adducts during hydrogenation in the
presence of Raney-Ni remains unreported. Since
the isoxazole ring is known to undergo hydrogenolysis in
the presence of Raney-Ni and Pd–C,15–18 it was desired to
evaluate the effect of these catalysts on the Baylis–Hillman
adducts of substituted isoxazolecarbaldehydes. During the
course of this study we have noted some unusual and
interesting observations, which prompt us to report our
findings.
2. Results and discussion

The hydrogenation of the Baylis–Hillman adducts 2a–c and
3b, originating from substituted 5-isoxazolecarbaldehydes
1a–c, in the presence of Raney-Ni in appropriate solvent led
to diastereoisomeric mixtures of the enaminones 4a–c and
5b, respectively (Scheme 1). Beside other spectroscopic
evidence, the opening of the isoxazole-ring was character-
ized by the presence of two broad singlets for NH2 protons
and an upfield shift of the isoxazole ]CH proton from d
Tetrahedron 60 (2004) 10311–10320



Scheme 1. Reagents and conditions (a) CH2]CHEWG, DABCO, 30 min (b) Raney-Ni, H2 (balloon at rt or Parr assembly at 30 psi), MeOH, 3 h (c) Pd–C, H2,
(balloon at rt or Parr assembly at 30 psi), MeOH or EtOAc, 2–2.5 h (6b to 4b, 10 h) (d) CH3COCl, pyridine, CH2Cl2, rt, 3–5 h (e) NaBH4, MeOH, rt, 2 h (f)
DABCO, NaBH4, THF: H2O (1:1), rt, 15 min (g) HC (HCl, H2SO4, CH3CO2H at rt, or mixture of HCO2H and CH3CO2H at 60 8C), 24 h.
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6.5–5.5 of enaminone in the 1H NMR spectrum. The
hydrogenation of 3b in particular aimed to understand the
influence of the ester group on the outcome of hydrogen-
ation. The analyses of the stereochemistry of the hydrogen-
ation products were based on their 1H NMR spectra, which
revealed syn selectivity over the anti products in the range
of 2–2.5:1. Compared to these observations, the Pd–C
promoted catalytic hydrogenation of compounds 2a–c using
methanol or ethyl acetate as solvent gave diastereoisomeric
mixture of products 6a–c. The absence of the signal for the
amino group of the enamine and the unchanged chemical
shift of the ]CH proton of the isoxazole-ring in the 1H
NMR spectra coupled with mass spectra of these com-
pounds indicated that only the reduction of the methylene
group had occurred with retention of isoxazole-ring. This
Scheme 2. Reagents and conditions (a) CH2]CHCO2Me, DABCO, 30 min (b) R
H2, (Balloon at rt or Parr assembly at 30 psi), MeOH or EtOAc, 2–2.5 h, (20b to
THF: H2O (1:1), rt, 15 min (f) HC (HCl, H2SO4, CH3CO2H at rt, or mixture of H
result was contrary to the previous literature reports where
hydrogenolysis of the isoxazole ring under similar con-
ditions has been reported.19–21 In these cases, the reaction
was also diastereoselective in favor of syn isomer over anti
(ratio of 3:1). In our attempts to understand this unusual
behavior, the Pd–C-mediated hydrogenation was carried out
under different conditions. In the first instance in a
representative example, the Pd–C promoted hydrogenation
of compound 2b was continued for more than 24 h but no
hydrogenolysis was observed and compound 6b was
isolated exclusively. Thereafter, the reaction was carried
out with an excess of catalyst (ca. 3–5 fold) without any
success. Successively, the compound 6b was again
subjected to hydrogenation in the presence of Pd–C.
Interestingly this reaction was completed within 10 h to
aney-Ni, H2 (balloon at rt or Parr assembly at 30 psi), MeOH, 3 h (c) Pd–C,
19b, 10 h) (d) CH3COCl, pyridine, CH2Cl2, rt, 2–3 h (e) DABCO, NaBH4,

CO2H and CH3CO2H at 60 8C), 24 h.



Scheme 3. Reagents and conditions (a) CH2]CHCO2Me, DABCO, 2d (b) Raney-Ni, H2 (balloon at rt or Parr assembly at 30 psi), MeOH, 3 h (c) Pd–C, H2,
(balloon at rt or Parr assembly at 30 psi), MeOH or EtOAc, 2–2.5 h (d) CH3COCl, pyridine, CH2Cl2, rt, 1 h (e) PBr3, CH2Cl2, rt, 45 min.

R. Saxena et al. / Tetrahedron 60 (2004) 10311–10320 10313
yield the hydrogenolysis products 4b exclusively. In view of
these results, we next examined the hydrogenation of the
Baylis–Hillman adducts of 3- and 4-isoxazolecarbalde-
hydes. Similar to reactions of the Baylis–Hillman adducts of
5-isoxazolecarbaldehydes, the hydrogenation of the Baylis–
Hillman adducts (18a–b, d), derived from substituted
3-isoxazolecarbaldehydes (17a–b, d) in the presence of
Raney-Ni led to isolation of envisaged enaminones (19a–b,
d) in good yields (Scheme 2). The observed diastereo-
selectivity in favor of syn isomer over the anti isomer was
slightly better as compared to the enaminones derived from
Baylis–Hillman derivatives of 5-isoxazolecarbaldehydes
because the ratio ranged from 4 to 5:1. The hydrogenation
of adducts 18a–b, d in the presence of Pd–C afforded
diastereoisomeric mixtures (syn:anti, 2:1) of products
20a–b, d without the hydrogenolysis of the isoxazole ring.
However when compound 20b was again subjected to
hydrogenation, the hydrogenolysis of the isoxazole-ring did
occur to afford enaminone 19b. Interestingly when the
Baylis–Hillman adducts (27a–b), derived from substituted
4-isoxazolecarbaldehydes, were subjected to hydrogenation
in the presence of Raney-Ni; the envisaged enaminones
(28a–b) could not be isolated. The two products isolated
from the reaction were identified as substituted pyridones
29a–b and enaminones 30a–b (Scheme 3). The formation of
the minor product namely the pyridone derivative (29a–b)
can be rationalized on the basis of hydrogenolysis of the
isoxazole ring followed by ring closure involving the amino
and the ester group followed by dehydration.22 The
plausible explanation for the formation of compound 30 is
shown in Figure 1. However the hydrogenation of
compounds 27a–c in the presence of Pd–C was stereo-
specific to afford the anti isomer of products 31a–c without
Figure 1.
the cleavage of the isoxazole-ring. Since enaminones 28a–b
were not isolated during the hydrogenolysis of compounds
27a–b, no attempts were made to carry out Pd–C-promoted
hydrogenolysis of compounds 31a–c.

In the next stage of the study we directed our attention
towards evaluating the effect of hydrogenation on the
acetates derived from the Baylis–Hillman adducts of
substituted isoxazolecarbaldehydes. The Raney-Ni pro-
moted hydrogenolysis of acetates 7a–b and 8b led to
enaminones 9a–b and 10b, respectively (Scheme 1). Such
products may have resulted via hydrogenolysis of the
isoxazole-ring with simultaneous loss of acetic acid
followed by the reduction of the double bond in the
intermediate. In principle, a product similar to compound 9
could be generated from compound 12 or 13, which in turn
can be easily synthesized through reaction of sodium
borohydride with the acetate (7) under appropriate con-
ditions.9,10 In order to obtain chemical evidence for the
formation of compounds 9–10, compounds 12b and 13b
were subjected to hydrogenation in the presence of Raney-
Ni. As envisaged both reactants led to the product 9b in
good yield. To evaluate the fate of hydrogenation in the
presence of Pd–C, acetates 7a–b were subjected to
hydrogenation in the presence of this catalyst. Unlike the
corresponding Baylis–Hillman adduct (2a–b), the acetates
(7a–b) invariably furnished a separable mixture of two
products. The non-polar products were identified as 11a–b
while the polar products were 6a–b (Scheme 1). The
formation of compounds 11a–b could be rationalized based
on a similar mechanism for compounds 9–10 except for the
cleavage of the isoxazole-ring. As reported earlier13

compound 6 may have resulted from simple reduction of
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the double bond with simultaneous deacetylation. In
accordance with the literature precedence,13 we too did
not observe diastereoselectivity during the formation of
product 6. The additional chemical evidence for the
formation of product 11 was achieved by Pd–C-mediated
hydrogenation of compounds 12b and 13b, which furnished
the product 11b. Further evidence for the assigned structure
to compound 11 came from the Raney-Ni promoted
hydrogenolysis of 11b to furnish compound 9b. In addition,
when compound 11b was subjected to hydrogenation in the
presence of Pd–C the hydrogenolysis of the isoxazole-ring
does occur to yield compound 9b.

The Raney-Ni catalyzed hydrogenation of acetates 21a–b, d
yielded exclusively the expected enaminones 22a–b, d in
good yields (Scheme 2). However the Pd–C promoted
hydrogenation of these acetates (21a–b) gave a mixture of
two products. Based on the spectroscopic evidence these
products were identified as 23a–b and 24a–b. Contrary to
the observation with the corresponding derivatives obtained
from 5-isoxazolecarbaldehydes (7), the deacetylation does
not occur during the process and only the reduced products
23 are obtained. Further the stereochemistry of compounds
23 was in favor of the anti isomer over syn by 7:3. To
unambiguously confirm the formation of products 24a–b,
hydrogenation of compound 24b in the presence of Raney-
Ni led to isolation of product 22b. The Pd–C promoted
hydrogenation of compound 25b, that was in turn generated
from the sodium borohydride-promoted SN2 0 nucleophilic
substitution of hydride on the acetate 21b, yielded the
product 24b.

The hydrogenation of acetates (32a–c) generated from
Baylis–Hillman adducts of substituted 4-isoxazolecarb-
aldehydes was found to be significantly different. The
hydrogenolysis of compounds 32a–c in the presence of
Raney-Ni invariably led to isolation of enaminones 34a–c
(Scheme 3). Unlike the reaction of other acetates described
earlier in this text, the hydrogenolysis of the isoxazole ring
here may have proceeded with simultaneous reduction of
the methylene group and elimination of acetic acid.
However, it seems that further reduction of double bond
possibly did not occur because of the steric impedance. On
the basis of NOE studies the stereochemistry of the product
34 was assigned as Z. In our efforts to gain further insight
into the formation of product 34, the allylic bromide 33b
was generated and subjected to hydrogenolysis in the
presence of Raney-Ni. This reaction also afforded com-
pound 34b. Similarly, the Pd–C catalyzed hydrogenation of
acetates 32a–c also led to the isolation of products 34a–c.
Scheme 4. Reagents and conditions (a) Raney-Ni, H2, H3BO3, rt, 6 h.
The formation of compounds 34a–c was in contrast to other
Pd–C mediated reactions carried out during this study where
the ring-cleavage did not take place. Thus the extensive
hydrogenation studies carried out herein indicate that the
behavior of the Baylis–Hillman derivatives of 5- and
3-isoxazolecarbaldehydes is very much similar during the
Raney-Ni and the Pd–C-promoted reactions whereas the
Baylis–Hillman derivatives obtained from 4-isoxazole-
carbaldehydes yields significantly different products. The
change in the ester group does not affect the outcome of the
hydrogenation reaction. At this point of time the present
investigations do not impart any explanation for the stability
of the isoxazole ring during Pd–C-promoted hydrogenation
of derivatives of Baylis–Hillman reaction of isoxazole-
carbaldehydes. Nevertheless, once the double bond present
in the side-chain is saturated the hydrogenolysis of the
isoxazole-ring does take place in the presence of Pd–C.

It has been reported earlier that the a 0-hydroxy-1,3-
diketones derived from isoxazoles provide a facile synthetic
method to obtain 3(2H)-furanones derivatives.23–25 In a
similar observation Chimichi et al. recently reported the
synthesis of substituted 3(2H)-furanones through appro-
priately substituted a 0-hydroxy-1,3-diketones utilizing
isoxazoles as the starting substrate. As part of our objectives
to demonstrate the synthetic utility of the enaminones
synthesized during this study, compounds 4a–b, 5b and
19a–b, d were subjected to acid-promoted cyclization-
dehydration reaction. The reaction of compounds 4a–c, 5b
and 19a–b, d with HCl or H2SO4 led to the furanones 14a–d
and 15b in moderate yields only. However excellent yields
of furanones (14a–d and15b) were achieved when the same
reaction was carried out in the presence of a mixture of
acetic acid and formic acid (Scheme 1 and 2). To provide
chemical evidence for the fact that the formation of
furanones is via the cyclodehydration of the diketo
derivatives afforded by the enaminones in the presence of
acid, compound 10b was treated with acid to yield the
diketo-derivative 16b in quantitative yields. It has been
reported26 earlier that Raney-Ni-promoted hydrogenation of
2-isoxazolines and isoxazoles, in the presence of boric acid
leads to diketo-derivatives. To assess the possibility of
generating these furanones through one pot reaction we
decided to carry out the Raney-Ni-mediated hydrogenation
of 2a–c in the presence of boric acid.27 This hydrogenation
though did not yield the desired furanones; there was a
dramatic change in the degree of diastereoselectivity
(Scheme 4). The syn isomer was preferentially obtained
over anti isomer as shown in Table 1. Encouraged by this
observation we also subjected the Baylis–Hillman



Table 1. Ratio of syn and anti enaminones derivative obtained without and
with boric acid during Raney-Ni promoted hydrogenation of Baylis–
Hillman adducts of 5 and 3-isoxazolecarbaldehydes

Compound
No.

Raney-Ni only
(syn:anti)

Raney-NiCboric acid
(syn:anti)

2a 4a (2:1) 4a (5:1)
2b 4b (5:2) 4b (6:1)
2c 4c (5:2) 4c (5:1)
3b 5b (4:1) 5b (9:1)
18a 19a (4:1) 19a (7:1)
18b 19b (5:1) 19b (13:2)
18d 19d (5:1) 19d (13:2)
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derivatives 2a and 18a to Pd–C-promoted hydrogenation in
the presence of boric acid. However during the process, we
did not observe any significant change in the
diastereoselectivity.
3. Conclusions

In summary, we have described some interesting obser-
vations made during the Raney-Ni and Pd–C catalyzed
hydrogenation of the Baylis–Hillman adducts generated
from 3-, 4- and 5-isoxazolecarbaldehydes and their
corresponding acetates. For the first time we report here
the diastereoselective hydrogenation of the Baylis–Hillman
derivatives in the presence of Raney-Ni. During the course
of the present study better diastereoselectivity was achieved
by carrying out these hydrogenations in the presence of
boric acid. Presently, it is difficult to assign reason for
preservation of the isoxazole-ring in the Pd–C-promoted
hydrogenation of derivatives of Baylis–Hillman reaction
during this study. The enaminones generated from the
hydrogenation of Baylis–Hillman adducts of isoxazole-
carbaldehydes could serve as direct access to substituted a 0-
hydroxy-1,3-diketones that are scarcely available.
4. Experimental

4.1. General

Melting points are uncorrected and were determined in
capillary tubes on a hot stage apparatus containing silicon
oil. IR spectra were recorded using a Perkin–Elmer RX I
FTIR spectrophotometer. 1H NMR and 13C NMR spectra
were recorded on either a 300 or a 200 MHz FT
spectrometer, using TMS as an internal standard (chemical
shifts in d values, J in Hz). The FABMS were recorded on
JEOL/ SX-102 spectrometers and ESMS were recorded
through direct flow injections in Merck M-8000 LCMS
system. Elemental analyses were performed on a Carlo Erba
1108 microanalyzer or Elementar’s Vario EL III micro-
analyzer. The spectroscopic data for all products obtained as
diastereoisomeric mixtures are presented as such and no
attempts were made to separate them. For preparation of
compounds 2, 7, 18, 21, 27 and 32 refer to Refs. 6, 8, 9.

4.2. Hydrogenation in the presence of Raney-Ni-
representative procedure

A mixture of compound 2a (520 mg, 2.0 mmol) and Raney-
Ni (100 mg in ethanol) in methanol (10 mL) was subjected
to hydrogenation either in the Parr assembly at 35 psi at rt or
stirred in a sealed vessel having hydrogen atmosphere
maintained by a balloon. The reaction was allowed to
continue for 2.5 h. Thereafter, the catalyst was removed by
vacuum-filtering the reaction mixture through a celite bed
with methanol. The filtrate was evaporated to obtain an oily
residue which was taken in ethyl acetate (2!20 mL) and
washed with water (20 mL). The organic layers were
collected, dried over anhydrous Na2SO4 and the solvent
was evaporated in vacuo to obtain a crude oily product.
Purification of the crude product by column chromato-
graphy over silica gel (230–400 mesh) using hexane:ethyl
acetate (3:2, v/v) as the eluent furnished compound 4a as
yellow oil.

4.2.1. 6-Amino-3-hydroxy-2-methyl-4-oxo-6-phenyl-hex-
5-enoic acid methyl ester (4a). 65% (0.34 g from 0.52 g of
2a); yellow oil; [found: C, 63.83; H, 6.19; N, 5.04.
C14H17NO4 requires C, 63.87; H, 6.51; N, 5.32]. nmax

(Neat) 1731 (CO2Me), 3406 (OH and NH2) cmK1; 1H NMR
(200 MHz, CDCl3) dZ1.07 (d, 3H, JZ7.0 Hz, –CH–
CH3anti), 1.26 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.90–2.99
(m, 2H, 2!–CH–CH3), 3.69 (s, 3H, CO2CH3syn), 3.75 (s,
3H, CO2CH3anti), 4.34 (brs, 1H, –CH(OH)–CHanti), 4.70
(brs, 1H, –CH(OH)–CHsyn), 5.47 (s, 1H, ]CHsyn), 5.49 (s
merged with brs, 3H, ]CHanti and 2!1H of NH2), 7.44–
7.58 (m, 10H, ArH), 9.89 (brs, 2H, 2!1H of NH2); mass
(FABC) m/z 264 (MCC1).

4.2.2. 6-Amino-3-hydroxy-2-methyl-4-oxo-6-p-tolyl-hex-
5-enoic acid methyl ester (4b). 67% (1.34 g from 2.0 g of
2b); yellow oil; [found: C; 65.23, H, 6.72; N, 4.88.
C15H19NO4 requires C, 64.97; H, 6.91; N, 5.05]. nmax

(Neat) 1730 (CO2Me), 3402 (OH and NH2) cmK1; 1H NMR
(300 MHz, CDCl3) dZ1.07 (d, 3H, JZ7.2 Hz, –CH–
CH3anti), 1.26 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.40 (s,
6H, 2!Ar–CH3), 2.87–2.97 (m, 2H, 2!–CH–CH3), 3.69
(s, 3H, CO2CH3syn), 3.74 (s, 3H, CO2CH3anti), 4.34 (t, 1H,
JZ6.0 Hz, –CH(OH)–CHanti), 4.68 (d, 1H, JZ3.0 Hz,
–CH(OH)–CHsyn), 5.45 (s, 1H, ]CHsyn), 5.48 (s, 1H,
]CHanti), 5.54 (brs, 2H, 2!1H of NH2), 7.25 (d, 4H, JZ
8.0 Hz, ArH), 7.45 (d, 4H, JZ8.0 Hz, ArH), 9.86 (brs, 2H,
2!1H of NH2); mass (ESC) m/z 300.73 (MCCNa).

4.2.3. 6-Amino-6-(2-chloro-phenyl)-3-hydroxy-2-methyl-
4-oxo-hex-5-enoic acid methyl ester (4c). 63% (0.72 g
from 1.14 g of 2c); yellow solid, mp 124–268C; [found: C,
56.85; H, 5.40; N, 4.44. C14H16ClNO4 requires C, 56.48; H,
5.42; N, 4.70]. nmax (KBr) 1730 (CO2Me), 3402 (OH and
NH2) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.07 (d, 3H,
JZ7.0 Hz, –CH–CH3anti), 1.25 (d, 3H, JZ7.2 Hz, –CH–
CH3syn), 2.87–2.98 (m, 2H, 2!–CH–CH3), 3.67 (s, 3H,
CO2CH3syn), 3.72 (s, 3H, CO2CH3anti), 4.28 (brs, 1H,
–CH(OH)–CHanti), 4.67 (brs, 1H, –CH(OH)–CHsyn), 5.23
(s, 1H, ]CHsyn), 5.25 (s, 1H, ]CHanti), 6.18 (s, 2H, 2!1H
of NH2), 7.35–7.47 (m, 8H, ArH), 9.85 (brs, 2H, 2!1H of
NH2); mass (FABC) m/z 298 (MCC1).

4.2.4. 6-Amino-3-hydroxy-2-methyl-4-oxo-6-p-tolyl-hex-
5-enoic acid ethyl ester (5b). 62% (0.62 g from 1.0 g from
3b); yellow solid, mp 118–120 8C; [found: C, 66.03; H,
6.98; N, 4.51. C16H21NO4 requires C, 65.96; H, 7.27; N,
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4.81]. nmax (KBr) 1726 (CO2Et), 3402 (OH and NH2) cmK1;
1H NMR (200 MHz, CDCl3) dZ1.06 (d, 3H, JZ
7.2 Hz, –CH–CH3anti), 1.19–1.32 (m, 9H, –CH–CH3syn,
2!CH2CH3), 2.41 (s, 6H, 2!Ar–CH3), 2.80–2.91
(m, 2H, 2!–CH–CH3), 4.09–4.29 (m, 2q merged, 4H,
2!CO2CH2), 4.35 (d, 1H, JZ6.6 Hz, –CH(OH)–CHanti),
4.69 (d, 1H, JZ3.0 Hz, –CH(OH)–CHsyn), 5.48 (s, 1H,
]CHsyn), 5.49 (s, 1H, ]CHanti), 5.60 (s, 2H, 2!1H of
NH2), 7.25 (d, 4H, JZ8.0 Hz, ArH), 7.45 (d, 4H, JZ8.0 Hz,
ArH), 9.85 (brs, 2H, 2!1H of NH2); 13C NMR
(50.32 MHz, CDCl3) dZ9.8, 13.5, 14.5, 21.7, 44.4, 44.8,
60.9, 61.2, 75.3, 76.9, 90.0, 91.2, 126.6, 130.1, 133.9, 134.1,
141.9, 142.0, 163.4, 163.8, 174.4, 195.8, 196.0; mass (FAB)
m/z 292 (MCC1).

4.2.5. 6-Amino-2-methyl-4-oxo-6-phenyl-hex-5-enoic
acid methyl ester (9a). 65% (0.37 g from 0.57 g of 7a);
yellow oil; [found: C, 67.71; H, 7.01; N, 5.67. C14H17NO3

requires C, 68.00; H, 6.93; N, 5.66]. nmax (Neat) 1728
(CO2Me), 3406 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.22 (d, 3H, JZ6.8 Hz, –CH–CH3), 2.32–2.55
(m, 1H, –CH–CH3), 2.83–3.06 (m, 2H, –CH–CH2), 3.69 (s,
3H, CO2CH3), 5.38 (brs, 1H, NH2), 5.42 (s, 1H, ]CH),
7.42–7.56 (m, 5H, ArH), 9.89 (brs, 1H, NH2); mass (ESC)
m/z 270.80 (MCCNa).

4.2.6. 6-Amino-2-methyl-4-oxo-6-p-tolyl-hex-5-enoic
acid methyl ester (9b). 67% (0.27 g from 0.40 g of 7b);
white solid; mp 80–828C; [found: C, 68.54; H, 7.11; N, 5.23.
C15H19NO3 requires C, 68.94; H, 7.33; N, 5.36]. nmax (KBr)
1720 (CO2Me), 3394 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.22 (d, 3H, JZ6.8 Hz, –CH–CH3), 2.39 (s, 3H,
Ar–CH3), 2.44–2.55 (m, 1H, –CH–CH3), 2.82–3.03 (m, 2H,
–CH–CH2), 3.69 (s, 3H, CO2CH3), 5.21 (brs, 1H, NH2),
5.41 (s, 1H, ]CH), 7.23 (d, 2H, JZ8.2 Hz, ArH), 7.46 (d,
2H, JZ8.2 Hz, ArH), 9.90 (brs, 1H, NH2); 13C NMR
(CDCl3, 50.32 MHz) dZ17.6, 21.7, 36.2, 46.0, 52.1, 94.64,
126.5, 130.0, 134.6, 141.4, 161.5, 177.4, 197.3; mass
(ESC) m/z 284.80 (MCCNa).

4.2.7. 6-Amino-2-methyl-4-oxo-6-p-tolyl-hex-5-enoic
acid ethyl ester (10b). 65% (0.33 g from 0.5 g of 8b);
yellow oil; [found: C, 69.94; H, 7.33; N, 5.32. C16H21NO3

requires C, 69.79; H, 7.69; N, 5.09]. nmax (Neat) 1727
(CO2Et), 3409 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.21 (d, 3H, JZ7.2 Hz, –CH–CH3), 1.25, (t,
3H, JZ7.0 Hz, CH2CH3), 2.39 (s, 3H, Ar–CH3), 2.43–2.53
(m, 1H, –CH–CH3), 2.81–3.01 (m, 2H, –CH–CH2), 4.15 (q,
2H, JZ7.0 Hz, CO2CH2), 5.20 (brs, 1H, NH2), 5.42 (s, 1H,
]CH), 7.23 (d, 2H, JZ8.0 Hz, ArH), 7.44 (d, 2H, JZ
8.0 Hz, ArH), 9.89 (brs, 1H, NH2); mass (ESC) m/z 298.53
(MCCNa).

4.2.8. 4-Amino-3-hydroxy-2-methyl-6-oxo-6-phenyl-hex-
4-enoic acid methyl ester (19a). 70% (0.84 g from 1.20 g
of 18a); white solid, mp 88–908C; [found: C, 63.57; H, 6.67;
N, 4.99. C14H17NO4 requires C, 63.87; H, 6.51; N, 5.36].
nmax (KBr) 1653 (C]O), 1733 (CO2Me), 3410 (br, OH and
NH2) cmK1; 1H NMR (300 MHz, CDCl3) dZ1.22 (d, 3H,
JZ7.2 Hz, –CH–CH3anti), 1.30 (d, 3H, JZ7.2 Hz, –CH–
CH3syn), 2.85–2.90 (m, 2H, 2!–CH–CH3), 3.75 (s, 6H, 2!
CO2CH3), 4.18 (d, 1H, JZ6.6 Hz, –CH(OH)–CHanti), 4.36
(d, 1H, JZ4.6 Hz, –CH(OH)–CHsyn), 5.70 (s, 1H,
]CHsyn), 5.72 (s, 1H, ]CHanti), 6.10 (brs, 2H, 2!1H of
NH2), 7.39–7.58 (m, 6H, ArH), 7.85–7.96 (m, 4H, ArH),
10.04 (brs, 2H, 2!1H of NH2), 11.40 (brs, 2H, 2!OH);
mass (FABC) m/z 264 (MCC1).

4.2.9. 4-Amino-3-hydroxy-2-methyl-6-oxo-6-p-tolyl-hex-
4-enoic acid methyl ester (19b). 87% (0.35 g from 0.40 g
of 18b); yellow oil; [found: C, 65.08; H, 7.02; N, 4.89.
C15H19NO4 requires C, 64.97; H, 6.91; N, 5.05]. nmax (Neat)
1652 (C]O), 1734 (CO2Me), 3402 (br OH and NH2) cmK1;
1H NMR (200 MHz, CDCl3) dZ1.20 (d, 3H, JZ7.2 Hz,
–CH–CH3anti), 1.27 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.38
(s, 3H, Ar–CH3syn), 2.41 (s, 3H, Ar–CH3anti), 2.78–2.89 (m,
2H, 2!–CH–CH3) 3.73 (s, 3H, CO2CH3syn), 3.76 (s, 3H,
CO2CH3anti), 4.12 (d, 1H, JZ6.4 Hz, –CH(OH)–CHanti),
4.34 (d, 1H, JZ2.6 Hz, –CH(OH)–CHsyn), 5.56 (s, 1H,
]CHsyn), 5.70 (s, 1H, ]CHanti), 6.10 (brs, 2H, 2!1H of
NH2), 7.21 (d, 2H, JZ8.0 Hz, ArHanti), 7.25 (d, 2H, JZ
8.0 Hz, ArHanti), 7.76 (d, 2H, JZ8.0 Hz, ArHsyn), 7.84 (d,
2H, JZ8.0 Hz, ArHsyn), 10.05 (brs, 2H, 2!1H of NH2),
10.72 (brs, 2H, 2!OH); mass (FABC) m/z 278 (MCC1).

4.2.10. -Amino-6-(4-chloro-phenyl)-3-hydroxy-2-methyl-
6-oxo-hex-4-enoic acid methyl ester (19d). 73% (0.42 g
from 0.48 g of 18d); sticky solid; [found: C, 56.24; H, 5.51;
N, 5.01. C14H16ClNO4 requires C, 56.48; H, 5.42; N, 4.70].
nmax (Neat) 1730 (CO2Me), 3406 (br OH and NH2) cmK1;
1H NMR (200 MHz, CDCl3) dZ1.20 (d, 3H, JZ7.2 Hz,
–CH–CH3anti), 1.29 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.82–
2.89 (m, 2H, 2!–CH–CH3), 3.73 (s, 3H, CO2CH3syn), 3.76
(s, 3H, CO2CH3anti), 4.36 (d, 1H, JZ7.4 Hz, –CH(OH)–
CHanti), 4.81 (d, 1H, JZ4.6 Hz, –CH(OH)–CHsyn), 5.58 (d,
1H, ]CHsyn), 5.65 (s, 1H, ]CHanti), 6.11 (brs, 1H, 1H of
NH2), 6.52 (brs, 1H, 1H of NH2), 7.37 (d, 4H, JZ8.6 Hz,
ArH), 7.78 (d, 4H, JZ8.6 Hz, ArH), 10.05 (brs, 1H, 1H of
NH2), 10.32 (brs, 1H, 1H of NH2); mass (FABC) m/z 298
(MCC1).

4.2.11. 4-Amino-2-methyl-6-oxo-6-phenyl-hex-4-enoic
acid methyl ester (22a). 83% (0.66 g from 0.80 g of
21a); yellow oil; [found: C, 68.20; H, 6.79; N, 5.97.
C14H17NO3 requires C, 68.00; H, 6.93; N, 5.66]. nmax (Neat)
1734 (CO2Me), 3396 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.27 (d, 3H, JZ7.0 Hz, –CH–CH3), 2.59–2.82
(m, 3H, –CH–CH2 and –CH–CH2), 3.71 (s, 3H, CO2CH3),
5.50 (brs, 1H, 1H of NH2), 5.69 (s, 1H, ]CH), 7.39–7.58
(m, 3H, ArH), 7.85–7.96 (m, 2H, ArH), 10.08 (brs, 1H, 1H
of NH2); mass (FABC) m/z 248 (MCC1).

4.2.12. 4-Amino-2-methyl-6-oxo-6-p-tolyl-hex-4-enoic
acid methyl ester (22b). 85% (0.33 g from 0.35 g of
21a); yellow oil; [found: C, 69.03; H, 7.17; N, 5.50.
C15H19NO3 requires C, 68.94; H, 7.33; N, 5.36]. nmax (Neat)
1734 (CO2Me), 3497 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.27 (d, 3H, JZ7.0 Hz, –CH–CH3), 2.38 (s, 3H,
Ar–CH3), 2.59–2.82 (m, 3H, –CH–CH2 and –CH–CH2),
3.71 (s, 3H, CO2CH3), 5.50 (brs, 1H, 1H of NH2), 5.69 (s,
1H, ]CH), 7.21 (d, 2H, JZ8.0 Hz, ArH), 7.77 (d, 2H,
JZ8.0 Hz, ArH), 10.10 (brs, 1H, 1H of NH2); mass
(FABC) m/z 262 (MCC1).

4.2.13. 4-Amino-6-(4-chloro-phenyl)-2-methyl-6-oxo-
hex-4-enoic acid methyl ester (22d). 85% (0.21 g from
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0.25 g of 21d); yellow oil; [found: C, 59.77; H, 5.99; N,
5.21. C14H16ClNO3 requires C, 59.68; H, 5.72; N, 4.97].
nmax (Neat) 1729 (CO2Me); 3478 (br, NH2) cmK1; 1H NMR
(200 MHz, CDCl3) dZ1.27 (d, 3H, JZ7.0 Hz, –CH–CH3),
2.23–2.48 (m, 1H, –CH–CH3), 2.57–2.86 (m, 2H, –CH–
CH2), 3.71 (s, 3H, CO2CH3), 5.65 (s, 1H, ]CH), 5.70 (brs,
1H, 1H of NH2), 7.37 (d, 2H, JZ8.0 Hz, ArH), 7.80 (d, 2H,
JZ8.0 Hz, ArH), 10.10 (brs, 1H, 1H of NH2); mass (ESC)
m/z 282.47 (MCC1).

4.2.14. 5-Acetyl-3-methyl-6-phenyl-1H-pyridin-2-one
(29a). 15% (0.045 g from 0.30 g of 27a); yellow solid, mp
163–165 8C; [found: C, 73.24; H, 6.62; N, 5.44 C14H13NO2

requires C, 73.99; H, 6.16; N, 5.77]. nmax (KBr) 1697
(COMe), 1667 (CONH) cmK1; 1H NMR (300 MHz, CDCl3)
dZ1.82 (s, 3H, ]C–CH3), 2.02 (s, 3H, COCH3), 7.33–7.51
(m, 5H, ArH), 7.70 (s, 1H, CH]C–CH3), 10.72 (brs, 1H,
NH); mass (FABC) m/z 228 (MCC1).

4.2.15. 5-Acetyl-3-methyl-6-p-tolyl-1H-pyridin-2-one
(29b). 16% (0.080 g from 0.50 g of 27b); yellow solid,
mp 164–166 8C; [found: C, 74.93; H, 6.45; N, 5.98.
C15H15NO2 requires C, 74.67; H, 6.27; N, 5.81]. nmax

(KBr) 1699 (COMe), 1668 (CONH) cmK1; 1H NMR
(200 MHz, CDCl3) dZ1.81 (s, 3H, ]C–CH3), 2.04 (s,
3H, COCH3), 2.41 (s, 3H, Ar–CH3), 7.15 (s, 4H, ArH), 7.72
(s, 1H, CH]C–CH3), 10.72 (brs, 1H, NH); mass (FABC)
m/z 242 (MCC1).

4.2.16. 4-Amino-4-phenyl-but-3-en-2-one (30a). 58%
(0.17 g from 0.30 g of 27a); yellow solid, mp 93–95 8C;
[found: C, 66.93; H, 7.51; N, 7.58. C10H11NO$H2O requires
C, 67.02; H, 7.31; N, 7.82]. nmax (KBr) 1697 (COMe), 3395
(NH2) cmK1; 1H NMR (200 MHz, CDCl3) dZ2.15 (s, 3H,
COCH3), 5.31 (brs, 1H, NH2), 5.45 (s, 1H, ]CH), 7.42–
7.45 (m, 3H, ArH), 7.52–7.57 (m, 2H, ArH), 9.98 (brs, 1H,
NH2), 13C NMR (50.32 MHz, CDCl3) dZ30.2, 95.6,
126.6, 129.3, 137.7, 161.3, 197.9; mass (FABC) m/z 162
(MCC1).

4.2.17. 4-Amino-4-p-tolyl-but-3-en-2-one (30b). 58%
(0.29 g from 0.50 g of 27b); yellow solid, mp 58–60 8C;
[found: C, 71.33; H, 6.79; N, 7.45. C11H13NO.1/2H2O
requires C, 71.71; H, 7.11; N, 7.60]. nmax (KBr) 1694
(COMe), 3402 (NH2) cmK1; 1H NMR (200 MHz, CDCl3)
dZ2.15 (s, 3H, COCH3), 2.39 (s, 3H, Ar–CH3), 5.34 (brs,
1H, NH2), 5.44 (s, 1H, ]CH), 7.23 (d, 2H, JZ8.0 Hz,
ArH), 7.44 (d, 2H, JZ8.0 Hz, ArH), 10.01 (brs, 1H, NH2);
mass (FABC) m/z 176 (MCC1).

4.2.18. (Z) 4-Acetyl-5-amino-2-methyl-5-phenyl-penta-
2,4-dienoic acid methyl ester (34a). 65% (0.45 g from
0.53 g of 32a); Brown solid, mp 96–988C; [found: C, 69.77;
H, 6.63; N, 5.55. C15H17NO3 requires C, 69.48; H, 6.61; N,
5.40]. nmax (KBr) 1699 (COMe and CO2Me), 3441 (br,
NH2) cmK1; 1H NMR(200 MHz, CDCl3) dZ1.36 (s, 3H,
]C–CH3), 2.18 (s, 3H, COCH3), 3.67 (s, 3H, CO2CH3),
5.31 (brs, 1H, NH2), 7.38 (s, 5H, ArH), 7.44 (d, 1H, JZ
1.2 Hz, C–CH]C), 10.67 (brs, 1H, NH2); mass (ESC) m/z
260.60 (MCC1).

4.2.19. (Z) 4-Acetyl-5-amino-2-methyl-5-p-tolyl-penta-
2,4-dienoic acid methyl ester (34b). 85% (0.45 g from
0.53 g of 32b); yellow solid, mp 76–788C; [found: C, 70.33;
H, 6.76; N, 4.99. C16H19NO3 requires C, 70.31; H, 7.01; N,
5.12]. nmax (KBr) 1705 (COMe and CO2Me), 3377 (br,
NH2) cmK1; 1H NMR(200 MHz, CDCl3) dZ1.36 (s, 3H,
]C–CH3), 2.17 (s, 3H, COCH3), 2.35 (s, 3H, Ar–CH3),
3.68 (s, 3H, CO2CH3), 5.31 (brs, 1H, NH2), 7.14 (d, 1H, JZ
8.0 Hz, ArH), 7.22 (m, 2H, JZ8.0 Hz, ArH), 7.46 (d, 1H,
JZ1.2 Hz, C–CH]C); mass (FABC) m/z 274 (MCC1).

4.2.20. (Z) 4-Acetyl-5-amino-5-(2-chloro-phenyl)-2-
methyl-penta-2,4-dienoic acid methyl ester (34c). 80%
(0.24 g from 0.30 g of 32c); yellow solid, mp 118–1208C;
[found: C, 61.08; H, 5.82; N, 4.97. C15H16ClNO3 requires C,
61.33; H, 5.49; N, 4.77]. nmax (KBr) 1707 (COMe and
CO2Me), 3369 (br, NH2) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.58 (s, 3H, ]C–CH3), 2.14 (s, 3H, COCH3),
3.64 (s, 3H, CO2CH3), 7.17–7.38 (m, 4H, ArH), 7.49 (d, 1H,
JZ1.2 Hz, C–CH]C); mass (FABC) m/z 294 (MCC1).

4.3. Hydrogenation in the presence of Pd–C.
Representative procedure

To the methanolic solution of compound 2a (520 mg,
2.0 mmol), 75 mg of 10% Pd–C was added under nitrogen
atmosphere. The atmosphere of the vessel was replaced by
hydrogen gas. The reaction was carried out either on the
Parr assembly at 30 psi at rt or through stirring in a sealed
vessel having hydrogen atmosphere maintained by a
balloon. After completion, the reaction mixture was filtered
over a pad of celite and the solvent was concentrated under
reduced pressure to obtain an oily residue. This residue was
purified over silica gel (230–400 mesh) column using
hexane: ethyl acetate (80:20, v/v) as eluent to yield 6a as
yellow oil.

4.3.1. 3-Hydroxy-2-methyl-3-(3-phenyl-isoxazol-5-yl)-
propionic acid methyl ester (6a). 78% (0.41 g from
0.52 g of 2a); yellow oil; [found: C, 64.72; H, 5.98; N,
5.25. C14H15NO4 requires C, 64.36; H, 5.79; N, 5.36]. nmax

(Neat) 1732 (CO2Me), 3429 (br, OH) cmK1; 1H NMR
(200 MHz, CDCl3) dZ1.22 (d, 3H, JZ7.2 Hz, –CH–
CH3anti), 1.31 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 3.07–3.14
(m, 2H, 2!–CH–CH3), 3.67 (s, 3H, CO2CH3syn), 3.72 (s,
3H, CO2CH3anti), 4.96 (t, 1H, JZ6.0 Hz, –CH(OH)–
CHanti), 5.34 (d, 1H, JZ5.6 Hz, –CH(OH)–CHsyn), 6.59
(s, 1H, ]CHsyn), 6.62 (s, 1H, ]CHanti), 7.43–7.46 (m, 6H,
ArH), 7.77–7.82 (m, 4H, ArH); mass (FABC) m/z 262
(MCC1).

4.3.2. 3-Hydroxy-2-methyl-3-(3-p-tolyl-isoxazol-5-yl)-
propionic acid methyl ester (6b). 80% (0.54 g from
0.67 g of 2b); white solid; mp 68–70 8C; [found: C, 65.68;
H, 6.32; N, 4.70. C15H17NO4 requires C, 65.44; H, 6.22, N,
5.09]. nmax (KBr) 1738 (CO2Me), 3417 (br, OH) cmK1; 1H
NMR (200 MHz, CDCl3) dZ1.21 (d, 3H, JZ7.2 Hz, –CH–
CH3anti), 1.31 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.39 (s, 6H,
2!Ar–CH3), 3.07–3.14 (m, 2H, 2!–CH–CH3), 3.67 (s,
3H, CO2CH3syn), 3.72 (s, 3H, CO2CH3anti), 4.94 (t, 1H, JZ
6.8 Hz, –CH(OH)–CHanti), 5.27 (t, 1H, JZ1.5 Hz,
–CH(OH)–CHsyn), 6.56 (s, 1H, ]CHanti), 6.59 (s, 1H,
CHsyn), 7.24 (d, 4H, JZ8.0 Hz, ArH), 7.68 (d, 4H, JZ
8.0 Hz, ArH); mass (FABC) m/z 276 (MCC1).
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4.3.3. 3-[3-(2-Chloro-phenyl)-isoxazol-5-yl]-3-hydroxy-
2-methyl-propionic acid methyl ester (6c). 81% (0.20 g
from 0.25 g of 3c); pale yellow oil; [found: C, 56.66; H,
5.77; N, 5.74. C14H14ClNO4 requires C, 56.36; H, 5.79; N,
5.36]. nmax (Neat) 1734 (CO2Me), 3401 (br, OH) cmK1; 1H
NMR (200 MHz, CDCl3) dZ1.22 (d, 3H, JZ7.2 Hz, –CH–
CH3anti), 1.31 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 3.07–3.14
(m, 2H, 2!–CH–CH3), 3.73 (s, 3H, CO2CH3syn), 3.76 (s,
3H, CO2CH3anti), 4.97 (t, 1H, JZ6.0 Hz, –CH(OH)–
CHanti), 5.31 (t, 1H, JZ1.5 Hz, –CH(OH)–CHsyn), 6.59 (s,
1H, ]CHanti), 6.73 (s, 1H, ]CHsyn), 7.33–7.50 (m, 6H,
ArH), 7.69–7.82 (m, 2H, ArH); mass (ESC) m/z 296.23
(MCC1).

4.3.4. 2-Methyl-3-(3-phenyl-isoxazol-5-yl)-propionic
acid methyl ester (11a). 38% (0.21 g from 0.55 g of 7a);
white solid; mp 94–96 8C; [found: C, 68.76; H, 5.89; N,
5.36. C14H15NO3 requires C, 68.56; H, 6.16; N, 5.71]. nmax

(KBr) 1733 (CO2Me) cmK1; 1H NMR (300 MHz, CDCl3)
dZ1.26 (d, 3H, JZ7.2 Hz, –CH–CH3), 2.89–2.97 (m, 2H,
–CH–CH2), 3.19–3.24 (m, 1H, –CH–CH3), 3.76 (s, 3H,
CO2CH3), 6.35 (s, 1H, ]CH), 7.46–7.53 (m, 3H, ArH),
7.81–7.86 (m, 2H, ArH); mass (ESC) m/z 246.47 (MCC1).

4.3.5. 2-Methyl-3-(3-p-tolyl-isoxazol-5-yl)-propionic acid
methyl ester (11b). 25% (0.16 g from 0.65 g of 7b); white
solid; mp 78–80 8C; [found: C, 69.48; H, 6.61; N, 5.40.
C15H17NO3 requires C, 69.64; H, 6.41, N, 5.33]. nmax (KBr)
1726 (CO2Me) cmK1; 1H NMR (300 MHz, CDCl3) dZ1.27
(d, 3H, JZ7.2 Hz, –CH–CH3), 2.39 (s, 3H, Ar–CH3), 2.89–
2.96 (m, 2H, –CH–CH2), 3.18–3.21 (m, 1H, –CH–CH2),
3.70 (s, 3H, CO2CH3), 6.31 (s, 1H, ]CH), 7.24 (d, 2H, JZ
8.0 Hz, ArH), 7.67 (d, 2H, JZ8.0 Hz, ArH); 13C NMR
(CDCl3, 50.32 MHz) dZ17.4, 21.8, 30.8, 38.6, 52.3, 100.4,
109.94, 126.7, 127.0, 129.9, 140.4, 162.8, 171.4, 175.7;
mass (FABC) m/z 260 (MCC1).

4.3.6. 3-Hydroxy-2-methyl-3-(5-phenyl-isoxazol-3-yl)-
propionic acid methyl ester (20a). syn:anti 2:1 85%
(0.13 g from 0.15 g of 18a); white solid, mp 74–76 8C;
[found: C, 64.11; H, 5.99; N, 4.98. C14H15NO4 requires C,
64.36; H, 5.79, N, 5.36]. nmax (Neat) 1731 (CO2Me), 3403
(br, OH) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.24–1.31
(m, 6H, 2!–CH–CH3), 3.04–3.11 (m, 1H, –CH–CH3syn),
3.33–3.36 (m, 1H, –CH–CH3anti), 3.78 (s, 6H, 2!CO2CH3),
4.91, 4.98 (t, 1H, JZ6.53 Hz, –CH(OH)–CHanti), 5.28 (t,
1H, JZ1.5 Hz, –CH(OH) –CHsyn), 6.60 (s, 2H, 2!]CH),
7.44–7.49 (m, 6H, ArH), 7.76–7.80 (m, 2H, ArH); mass
(FABC) m/z 262 (MCC1).

4.3.7. 3-Hydroxy-2-methyl-3-(5-p-tolyl-isoxazol-3-yl)-
propionic acid methyl ester (20b). syn:anti 2:1 89%
(0.18 g from 0.20 g of 18b); white solid; mp 90–928C;
[found: C, 64.75; H, 6.48; N, 5.24. C15H17NO4 requires C,
64.44; H, 6.22, N, 5.09]. nmax (KBr) 1738 (CO2Me), 3458
(br, OH) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.26 (d,
3H, JZ7.2 Hz, –CH–CH3anti), 1.28 (d, 3H, JZ7.2 Hz,
–CH–CH3syn), 2.40 (s, 6H, 2!Ar–CH3), 3.02–3.09 (m, 1H,
–CH–CH3syn), 3.48–3.74 (m, 1H, –CH–CH3anti), 3.74 (s,
6H, 2!CO2CH3), 4.93 (t, 1H, JZ6.2 Hz, –CH(OH)–
CHanti), 5.26 (t, 1H, JZ1.5 Hz, –CH(OH)–CHsyn), 6.54 (s,
2H, 2!]CH), 7.26 (d, 4H, JZ8.0 Hz, ArH), 7.66 (d, 4H,
JZ8.0 Hz, ArH); 13C NMR (50.32 MHz, CDCl3) dZ11.5,
14.6, 21.9, 44.8, 44.9, 52.5, 68.3, 69.5, 97.5, 98.1, 125.0,
126.2, 130.1, 140.9, 165.6, 165.9, 170.9, 175.9, 176.3; mass
(FABC) m/z 276 (MCC1).

4.3.8. 3-[5-(4-Chloro-phenyl)-isoxazol-3-yl]-3-hydroxy-
2-methyl-propionic acid methyl ester (20d). syn:anti 2:1
87% (0.58 g from 0.67 g of 18d); white solid; mp 134–368C;
[found: C, 57.04; H, 4.89; N, 4.77. C14H14ClNO4 requires C,
56.86; H, 4.77, N, 4.74]. nmax (KBr) 1733 (CO2Me), 3427
(br, OH) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.26 (d,
3H, JZ7.0 Hz, –CH–CH3anti), 1.28 (d, 3H, JZ7.0 Hz,
–CH–CH3syn), 3.03–3.10 (m, 1H, –CH–CH3syn), 3.42–3.48
(m, 1H, –CH–CH3anti), 3.74 (s, 6H, 2!CO2CH3), 4.93 (t,
1H, JZ3.0 Hz, –CH(OH)–CHanti), 5.27 (brs, 1H,
–CH(OH)–CHsyn), 6.61 (s, 1H, 2!]CH), 7.43 (d, 4H,
JZ8.6 Hz, ArH), 7.70 (d, 4H, JZ8.6 Hz, ArH); mass
(FABC) m/z 296 (MCC1).

4.3.9. 3-Acetoxy-2-methyl-3-(5-phenyl-isoxazol-3-yl)-
propionic acid methyl ester (23a). syn:anti 3:7 17%
(0.097 g from 0.58 g of 21a); yellow oil; [found: C, 63.55;
H, 5.76; N, 4.66. C16H17NO5 requires C, 63.36; H, 5.65; N,
4.62] nmax (Neat) 1745 (COMe and CO2Me) cmK1; 1H
NMR (200 MHz, CDCl3) dZ1.20 (d, 3H, JZ7.2 Hz, –CH–
CH3anti), 1.32 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 2.09 (s, 3H,
COCH3anti), 2.16 (s, 3H, COCH3syn), 3.17–3.25 (m, 2H,
2!–CH–CH3), 3.70 (s, 3H, CO2CH3syn), 3.75 (s, 3H,
CO2CH3anti), 6.16 (d, 1H, JZ9.0 Hz, –CH(OAc)–CHanti),
6.31 (d, 1H, JZ6.0 Hz, CH(OAc)–CHsyn), 6.49 (s, 1H,
]CHsyn), 6.52 (s, 1H, ]CHanti), 7.44–7.49 (m, 6H, ArH),
7.75–7.79 (m, 4H, ArH); mass (FABC) m/z 304 (MCC1).

4.3.10. 3-Acetoxy-2-methyl-3-(5-p-tolyl-isoxazol-3-yl)-
propionic acid methyl ester (23b). syn:anti 2:3 15%
(0.038 g from 0.25 g of 21b); white solid, mp 60–628C;
[found: C, 63.96; H, 5.85; N, 4.49. C17H19NO5 requires C,
64.34; H, 6.03; N, 4.41]. nmax (KBr) 1745 (COMe, CO2Me),
cmK1; 1H NMR (200 MHz, CDCl3) dZ1.20 (d, 3H, JZ
7.2 Hz, –CH–CH3anti), 1.31 (d, 3H, JZ7.2 Hz, –CH–
CH3syn), 2.09 (s, 3H, COCH3anti), 2.15 (s, 3H, CH3syn),
2.39 (s, 6H, 2!CH3), 3.15–3.23 (m, 2H, 2!–CH–CH3),
3.70 (s, 3H, CO2CH3syn), 3.74 (s, 3H, CO2CH3anti), 6.13 (d,
1H, JZ8.8 Hz, –CH(OAc)–CHanti), 6.30 (d, 1H, JZ6.0 Hz,
–CH(OAc)–CHsyn), 6.43 (s, 1H, ]CHsyn), 6.45 (s, 1H,
]CHanti), 7.27 (d, 4H, JZ8.0 Hz, ArH), 7.66 (d, 4H,
JZ8.0 Hz, ArH); mass (ESC) m/z 340.47 (MCCNa).

4.3.11. 2-Methyl-3-(5-phenyl-isoxazol-3-yl)-propionic
acid methyl ester (24a). 52% (0.30 g from 0.58 g of
21a); yellow oil; [found: C, 68.55; H, 5.91; N, 5.83.
C14H15NO3 requires C, 68.56; H, 6.16, N, 5.71]. nmax (Neat)
1735 (CO2Me), 3456 (br, OH) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.28 (d, 3H, JZ7.0 Hz, –CH–CH3), 2.82–3.12
(m, 3H, –CH–CH3 and –CH2–CH), 3.71 (s, 3H, CO2CH3),
6.37 (s, 1H, ]CH), 7.42–7.48 (m, 3H, ArH), 7.73–7.77 (m,
2H, ArH); 13C NMR (50.32 MHz, CDCl3) dZ8.8, 30.2,
39.1, 52.9, 99.87, 126.2, 127.9, 129.3, 130.5, 162.6, 170.2,
176.2; mass (FABC) m/z 246 (MCC1).

4.3.12. 2-Methyl-3-(5-p-tolyl-isoxazol-3-yl)-propionic
acid methyl ester (24b). 49% (0.12 g from 0.25 g of
21b); white solid, mp 83–848C; [found: C, 69.52; H, 6.60;
N, 5.12. C15H17NO3 requires C, 69.48; H, 6.61; N, 5.40].
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nmax (KBr) 1730 (CO2Me), 3446 (br, OH) cmK1; 1H NMR
(200 MHz, CDCl3) dZ1.27 (d, 3H, JZ6.6 Hz, –CH–CH3),
2.39 (s, 3H, Ar–CH3), 2.81–3.11 (m, 3H, –CH–CH3 and
–CH2–CH), 3.71 (s, 3H, CO2CH3), 6.31 (s, 1H, ]CH), 7.24
(d, 2H, JZ8.0 Hz, ArH), 7.64 (d, 2H, JZ8.0 Hz, ArH);
mass (ESC) m/z 260.36 (MCC1).

4.3.13. 3-Hydroxy-2-methyl-3-(5-methyl-3-phenyl-isoxa-
zol-4-yl)-propionic acid methyl ester (31a). anti 60%
(0.25 g from 0.42 g of 27a); white solid, mp 84–858C;
[found: C, 65.55; H, 5.91; N, 4.83. C15H17NO4 requires C,
65.44; H, 6.22; N, 5.09]. nmax (KBr) 1733 (CO2Me), 3411
(br, OH) cmK1; 1H NMR (200 MHz, DMSOd6) dZ0.69 (d,
3H, JZ7.0 Hz, –CH–CH3), 2.52 (s, 3H, ]C–CH3), 2.67–
2.85 (m, 1H, –CH–CH3), 3.56 (s, 3H, CO2CH3), 4.66–4.71
(m, 1H, –CH(OH)–CH), 7.53–7.55 (m, 3H, ArH), 7.73–7.76
(m, 2H, ArH); mass (FABC) m/z 276 (MCC1).

4.3.14. 3-Hydroxy-2-methyl-3-(5-methyl-3-p-tolyl-isoxa-
zol-4-yl)-propionic acid methyl ester (31b). anti 63%
(0.26 g from 0.41 g of 27b); pale yellow solid, mp 100–
1028C; [found: C, 66.36; H, 6.88; N, 4.72. C16H19NO4

requires C, 66.42; H, 6.62; N, 4.84]. nmax (KBr) 1714
(CO2Me), 3411 (br, OH) cmK1; 1H NMR (200 MHz,
CDCl3) dZ0.84 (d, 3H, JZ7.2 Hz, –CH–CH3), 2.40 (s, 3H,
Ar–CH3), 2.55 (s, 3H, ]C–CH3), 2.74–2.83 (m, 1H, –CH–
CH3), 3.71 (s, 3H, CO2CH3), 4.84, 4.89 (d, 1H, JZ9.8 Hz,
–CH(OH)–CH), 7.25 (d, 2H, JZ8.0 Hz, ArH), 7.60 (d, 2H,
JZ8.0 Hz, ArH); mass (FABC) m/z 290 (MCC1).

4.3.15. 3-[3-(2-Chloro-phenyl)-5-methyl-isoxazol-4-yl]-
3-hydroxy-2-methyl-propionic acid methyl ester (31c).
anti 63% (0.32 g from 0.50 g of 18a); white solid, mp 108–
1108C; [found: C, 57.89; H, 5.14; N, 4.27. C15H16ClNO4

requires C, 58.16; H, 5.21; N, 4.52]. nmax (KBr) 1730
(CO2Me), 3425 (br, OH) cmK1; 1H NMR (200 MHz,
CDCl3) dZ0.90 (d, 3H, JZ7.2 Hz, –CH–CH3), 2.56 (s, 3H,
]C–CH3), 2.65–2.79 (m, 1H, –CH–CH3), 3.67 (s, 3H,
CO2CH3), 4.63 (d, 2H, JZ9.8 Hz, –CH(OH)–CH), 7.35–
7.52 (m, 4H, ArH); mass (ESC) m/z 310.53 (MCC1).

4.4. Preparation of allylic bromide-typical procedure

To the stirred solution of compound 27b (500 mg,
1.74 mmol) in dry dichloromethane (5 mL) was added a
solution of PBr3 (0.17 mL, 1.74 mmol) dropwise at 0 8C.
The reaction was allowed to proceed for 30 min at same
temperature. Thereafter the reaction mixture was decom-
posed with ice-cold water and extracted with dichloro-
methane (2!20 mL). The organic layers were combined,
dried (Na2SO4) and evaporated to furnish a residue that
crystallizes on triturating with hexane to yield 0.48 g of
bromide.

4.4.1. (E) 2-Bromomethyl-3-(5-methyl-3-p-tolyl-isoxazol-
4-yl)-acrylic acid methyl ester (33b). 95%; yellow solid,
mp 128–130 8C; [found: C, 54.52; H, 4.60; N, 4.12.
C15H17NO3 requires C, 54.87; H, 4.61; N, 4.00;]. nmax

(KBr) 1723 (CO2Me) cmK1; 1H NMR (300 MHz, CDCl3)
dZ2.37 (s, 3H, Ar–CH3), 2.39 (s, 3H, ]CH–CH3), 3.88 (s,
3H, CO2CH3), 4.09 (s, 2H, ]C–CH2–Br), 7.25 (d, 2H, JZ
8.0 Hz, ArH), 7.42 (s, 1H, ]CH–C–), 7.50 (d, 2H, JZ
8.0 Hz, ArH); mass (ESC) m/z 350.80 (MCC1).
4.5. Reaction of enamine ketones with acetic acid–formic
acid mixture. Representative procedure

The compound 4a (525 mg, 2.0 mmol) was stirred in 4 mL
of acetic acid–formic acid (80%) mixture (50:50, v/v) at
60 8C for 24 h. After cooling to room temperature, the
mixture was partitioned between ethyl acetate (30 mL) and
water (25 mL). The organic layer was separated and
successively washed with 10% NaHCO3 aq. solution
(until the washing was neutral). The organic layer was
finally washed with brine, dried over Na2SO4 and
evaporated to obtain a residue. This residue upon column
chromatography over silica gel using hexane: ethyl acetate
(85:15, v/v) furnished the product.

4.5.1. 2-(3-Oxo-5-phenyl-2, 3-dihydro-furan-2-yl)-pro-
pionic acid methyl ester (14a). syn:anti 1:1 88% (0.46
from 0.52 g of 4a); pale yellow oil; [found: C, 63.23; H,
5.88. C14H14O4$H2O requires C, 63.63; H, 6.10] nmax (Neat)
1697 (C]O), 1740 (CO2Me) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.13 (d, 3H, JZ7.2 Hz, –CH–CH3anti), 1.41,
1.44 (d, 3H, JZ7.2 Hz, –CH–CH3syn), 3.12–3.21 (m, 2H,
2!CH), 3.69 (s, 3H, CO2CH3syn), 3.81 (s, 3H, CO2CH3anti),
4.80 (d, 1H, JZ5.6 Hz, –CO–CH–O–anti), 5.13, 5.14 (s, 1H,
JZ3.1 Hz, –CO–CH–O–syn), 6.07 (s, 1H, ]CHanti), 6.08 (s,
1H, CHsyn), 7.44–7.58 (m, 6H, ArH), 7.78–7.85 (m, 4H,
ArH); 13C NMR (50.3 MHz, CDCl3) dZ12.72, 13.94,
41.35, 43.66, 44.16, 46.10, 47.1, 52.8, 53.0, 86.2, 94.5, 99.7,
102.1, 127.7, 127.9, 128.2, 128.7, 128.8, 129.3, 130.5,
133.5, 134.1, 134.9, 171.2, 174.6, 175.5, 189.4, 195.4; mass
(ESC) m/z 269.60 (MCCNa).

4.5.2. 2-(3-Oxo-5-p-tolyl-2, 3-dihydro-furan-2-yl)-pro-
pionic acid methyl ester (14b). 88% (0.40 from 0.45 g of
4b); pale yellow solid, mp 108–110 8C; [found: C, 68.91; H,
5.90. C15H16O4 requires C, 69.22; H, 6.20]. nmax (KBr) 1694
(C]O), 1740 (CO2Me) cmK1; 1H NMR (200 MHz, CDCl3)
dZ1.12 (d, 3H, JZ7.2 Hz, –CH–CH3anti), 1.41 (d, 3H, JZ
7.2 Hz, –CH–CH3syn), 2.43 (s, 6H, 2!Ar–CH3), 3.11–3.20
(m, 2H, 2!CH), 3.69 (s, 3H, CO2CH3syn), 3.80 (s, 3H,
CO2CH3anti), 4.79 (d, 1H, JZ5.6 Hz, –CO–CH–O–anti),
5.12, (d, 1H, JZ3.0 Hz, –CO–CH–O–syn), 6.03 (s, 1H,
]CHanti), 6.04 (s, 1H, ]CHsyn), 7.29 (d, 4H, JZ8.0 Hz,
ArH), 7.69 (d, 4H, JZ8.0 Hz, ArH), 7.73 (d, 4H, JZ8.0 Hz,
ArH); 13C NMR (50.32 MHz, CDCl3) dZ12.8, 14.0, 22.2,
31.3, 43.6, 44.6, 46.1, 47.2, 52.9, 53.1, 94.4, 98.9, 104.7,
125.8, 127.9, 128.3, 130.6, 132.4, 145.3, 170.9, 171.4,
174.6, 189.8, 195.5; mass (FABC) m/z 261 (MCC1).

4.5.3. 2-[5-(4-Chloro-phenyl)-3-oxo-2,3-dihydro-furan-
2-yl]-propionic acid methyl ester (14d). 85% (0.34 from
0.40 g of 4d); pale yellow sticky solid; [found: C, 60.00; H,
4.91. C14H13ClO4 requires C, 59.90; H, 4.67]. nmax (Neat)
1694 (C]O), 1738 (CO2Me) cmK1; 1H NMR (200 MHz,
CDCl3) dZ1.13 (d, 3H, JZ7.2 Hz, –CH–CH3anti), 1.42 (d,
3H, JZ7.2 Hz, –CH–CH3syn), 3.16–3.21 (m, 2H, 2!CH),
3.69 (s, 3H, –CO2CH3syn), 3.81 (s, 3H, CO2CH3anti), 4.79 (d,
1H, JZ5.6 Hz, –CO–CH–O–anti), 5.14 (d, 1H, JZ3.0 Hz,
–CO–CH–O–syn), 6.03 (s, 1H, ]CHanti), 6.08 (s, 1H,
]CHsyn), 7.47 (d, 4H, JZ8.6 Hz, ArH), 7.74 (d, 4H, JZ
8.0 Hz, ArH), mass (FABC) m/z 281 (MCC1).

4.5.4. 2-(3-Oxo-5-p-tolyl-2,3-dihydro-furan-2-yl)-propio-
nic acid ethyl ester (15b). 89% (0.89 g from 1.0 g of 5b);
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pale yellow oil; [found: C, 69.87; H, 6.65. C16H18O4

requires C, 70.06; H, 6.61]. nmax (Neat) 1699 (C]O), 1734
(CO2Me) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.10–1.46
(m, 12H, 4!CH2CH3), 2.43 (s, 6H, 2!Ar–CH3), 3.00–3.20
(m, 2H, 2!–CH–CH3), 4.13–4.29 (m, 4H, 2!CO2CH2–),
4.76, (d, 1H, JZ5.4 Hz, –CO–CH–O–anti), 5.13 (d, 1H, JZ
3.0 Hz, –CO–CH–O–syn), 6.02 (s, 1H, ]CHanti), 6.04
(s, 1H, ]CHsyn), 7.29 (d, 4H, JZ8.0 Hz, ArH), 7.69
(d, 2H, JZ8.0 Hz, ArH), 7.73 (d, 2H, JZ8.0 Hz, ArH);
mass (FABC) m/z 275 (MCC1).

4.5.5. 6-Hydroxy-2-methyl-4-oxo-6-p-tolyl-hex-5-enoic
acid methyl ester (16b). 89% (0.089 g from 0.1 g of 9b);
yellow oil; [found: C, 68.76; H, 6.77. C15H18O4 requires C,
68.68; H, 6.92]. nmax (Neat) 1690 (C]O), 1736 (CO2Me),
3455 (OH) cmK1; 1H NMR (200 MHz, CDCl3) dZ1.25
(d, 3H, JZ7.0 Hz, –CH–CH3), 2.40 (s, 3H, Ar–CH3), 2.41–
2.48 (m, 1H, –CH–CH3), 2.84–3.04 (m, 2H, –CH–CH2),
3.70 (s, 3H, CO2CH3), 6.14 (s, 1H, ]CH–CO–), 7.24
(d, 2H, JZ8.0 Hz, ArH), 7.77 (d, 2H, JZ8.0 Hz, ArH);
mass (FABC) m/z 263 (MCC1).
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Abstract—Cyclic carbamate flanked with heterocyclic or aliphatic moieties are frequently used in medicinal chemistry. The synthesis of
derivatives bearing a free NH often requires the use of a protection method. A literature search reveals very few protection/deprotection
methods for cyclic carbamates. In this paper, we described different methods applicable to 2(3H)-benzoxazolone and 2(3H)-benzothiazolone.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

2(3H)-Benzoxazolones and 2(3H)-benzothiazolones deriva-
tives have attracted considerable attention as a result of their
medicinal properties. Several potentially useful drugs and
pharmacological tools based on these pharmacophores have
been developed in recent years.1–6 N-methyl-2(3H)-benz-
oxazolones and 2(3H)-benzothiazolones have been largely
used in medicinal chemistry, but surprisingly their N–H
homologues are less accessible although in many cases, a
free N(3)–H group is an essential structural requirement
for activity and receptor selectivity of these 2(3H)-
benzazolones derivatives. Moreover, the NH heterocycle
can serve as a pivotal structure for the constitution of a
library N-derivatized analogues.

Indeed, in many cases encountered in our own research,
reactions that are successful in the N-methyl series cannot
be applied in the N–H series: C(6)-formylation,7,8 C(6)-
tributyltin derivatization, photohalogenation,9 crotonisa-
tion, etc.10,11 Obviously, the use of N-protected 2(3H)-
benzazolones are in order for the success of these reactions.
However, close inspection of the literature reveals very few
indications concerning protecting groups of cyclic carba-
mates that can be easily introduced and subsequently
smoothly removed. Indeed, benzyl protecting group12 was
found in this series of heterocycle but reaction of
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.070

Keywords: 2(3H)-Benzoxazolone; 2(3H)-Benzothiazolone; Protecting

groups.

* Corresponding author. Tel.: C33-3-20964040; fax: C33-3-20-964913;

e-mail: pcarato@pharma.univ-lille2.fr
formylation, acylation or the cleavage of N-benzyle
derivative with NBS, AIBN could induced secondary
products. Therefore, in an effort to fill this gap, we explored
various protecting groups and examined their ease of
deprotection.
2. Results and discussion
2.1. Protection/deprotection of cyclic carbamate on
phenyl ring (1a,b) via different methods

The compounds 2a,b–10a,b, in Scheme 1, were synthetized
by methods A or B, according the reagent desired, with
2(3H)-benzoxazolone (1a) or 2(3H)-benzothiazolinone
(1b). Various deprotection methods, described in Table 1,
were then tested.

As expected, deprotection of derivatives 2a and 2b did take
place under mild acid (methods C and D), basic (method F)
Tetrahedron 60 (2004) 10321–10324
Scheme 1. Protection and deprotection of 2(3H)-benzazolones derivatives
(2a,b–10a,b) via different methods. (a): method A: ClP (P: COR or SO2R),
Bu4NBr, K2CO3, CH2Cl2; method B: ClP (P: MOM or MEM), K2CO3,
DMF (b) method C: TFA; method D: HCl 12 N (3 équiv), MeOH; method
E: TiCl4 (3 équiv), CH2Cl2; method F: KOH (3 équiv), MeOH; method G:
Bu4NF (1 M in solution in THF, 3 équiv), THF.



Table 1. results of deprotection attempts of 2(3H)-benzazolones derivatives (2a,b–10a,b)

Entry X Protecting groups TFA (C) HCl–MeOH (D) TiCl4–CH2Cl2 (E) KOH–MeOH (F) Bu4NF–THF (G)

2a O 1 h rt (85%) 2 h rt (79%) N 0.5 h rt (89%) 1 h rt (91%)

2b S 1 h rt (81%) 1.5 h rt (89%) N 0.5 h rt (68%) 1 h rt (95%)

3a O N N N 0.5 h rt (30%) 1 h rt (95%)

3b S N N N 0.5 h rt (91%) 1 h rt (97%)

4a O N N N 0.5 h rt (78%) 0.25 h rt (98%)

4b S N N N 0.5 h rt (94%) 0.25 h rt (95%)

5a O N N N 0.5 h rt (39%) 0.25 h rt (89%)

5b S N N N 0.5 h rt (90%) 0.25 h rt (94%)

6a O N N 2 h rt (90%) 0.5 h rt (20%) 0.5 h rt (96%)

6b S N N 2 h rt (86%) 0.5 h rt (95%) 0.5 h rt (98%)

7a O N N N 0.5 h rt (10%) 0.5 h rt (96%)

7b S N N N 0.5 h rt (90%) 0.5 h rt (93%)

8a O N N N Ring opening 1 h rt (93%)

8b S N N N N 1 h rt (97%)

9a O 4 h reflux (92%) N N N N

9b S 4 h reflux (96%) N N N N

10a O 4 h reflux (95%) N N N N

10b S 4 h reflux (97%) N N N N

N: unsuccessful test performed 1 day at room temperature and then 1 day at reflux; rt: room temperature.

Scheme 2. Protection of 2(3H)-benzothiazolone. (a): MEM-Cl, K2CO3,
DMF (b): (Bu3Sn)2, Pd(PPh3)4, toluene (c): ClCOPh, PdCl2(PPh3)2, toluene
(d): TFA.
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and neutral (method G) conditions and therefore the
N-acetyl cannot be considered as a good protecting group.
Compounds 3a,b–5a,b and 7a,b, respectively with COPh,
CONHEt, CO2Et and SO2Me, resisted in acid medium
(methods C, D and E). Application of the method F, in basic
media, to the compounds 3b–5b and 7b give the desired
derivative 1b with good yield (90–95%), but in the 2(3H)-
benzoxazolone series (3a–5a and 7a) we observed that
deprotected compounds were accompanied by important
amounts of ring opening products (such as 2-aminophenol)
which reduced the yield (10 to 78%). Deprotection method
G, for compounds 3a,b–5a,b and 7a,b, with Bu4NF in
THF,13,14 however gives excellent yields (89–98%).

Compound 6a,b (Cbz protected) was not deprotected in acid
media (method C and D) but in mild basic media (XZS:
95% and XZO: 20%) with method F (30 min at rt) and also
by methods E and G with excellent yields (86–98%).
Another attempt of deprotection of 6a,b was performed by
hydrogenolysis in THF using Pd/C (5 h, rt), which gave the
deprotected derivatives 1a,b with excellent yields (XZO:
94% and XZS: 97%). Method G with Bu4NF in THF was
found to be a very good alternative (6a: 96% and 6b: 98%)
specially because we did not observe any ring opening
products.

Surprisingly, with compound 8b we did not observe any
deprotection either in acid or basic medium (methods C, D,
E and F). In the corresponding 2(3H)-benzoxazolone series
(8a) we observed ring opening, which gave 2-amino-(N-
phenylsulfonyl) phenol. Compounds 8a,b were successfully
cleaved with Bu4NF (THF, rt, 1 h, 93 and 97%). Deprotec-
tion of compounds 9a,b and 10a,b was realized only in TFA
at reflux for 4 h, nevertheless with very good yields (92 to
97%).

In order to validate the interest of the protecting group for
2(3H)-benzazolone, we applied our results to a benchmark,
i.e. the synthesis of 6-benzoyl-2(3H)-benzothiazolone. In
our laboratory we observed indeed that the introduction of
tributyltin in the 6-position of the 2(3H)-benzothiazolone
could be performed only on N-methyl compounds and not
on the free NH series. In Scheme 2, we introduced the MEM
protecting group on 6-bromo-2(3H)-benzothiazolone (12) to
synthetise the corresponding tributyltin derivative. The
benzoyl moiety was then easily introduced and the resulting
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compound was then deprotected to afford the free NH
derivative (15).

More specifically, 6-bromobenzothiazolinone15 (11) was
protected in DMF with MEM group to afford compound 12.
Tributyltin derivative 13 was obtained from the bromo
precursor 12 via Stille’s reaction with (Bu3Sn)2 and
Pd(PPh3)4 in toluene. Compound 13 can then embarked in
coupling reactions with various aryl or cycloalkylcarbonyl
chlorides. In Scheme 2, to exemplify the validity of our
approach, we introduced a benzoyl group in 6-position to
give derivative 14. The MEM protection group was then
cleaved in refluxed TFA for 2 h to furnish the expected
compound 15.16
3. Conclusion

In conclusion, we found different protecting groups which
can be used in acid or basic medium reaction conditions and
subsequently removed without major problems. The COPh,
CONHEt, CO2Et, CO2CH2Ph, SO2CH3 derivatives (3a,b–
7a,b) resisted in acid conditions and were cleaved in basic
medium. MOM and MEM protection (9a,b–10a,b) resisted
in basic media and were cleaved in TFA. The SO2Ph
protection (8b) resisted in acid and basic media and was
cleaved with Bu4NF in THF (method G).

Method G in particular constitutes a mild and selective
method of deprotection for N-protected-2(3H)-benzazo-
lones (derivatives 3a,b–8a,b) with excellent yields
(89–98%) and was compatible both with acid or basic-
sensitive groups. To exemplify the validity of our approach,
we synthesized compounds 15 via N-MEM protection.
These deprotection methods could be extended to other
cyclic carbamates, such as oxazolo[4,5]pyridin-2(3H)-ones,
hydantoins, and barbiturates.
4. Experimental

4.1. General methods of protection

Method A (2a,b–8a,b). To a solution of 2(3H)-benzazolones
(22 mmol) in CH2Cl2 (30 mL), K2CO3 (66 mmol), Bu4NBr
(1 mmol) and the desired acid chloride reagent (66 mmol)
were added. The reaction was refluxed for 4 h. The solvent
was evaporated under reduce pressure. The solution was
hydrolyzed with water (30 mL) and stirred for 1 h. The
precipitate was filtered and recrystallized from the appro-
priate solvent.

Method B (9a,b–10a,b). To a solution of 2(3H)-benzazo-
lones (22 mmol) in DMF (30 mL), K2CO3 (66 mmol) was
added. The reaction was stirred at 80 8C for 1 h and the
desired chlororeagent (66 mmol) added. The solution
was stirred for 3 h at the same temperature. The solvent
was evaporated under reduced pressure. The solution was
hydrolyzed with water (30 mL) and stirred for 1 h. The
precipitate was filtered and recrystallized with the appro-
priate solvent.

4.1.1. 3-Acetyl-2(3H)-benzoxazolone (2a). Yield 90%
(cyclohexane). Mp 90–91 8C. IR (KBr) 2870, 1726, 1688,
1600 cmK1. 1H NMR (CDCl3) dZ2.75 (s, 3H), 7.15–7.29
(m, 3H), 8.25 (m, 1H).

4.1.2. 3-Acetyl-2(3H)-benzothiazolone (2b). Yield 84%
(cyclohexane). Mp 103–104 8C. IR (KBr) 2930, 1695, 1676,
1600 cmK1. 1H NMR (CDCl3) dZ2.80 (s, 3H), 7.03–7.24
(m, 3H), 8.15 (m, 1H).

4.1.3. 3-Benzoyl-2(3H)-benzoxazolone (3a). Yield 70%
(cyclohexane). Mp 178–179 8C. IR (KBr) 1805, 1697,
1600 cmK1. 1H NMR (CDCl3) dZ7.25–7.38 (m, 3H), 7.48–
7.59 (m, 2H), 7.67 (m, 1H), 7.81–7.92 (m, 3H).

4.1.4. 3-Benzoyl-2(3H)-benzothiazolone (3b). Yield 81%
(cyclohexane). Mp 165–166 8C. IR (KBr) 1702, 1724,
1600 cmK1. 1H NMR (CDCl3) dZ7.32–7.48 (m, 3H), 7.65–
7.78 (m, 2H), 7.84 (m, 1H), 7.95–8.14 (m, 3H).

4.1.5. 3-Ethylaminocarbonyl-2(3H)-benzoxazolone (4a).
Yield 80% (cyclohexane). Mp 104–106 8C. IR (KBr) 3350,
2970, 1737, 1658, 1600 cmK1. 1H NMR (CDCl3) dZ1.30
(t, JZ7.30 Hz, 3H), 3.20 (q, JZ7.30 Hz, 2H), 5.00 (m, 1H),
7.23–7.30 (m, 3H), 8.05 (m, 1H).

4.1.6. 3-Ethylaminocarbonyl-2(3H)-benzothiazolone
(4b). Yield 88% (cyclohexane). Mp 112–113 8C. IR (KBr)
3340, 2954, 1701, 1665, 1600 cmK1. 1H NMR (CDCl3) dZ
1.35 (t, JZ7.20 Hz, 3H), 3.20 (q, JZ7.20 Hz, 2H), 5.05 (m,
1H), 7.11–7.23 (m, 3H), 8.10 (m, 1H).

4.1.7. 3-Ethoxycarbonyl-2(3H)-benzoxazolone (5a).
Yield 70% (petroleum ether). Mp 70–71 8C. IR (KBr)
2975, 1852, 1747, 1600 cmK1. 1H NMR (CDCl3) dZ1.51
(t, JZ7.34 Hz, 3H), 4.55 (q, JZ7.34 Hz, 2H), 7.26–7.38
(m, 3H), 7.80 (m, 1H).

4.1.8. 3-Ethoxycarbonyl-2(3H)-benzothiazolone (5b).
Yield 90% (petroleum ether). Mp 65–66 8C. IR (KBr)
2971, 1845, 1746, 1600 cmK1. 1H NMR (CDCl3) dZ1.50
(t, JZ7.30 Hz, 3H), 4.50 (q, JZ7.30 Hz, 2H), 7.31–7.53
(m, 3H), 8.10 (m, 1H).

4.1.9. Benzyloxycarbonyl-2(3H)-benzoxazolone (6a).
Yield 70% (cyclohexane). Mp 130–131 8C. IR (KBr)
1809, 1749, 1600 cmK1. 1H NMR (CDCl3) dZ5.50 (s,
2H), 7.16–7.28 (m, 3H), 7.36–7.46 (m, 3H), 7.50–63–7.24
(m, 2H), 7.75 (m, 1H).

4.1.10. Benzyloxycarbonyl-2(3H)-benzothiazolone (6b).
Yield 88% (cyclohexane). Mp 62–63 8C. IR (KBr) 1739,
1709, 1600 cmK1. 1H NMR (CDCl3) dZ5.55 (s, 2H), 7.26–
7.45 (m, 8H), 7.55 (m, 1H).

4.1.11. 3-Methylsulfonyl-2(3H)-benzoxazolone (7a).
Yield 75% (cyclohexane). Mp 142–143 8C. IR (KBr)
1733, 1600, 1185 cmK1. 1H NMR (CDCl3) dZ3.50 (s,
3H), 7.18–7.31 (m, 3H), 7.70 (m, 1H).

4.1.12. 3-Methylsulfonyl-2(3H)-benzothiazolone (7b).
Yield 79% (cyclohexane). Mp 148–149 8C. IR (KBr)
1697, 1600, 1185 cmK1. 1H NMR (CDCl3) dZ3.60 (s,
3H), 7.28–7.43 (m, 3H), 8.10 (m, 1H).4.1.
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4.1.13. 3-Phenylsulfonyl-2(3H)-benzoxazolone (8a).
Yield 96% (cyclohexane). Mp 145–146 8C. IR (KBr)
1733, 1600, 1190 cmK1. 1H NMR (CDCl3) dZ7.25 (m,
1H), 7.35–7.48 (m, 2H), 7.60 (m, 2H), 7.70 (m, 1H), 8.10
(m, 2H), 8.25 (m, 1H).

4.1.14. 3-Phenylsulfonyl-2(3H)-benzothiazolone (8b).
Yield 96% (cyclohexane). Mp 136–137 8C. IR (KBr)
1717, 1620, 1190 cmK1. 1H NMR (CDCl3) dZ7.30 (m,
1H), 7.32–7.45 (m, 2H), 7.60 (m, 2H), 7.70 (m, 1H), 8.10
(m, 2H), 8.25 (m, 1H).

4.1.15. 3-Methoxymethyl-2(3H)-benzoxazolone (9a).
Yield 90% (cyclohexane). Mp 90–91 8C. IR (KBr) 1762,
1600 cmK1. 1H NMR (CDCl3) dZ3.40 (s, 3H), 5.20 (s, 2H),
7.12–7.29 (m, 4H).

4.1.16. 3-Methoxymethyl-2(3H)-benzothiazolone (9b).
Yield 95% (cyclohexane). Mp 114–115 8C. IR (KBr)
1695, 1600 cmK1. 1H NMR (CDCl3) dZ3.35 (s, 3H),
5.10 (s, 2H), 7.02–7.24 (m, 4H).

4.1.17. 3-Methoxyethoxymethyl-2(3H)-benzoxazolone
(10a). Yield 90% (cyclohexane). Mp 28–29 8C. IR (KBr)
2882, 1782, 1600 cmK1. 1H NMR (CDCl3) dZ3.30 (s, 3H),
3.50 (t, JZ7.00 Hz, 2H), 3.75 (t, JZ7.00 Hz, 2H), 5.40 (s,
2H), 7.15–7.36 (m, 4H).

4.1.18. 3-Methoxyethoxymethyl-2(3H)-benzothiazolone
(10b). Yield 93% (cyclohexane). Mp 75–76 8C. IR (KBr)
2898, 1709, 1600 cmK1. 1H NMR (CDCl3) dZ3.30 (s, 3H),
3.50 (t, JZ7.05 Hz, 2H), 3.70 (t, JZ7.05 Hz, 2H), 5.35 (s,
2H), 7.06–7.28 (m, 4H).

4.1.19. 6-Bromo-3-methylethoxymethyl-2(3H)-benzo-
thiazolone (12). To a mixture of 6-bromo-2(3H)-benzo-
thiazolone (11) (5 g, 21.7 mmol) in DMF (50 mL),
potassium carbonate (9 g, 65.2 mmol) and MEM-Cl
(9.9 mL, 86.8 mmol) were added. The reaction was stirred
at 90 8C for 2 h. The solution was evaporated under reduced
pressure and 50 mL of water added. The solution was
extracted with CH2Cl2, then the organic layer evaporated
under reduced pressure. The residue was recrystallized in
cyclohexane. Yield 92%. Mp 97–98 8C. IR 1692, 1600. 1H
NMR (CDCl3) dZ3.30 (s, 3H), 3.50 (m, 2H), 3.70 (m, 2H),
5.50 (s, 2H), 7.15 (d, 1H, JZ8.30 Hz), 7.45 (dd, 1H, JZ
8.30 Hz, JZ1.50 Hz), 7.55 (d, 1H, JZ1.50 Hz).

4.1.20. 6-Tributyltin-3-methylethoxymethyl-2(3H)-
benzothiazolinone (13). To a mixture of 6-bromo-3-
methylethoxymethyl-2(3H)-benzothiazolone (12) (5 mmol)
in toluene (20 mL) under argon, tetrakis(triphenyl phos-
phine) palladium (0.5 mmol) and bis(tributyltin) (10 mmol)
were added. The reaction was refluxed for 16 h. The
solution was evaporated under reduced pressure. The oily
residue was purified by flash column chromatography with
petroleum ether/EtOAc (9.5/0.5) to give an oily product.
Yield 63%. IR 1692, 1605. 1HNMR (CDCl3): dZ0.90 (t,
9H, JZ5.90 Hz), 1.10 (t, 6H, JZ6.10 Hz), 1.35 (m, 6H),
1.55 (m, 6H), 3.35 (s, 3H), 3.55 (m, 2H), 3.75 (m, 2H), 5.45
(s, 2H), 7.30 (d, 1H, JZ7.90 Hz), 7.40 (dd, 1H, JZ7.90 Hz,
JZ1.05 Hz), 7.50 (s, 1H).

4.1.21. 6-Benzoyl-3-methylethoxymethyl-2(3H)-benzo-
thiazolone (14). 6-Tributylstannic-3-methylethoxymethyl-
2(3H)-benzothia-zolone (13) (1.9 mmol) in toluene (10 mL)
was placed under argon, dichlorobis(triphenylphosphine)
palladium (0.18 mmol) and benzoylchloride (2.8 mmol)
were added. The reaction was refluxed for 16 h. The
solution was evaporated under reduced pressure. The
residue was purified by flash column chromatography with
CH2Cl2/EtOAc (9/1) and recrystallized in cyclohexane.
Yield 86%. Mp 101–102 8C; IR 1696, 1649. 1HNMR
(CDCl3): dZ3.35 (s, 3H), 3.50 (m, 2H), 3.75 (m, 2H), 5.50
(s, 2H), 7.40 (d, 1H, JZ8.70 Hz), 7.50 (m, 2H), 7.60 (m,
1H), 7.80 (m, 2H), 7.85 (dd, 1H, JZ8.70 Hz, JZ1.10 Hz),
8.00 (d, 1H, JZ1.10 Hz).
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Abstract—In this paper, we report synthesis of new alkyldiphenyl phosphine ligand modified poly(ether imine) dendrimers up to the third
generation. The phosphinated dendrimers were obtained by functional group transformations of the alcohols present at the periphery of the
dendrimers to chloride, followed by phosphination using LiPPh2. The modification at the peripheries of the dendrimers was performed
successfully to obtain up to 16 alkyl diphenylphosphines in the case of a third generation dendrimer, in good yields for each individual step.
After phosphination, dendritic ligands were complexed with Pd(COD)Cl2 to give dendritic phosphine–PdII complexes. Both the ligands and
the metal complexes were characterized by spectroscopic and spectrometric techniques including high-resolution mass spectral analysis for
the lower generations. Evaluation of the catalytic efficacies of the dendrimer–PdII metal complexes in mediating a prototypical C–C bond
forming reaction, namely the Heck reaction, was performed using various olefin substrates. While the substrate conversion lowered with
catalyst in the order from monomer to third generation dendrimer, the second and third generation dendrimers themselves were found to
exhibit significantly better catalytic activities than the monomer and the first generation dendrimer.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Dendrimers are synthesized in a step-wise iterative fashion,
so as to construct them with a controlled architecture which
allows their molecular structures to be precise and unique,
in contrast to many other types of macromolecules.1 The
controlled architectures of dendrimers make them useful in
several areas of research such as host–guest chemistry,2

drug delivery,3 self-assembly4 and catalysis.5 In these and
other areas, amplification of functional groups at the
peripheries of the dendritic structures is often targeted.
Amplification of functional groups induces occasionally one
of the so called ‘dendritic effects’.6

In the area of organometallic catalysis, ligands with mixed
donor atoms receive much attention.7 Hemilabile ligands
with ‘soft’ (phosphorus) and ‘hard’ (nitrogen) donor atoms
provide flexible coordination modes, so as to maximize the
stability of a metal complex and its subsequent use in
catalysis.8 The first synthesis of ligands containing phos-
phorus–nitrogen–phosphorus donors (PNP ligands) was
reported as early as 1970.9 Even though the coordination
chemistry of these ligands with transition metals was
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.067
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reported,10 applying them in catalysis is fairly recent. In
most cases, the nitrogen site in the ligand is involved in
tethering the ligand, for example, to carriers such as solid
supports11 and proteins.12

Organometallic catalysis using dendrimers was reported
first by van Koten5 and since then a variety of ligands and
catalytically active complexes have been incorporated at
various locations of dendrimers.13 Owing to the importance
of phosphorus ligands in catalysis, incorporation of both
chiral and achiral phosphine ligands has been accom-
plished.14 Dendrimers have often been considered as a
template or support to perform catalysis, and dendrimers
have been idealized as meeting the requirement of both
homogeneous and heterogeneous catalysis. The effective-
ness of dendritic over polymeric support has also been
tested in recycling, nano-filtration and continuous batch
reactor process.15

In this paper, we describe the synthesis of bidentate PNP
ligands, followed by their incorporation at the peripheries of
new poly(ether imine) dendrimers, reported by us
recently.16 A strategy in which the phosphine ligand is
introduced towards the final step of the synthesis is
important, as it overcomes concerns arising from other
functional groups present in the preformed dendrimer. Upon
synthesis, complexation with Pd(COD)Cl2 (CODZ1,5-
cyclooctadiene) followed by evaluation of the catalytic
Tetrahedron 60 (2004) 10325–10334



Scheme 1. Synthesis of new alkyl diphenylphosphine ligand and its PdII complex.
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activities of these new phosphine–metal dendritic com-
plexes were performed. Details of synthesis, metal com-
plexation and an assessment of the catalytic activities are
described herein.
2. Results

Synthesis of new bidentate alkyldiphenylphosphine ligand
was accomplished by reaction of a halide with a phosphide
of Li or K in THF. In order to modify the poly(ether imine)
dendrimers,16 the free hydroxyl groups at the peripheries of
dendrimers were used. Thus, the alcohol functionalities in 1
were transformed to chloride in 2, using excess SOCl2 as the
reagent (Scheme 1). Removal of excess SOCl2, first by
co-evaporation with solvent and then by quenching with
EtOH, is essential in order to prevent charring of the product
under the reaction conditions. The resulting water-soluble
hydrochloride salt was neutralized with aq NaHCO3 and
chloride 2 was extracted with EtOAc. Treatment of 2 with
lithium diphenylphosphide, prepared in situ from lithium
and triphenylphosphine, in THF afforded bidentate alkyl
diphenylphoshine 3 in a nearly quantitative yield.
Scheme 2. Synthesis of G-1 metallo-dendrimer 8 with two catalytic sites.
The alkyl diphenylphosphine 3 is air sensitive and is
oxidized when exposed to the atmosphere; however, it
appeared to be stable when stored under an argon
atmosphere. It remains as a colorless viscous liquid and is
readily soluble in various organic solvents. Phosphine–PdII

complex 4 was prepared by mixing 1 molar equiv of
Pd(COD)Cl2 to 2 molar equiv of alkyl diphenylphosphine
at ambient temperature in CH2Cl2. The metal complex 4
was thus obtained in excellent yield, as an orange-yellow
solid. Triturating the resulting complex with Et2O removed
the unreacted ligand and by-products. The above synthetic
protocol was utilized to prepare first generation poly(ether
imine) dendrimer, in order to obtain the metallo-dendrimer
with two catalytic sites at the peripheries (Scheme 2).

Modifications of the second and third generation dendrimers
were accomplished using the same protocol (Schemes 3 and
4). It was observed that the alkyl diphenylphosphinated
third generation dendrimer was less soluble in ether, when
compared to the first and second generation phosphinated
dendrimers. The PdII metal complexes of second 12 and
third generation 16 dendrimers were moderately soluble in
chlorinated solvents.



Scheme 3. Synthesis of G-2 metallo-dendrimer 12 with 4 catalytic sites.
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In general, all of the phosphine–Pd complexes (4, 8, 12 and
16) were air stable in the solid state, however they appeared
to be sensitive when left in the solution phase for extended
periods. Decomposition occurred slowly for complex 4,
whereas G-1 (8), G-2 (12) and G-3 (16) complexes were
unstable and decomposed more quickly.

All the compounds were characterized by 1H, 13C NMR, IR
spectroscopies and by mass spectrometry. The transform-
ation of alcohols to chlorides was monitored using IR
spectroscopy so as to observe disappearance of the alcohol
stretching frequency (n 3390). Characteristics of the 1H
NMR spectra were changes in the chemical shifts of the
–CH2– groups at the peripheries that depend on the nature of
the functional group attached. The 1H NMR of alcohols and
chlorides appeared similar, whereas the difference between
them was evident in 13C NMR spectra where the peripheral
–CH2– resonated at 43 ppm for chlorides and 62 ppm for
alcohols. Disappearance of the triplet at w3.57 ppm of
–CH2Cl group and the appearance of resonances at
w2.00 ppm, corresponding to the formation of
–CH2PPh2 was distinct for the alkyl diphenylphosphine
ligands.

The 1H NMR spectrum of phosphinated G-3 dendrimer is
shown in Figure 1. 13C NMR spectra had shown a multiplet
at 128 ppm, doublets at 132 and 139 ppm, with coupling
constants of 18 and 13 Hz, respectively, for the phenyl rings
of the phosphine moiety of the dendrimers. The character-
istic 13C NMR spectroscopic feature was the presence of
three doublets at dZ23 (2JZ16.1 Hz), dZ25 (1JZ11.2 Hz)
and dZ54 (3JZ14.2 Hz), indicating the presence of alkyl
diphenylphosphine on the periphery of the dendrimers.
Compounds whose molecular weight was less than 1000
were characterized by high-resolution mass spectrometry.
The alkyl diphenylphosphine dendritic ligands (3, 7, 11 and
15) were characterized further by 31P NMR spectrum, which
exhibited a sharp singlet K16.1 ppm, typical for a
phosphorus nucleus in alkyldiphenylphosphine environ-
ment. We have also observed a trace of phosphine oxide
product, formed due to aerial oxidation of phosphine, as
evident from a resonance at 32.9 ppm.

The ligand environment around the metal site follows a
nearly identical pattern, from monomer to the dendrimer, as
observed from the respective 31P NMR spectra. Upon metal
complexation, all the dendritic complexes showed a shift in
the resonance of 31P NMR spectra by w33.2 ppm, i.e., from
K16.1 ppm for uncomplexed ligand to 17.1 ppm after metal
complexation (Fig. 2). Also, the 31P NMR spectra of PdII

complexes (4, 8, 12 and 16) indicated that all the phosphorus
atoms were coordinated to the metal ion in an equivalent
environment. All the dendritic metal complexes showed 31P
NMR resonances uniformly at 17.1 ppm, indicating that
they have a similar bidentate mode of complexation, as in
the monomer metal complex 4.



Scheme 4. Synthesis of G-3 metallo-dendrimer 16 with 8 Pd bidentate complexes at the periphery.
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From the 31P NMR spectrum of third generation PdII

complex, which also showed signals at lower fields, it
appears that the mode of complexation may be slightly
different than suggested for this complex. Alternatively, the
lower field resonances in the 31P NMR spectrum of 16 could
indicate a decomposition of the complex in solution. The
resonances of the ligand 15 at K5.3 and 33.0 ppm
correspond to triphenylphosphine and the triphenyl-
phosphine oxide, respectively. When triphenylphosphine
is complexed with Pd(COD)Cl2, it forms Pd(PPh3)2Cl2
complex. Pd(PPh3)2Cl2 complex is insoluble in CH2Cl2

17

and thus it could be separated from the dendritic complex
16. In all the cases, complete metallation was established by
elemental analysis. Elemental analysis of the complexes
agreed well with the theoretical values, except third
generation PdII complex, which showed a slight deviation
in the elemental analysis. Irrespective of this slight
deviation, complete metallation was evident from the 31P
NMR spectrum, in comparison to the corresponding free
ligand. The metal complexation experiments show that the
ligand locations are freely accessible at the peripheries of
the dendrimers and allow metal complexation at all
phosphine ligand sites.

The dendritic alkyldiarylphosphine–PdII metal complexes
were subjected to organometallic catalysis. In this study, we



Figure 1. 1H NMR (400 MHz, CDCl3) spectrum of G-3 dendrimer (15)
with 16 alkyl diphenyl phosphines.

Scheme 5. Reaction of iodobenzene with olefins in the presence of
dendritic catalyst.
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have chosen the C–C bond forming reaction, namely Heck
coupling, mediated by the newly formed dendritic catalysts.
The catalytic activities were tested for the reaction of
iodobenzene with a variety of olefins (Scheme 5).

All the reactions were carried out in a sealed tube at 140 8C,
using K2CO3 as the base and PhMe as the solvent under
argon atmosphere. The products were characterized by 1H
and 13C NMR spectroscopies and were also compared with
Figure 2. 31P NMR spectra (400 MHz, CDCl3) of phosphinated dendrimers (3, 7
the spectra of authentic samples. The molar ratio of
dendritic PdII–metal complex to substrate was taken initially
in the range of 1:100, then gradually increased to 1:1000.
The olefin substrate and K2CO3 were used in 1.2 molar
equiv to that of iodobenzene. The catalytic activity of the
reaction is summarized in Table 1. In all the Heck reactions,
only a single product, corresponding to the trans isomer was
obtained, apart from the unreacted starting material. None
of the cis isomer or any other by-product could be observed,
either by tlc or in the 1H NMR spectrum. The reactions were
performed at least twice and the percentage of conversion is
calculated on the basis of isolated yields, after column
chromatographic purification of the product. It was
observed that the catalysts in general were more active for
acrylates and good conversions could be achieved.

Complex 4 did not show any evidence of an induction time
and the reaction initiated immediately after the temperature
of the reaction mixture reached 120 8C, at which point a
mild black precipitate appeared in the reaction vessel. It is
likely that the required Pd0 complexes form in situ as the
, 11 and 15) and the corresponding PdII dendrimers (4, 8, 12 and 16).



Table 1. Olefin substrates and the corresponding products formed by the Heck coupling catalyzed by dendritic metal-complexes 4, 8, 12 and 16

Entry Substrate Reaction time (h) Product Catalyst Yield (%)

1 20

4 50
8 65
12 45
16 36

2 4

4 65
8 69
12 56
16 54

3 4

4 75
8 76
12 57
16 59

4 4

4 85
8 81
12 63
16 69

5 4

4 72
8 79
12 56
16 57

6 4

4 63
8 76
12 54
16 43

7 4

4 72
8 62
12 56
16 52

8 4

4 78
8 74
12 54
16 45

9 4

4

Trace conversion
8
12
16

10 4

4

Trace conversion
8
12
16

11 16 No reaction 4

12 6 4 Trace conversion

13 6 Mixture 4
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active catalyst. Owing to the temperature being maintained
above the boiling point of the olefinic substrate, the
reactions had to be carried out in a sealed tube. For styrene,
the reaction was sluggish and took more time than other
olefinic substrate. We did not observe any reaction between
acrylamide, probably due to its insolubility in PhMe.
3. Discussion

The most studied dendritic structures functionalized with
phosphine ligands at their peripheries were those derived
from (i) PAMAM13b,14e–g,18 (ii) poly(propylene imine)6e,13c,19

(iii) carbosilane5,6c,20 and (iv) phosphine.21 Apart from



Figure 4. Turn Over Number (TON) of Heck coupling reaction of
iodobenzene with substrates (1Zstyrene; 2Zmethylacrylate; 3Zethyla-
crylate; 4Zt-butylacrylate; 5Zacrylonitrile; 6Z2-cyclohexenone; 7Z2-
cyclopentenone and 8Z2-acetamidomethylacrylate) employing dendritic
catalysts.
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these, phosphines were also incorporated in the interiors of
dendritic structure, such as those reported by DuBois,14a,22

Rengan and Engel23 and Majoral.24 Dendritic catalysts are
considered as new materials that combine the advantages
and disadvantages associated with heterogeneous and
homogeneous catalysis. van Koten reported that dendritic
catalysts are superior to a polymer support, as the number
and the position of catalytic sites can be strictly controlled.5

The potential advantage arising from nanoscopic properties
of dendritic catalyst was also demonstrated.15 An important
enhancement in the catalytic activities due to ‘cooperative
effects’ has been reported by Jacobsen and co-workers.6d

Detty and co-workers25 have reported increased activity per
catalytic group in successive generations in a two-phase
oxidation of bromide in the presence of H2O2, catalyzed by
phenylseleno-containing dendrimers. These authors pro-
posed that the ‘dendritic effect’ observed in these catalysis
may be due to presumed micelle-like nature of the oxidized
catalyst.

We have observed that the optimum conversion level is
highly substrate dependent. Table 1 shows an increase in the
substrate conversion could be realized for the G1-Pd
catalyst, followed by a mild fall in the conversion of
substrates with higher generations. It could also be noticed
that catalytic activity of G-1–PdII complex was greater than
the monomer complex 4, G-2–PdII (12) and G-3–PdII (16)
catalyst. G-1–PdII (8) complex appeared to be better among
the catalysts and catalyzed reactions faster than the other
catalysts.

The results of the molar ratio of substrate to catalyst with
various olefins are presented in Figure 3. In this plot, the
molar ratio was determined on the basis of the minimum
amount of catalyst required to initiate the reaction. There is
a general increase in the ratio, starting with monomeric
catalyst 4 to higher generation dendritic catalysts.
Figure 3. Ratio of substrate to catalyst employed in Heck coupling reaction
of iodobenzene with substrates (1Zstyrene; 2Zmethylacrylate; 3Z
ethylacrylate; 4Zt-butylacrylate; 5Zacrylonitrile; 6Z2-cyclohexenone;
7Z2-cyclopentenone and 8Z2-acetamidomethylacrylate) employing den-
dritic catalysts.
From Figure 3, it is clear that higher generation dendritic
catalysts are better than monomeric and lower generation
catalysts, in terms of the amount of molar catalyst employed
for catalytic conversion. Attempts were undertaken to
recycle the catalysts. While catalysis was possible with
regenerated catalysts, the catalytic activities were
diminished, when compared to the corresponding fresh
catalyst.

The turn-over-number (TON) calculated after 4 h in the
reaction of iodobenzene with the olefinic substrate is shown
in Figure 4. The TON for acrylates is substantially higher
than other olefinic substrates.
Within the acrylates, Heck coupling of t-butylacrylate was
far more efficient than methyl and ethyl acrylates. We also
find that when an electron-donating group such as a methyl
group is present (entries 9, 10, 12 and 13 in Table 1), the
substituents retarded the Heck coupling. On the other hand,
when an electron-withdrawing group such as an acetylated
amine substituent is present on the double bond of the
acrylate (entry 8), moderate TON could be observed and the
products were formed in good yields. We also find that
the TON increases in general with the higher generation
dendrimers, namely, the second and third generation
dendritic catalysts, than the monomer and the first
generation catalysts. We realize that even though the
TONs are not exceptionally high, the modest increase in
the TON as the generations advance is clearly observable.
4. Conclusion

We have modified poly(ether imine) dendrimer peripheries
with new alkyldiphenylphosphine ligands, followed by their
conversion to catalytically active phosphine–PdII com-
plexes efficiently and in high yields. The dendrimers
thereby contain catalytic sites in precise locations. A series
of catalysts with 1, 2, 4 and 8 catalytic centers was prepared,
corresponding to the monomer, first, second and third
generation dendrimers, respectively. In addition, alkyl-
diphenylphosphine 3 is a useful ligand, which has not been
studied so far and thus remains to be explored further for a
variety of catalysis. Catalytic reactions involving these new
dendritic catalysts were conducted in the case of the C–C
bond forming Heck coupling reaction, which showed good
conversion for the reaction of an aromatic halide with a
variety of alkene substrates. The catalysts were
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comparatively efficient for Heck coupling of the acrylates
compared to other olefinic substrates. The dendritic
catalysts reported herein add further to repertoire of
catalysts for the well-documented Heck coupling reaction
in synthesis. The high catalytic performance of the higher
generation metallo-dendrimers, when compared to mono-
meric complex 4, could be a useful property for further
studies with these dendritic catalysts.
5. Experimental

5.1. General methods

Chemicals were purchased from commercial sources and
used as received. Solvents were dried and distilled
according literature procedures. Analytical TLC was
performed on commercial Merck plates coated with
aluminium oxide 60 F254 neutral (type E, 0.2 mm) or silica
gel GF254 (0.25 mm). Silica gel (100–200 mesh) and basic
alumina were used for column chromatography. Infrared
spectra were recorded as neat or KBr samples. Electrospray
mass spectra were recorded as a solution in either
MeCN/H2O (1:1) or MeOH/H2O (1:1). 1H and 31P NMR
spectral analysis were performed on a spectrometer
operating at 400 and 162 MHz, respectively. 13C NMR
spectral analyses were performed on a spectrometer
operating at 75.5 MHz. The following abbreviations were
used to explain the multiplicities: s, singlet; d, doublet; t,
triplet; m, multiplet; band, several overlapping signals; b,
broad.

5.2. General procedure for transformation of alcohol to
chloride

To a solution of alcohol in CHCl3 (25 mL), SOCl2 in CHCl3
was added drop-wise, the reaction mixture was kept at 55 8C
for 3 h. Excess SOCl2 and solvent were removed in vacuo
and the crude product was diluted with EtOH (5 mL) and
warmed for 10 min. Solvents were removed in vacuo, the
resulting residue diluted with EtOAC and washed with aq
NaHCO3 brine, dried and evaporated. The resulting crude
product was purified (alumina) to obtain the desired product
as a colorless liquid.

5.3. General procedure for phosphination of chloride

To a solution of chloride in THF (25 mL), LiPPh2 in THF
(50 mL) was added drop-wise at 0 8C, for 30 min. The
reaction mixture was then refluxed for additional 20 min,
cooled and evaporated in vacuo. The residue was dissolved
in Et2O, filtered and concentrated to obtain phosphide as a
colorless liquid.

5.4. General procedure for preparation of Pd catalyst

A mixture of phosphine and Pd(COD)Cl2 in CH2Cl2 (5 mL)
was stirred at room temperature for 1 h, solvents were
removed, the residue washed with hexane followed by Et2O
and dried to give the desired complex. The catalysts were
prepared freshly each time before the catalytic studies were
performed.
5.5. General experimental procedure for Heck coupling
of olefins with iodobenzene

Iodobenzene (102 mg, 0.5 mmol), olefin (0.6 mmol),
K2CO3 (81 mg, 0.6 mmol) and monomeric or dendritic
PdII catalyst (5–0.5 mmol) in PhMe (1 mL) were taken in
sealed tube (25 mL), fitted with a teflon cap. The tube was
evacuated, flushed with argon gas, after which the reaction
mixture refluxed with stirring at 140 8C for 4 h. The reaction
mixture was then cooled, solvents evaporated and the
residue was extracted with Et2O to give the crude product,
which was purified by column chromatography. Heck
coupling products were characterized by 1H NMR spec-
troscopy and the 1H NMR resonances were compared with
that known previously.26 Conversion percentage is calcu-
lated based on the product obtained. Turn-over-number
(TON) is calculated using the formula: (substrate mole/
catalyst mole)!conversion%.

5.5.1. Compound 2. To a stirring solution of 116 (2.75 g,
9.1 mmol) in CHCl3 (25 mL), SOCl2 (3.04 g, 25.5 mmol) in
CHCl3 (25 mL) was added drop-wise and followed further
as described in the general procedure. The resulting crude
product was purified (alumina, hexane:EtOAcZ95:5) to
obtain 2 (2.85 g, 93%) as a colorless liquid. FT-IR (neat) n:
1506, 1231, 1039, 825, 652; 1H NMR (CDCl3) d: 1.88 (q,
6H, JZ6.3 Hz), 2.55 (t, 6H, JZ6.3 Hz), 3.57 (t, 4H, JZ
6.3 Hz), 3.77 (s, 3H), 3.95 (t, 2H, JZ6.3 Hz), 6.82 (s, 4H);
13C NMR (CDCl3) d: 27.2, 30.2, 43.2, 50.3, 50.6, 55.6, 66.1,
114.6, 115.3, 153.1, 153.7; EI-MS: m/z: 334 [M]C; HRMS:
m/z: calcd for C16H25O2NCl2: 334.1340. Found: 334.1339.

5.5.2. Compound 3. To a stirring solution of 2 (2.85 g,
8.5 mmol) in THF (25 mL), LiPPh2 (3.65 g, 19 mmol) in
THF (50 mL) was added drop-wise and followed further as
described in the general procedure to obtain 3 (5.22 g, 97%)
as a colorless liquid. FT-IR (neat) n: 1507, 1434, 1231,
1181, 740, 696; 1H NMR (CDCl3) d: 1.47–1.57 (m, 4H),
1.81 (q, 2H, JZ6.8 Hz), 1.95–2.04 (m, 4H), 2.45 (t, 6H, JZ
6.8 Hz), 3.75 (s, 3H), 3.87 (t, 2H, JZ6.8 Hz), 6.78 (s,
4H), 7.23–7.37 (m, 20H); 13C NMR (CDCl3) d: 23.5 (d,
JZ16.1 Hz), 25.6 (d, JZ11.2 Hz), 27.1, 50.3, 54.8 (d,
JZ13.6 Hz), 55.7, 66.7, 114.6, 115.4, 128.4 (m), 132.6 (d,
JZ18.6 Hz), 138.8 (d, JZ13.1 Hz), 153.2, 153.6; 31P NMR
(CDCl3) d: K16.1; EI-MS: m/z: 634 [MC1]C; HRMS: m/z:
calcd for C40H45O2NP2: 634.3004. Found: 634.2975.

5.5.3. Compound 4. A mixture of 3 (44 mg, 70 mmol) and
Pd(COD)Cl2 (20 mg, 70 mmol) in CH2Cl2 (5 mL) was
stirred for 1 h and processed further as given in the general
procedure to afford 4 (53 mg, 94%) as a pale yellow solid.
FT-IR (neat) n: 3425, 1434, 1101, 742; 31P NMR (CDCl3) d:
17.1; EI-MS: m/z: 834 [MCNa]C; HRMS: m/z: calcd for
C40H45O2NP2PdCl2: 834.3259. Found: 834.3288;
Elemental analysis: calcd for C40H45O2NP2PdCl2: C
59.23, H 5.59, N 1.73. Found: C 60.91, H 5.81, N 1.62.

5.5.4. Compound 6. To a stirring solution of 516 (0.33 g,
0.9 mmol) in CHCl3 (25 mL), SOCl2 (0.56 g, 4.7 mmol) in
CHCl3 (25 mL) was added drop-wise and followed further
as described in the general procedure. The resulting crude
product was purified (alumina, hexane: EtOAcZ85:15) to
obtain 6 (0.38 g, 96%) as a colorless liquid. FT-IR (neat) n:
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1463, 1296, 1115, 652; 1H NMR (CDCl3) d: 1.70 (q, 4H,
JZ6.0, 6.9 Hz), 1.88 (q, 8H, JZ6.6, 6.3 Hz), 2.46 (t, 4H,
JZ6.9 Hz), 2.53 (t, 8H, JZ6.6 Hz), 3.42 (t, 4H, JZ6.3 Hz),
3.60 (t, 8H, JZ6.3 Hz); 13C NMR (CDCl3) d: 27.4, 30.3,
43.2, 50.6, 50.7, 68.8; EI-MS: m/z: 437, 439 [M]C; HRMS:
m/z: calcd for C18H36ON2Cl4: 437.1660. Found: 437.1648.

5.5.5. Compound 7. To a stirring solution of 6 (0.24 g,
0.55 mmol) in THF (25 mL), LiPPh2 (0.44 g, 2.4 mmol) in
THF (50 mL) was added drop-wise and followed further as
described in the general procedure to obtain 7 (0.52 g, 91%)
as a colorless liquid. FT-IR (neat) n: 1434, 1183, 1118, 739,
696; 1H NMR (CDCl3) d: 1.47–1.57 (m, 8H), 1.62 (q, 4H,
JZ6.4 Hz), 1.96 (appr. t, 8H), 2.37 (t, 4H, JZ6.8 Hz), 2.44
(t, 8H, JZ6.8 Hz), 3.34 (t, 4H, JZ6.8 Hz), 7.23–7.40 (m,
40H); 13C NMR (CDCl3) d: 23.1 (d, JZ16.1 Hz), 25.6 (d,
JZ11.7 Hz), 26.9, 50.6, 54.6 (d, JZ13.1 Hz), 69.0, 128.4
(m), 132.6 (d, JZ18.0 Hz), 138.7 (d, JZ13.1 Hz); 31P
NMR (CDCl3) d: K16.1; EI-MS: m/z: 1037 [MC1]C;
HRMS: m/z: calcd for C60H76ON2P4: 1037.4986. Found:
1037.4999.

5.5.6. Compound 8. A mixture of 7 (36 mg, 35 mmol) and
Pd(COD)Cl2 (20 mg, 70 mmol) in CH2Cl2 (5 mL) was
stirred for 1 h and processed further as given in the general
procedure to afford 6 (46 mg, 96%) give as a pale yellow
solid. FT-IR (neat) n: 3425, 1434, 1101, 742; 31P NMR
(CDCl3) d: 17.1; Elemental analysis: calcd for C66H76ON2-
P4Pd2Cl4: C 56.95, H 5.50, N 2.01. Found: C 57.37, H 5.88,
N 2.33.

5.5.7. Compound 10. To a stirring solution of 916 (0.66 g,
0.63 mmol) in CHCl3 (25 mL), SOCl2 (0.66 g, 5.5 mmol) in
CHCl3 (25 mL) was added drop-wise and followed further
as described in the general procedure. The resulting crude
product was purified (alumina, hexane: EtOAcZ75:25) to
obtain 10 (0.71 g, 95%) as a colorless liquid. FT-IR (neat) n:
1463, 1368, 1296, 1116, 722, 653; 1H NMR (CDCl3) d: 1.70
(q, 20H, JZ6.8, 6.4 Hz), 1.89 (q, 16H, JZ6.8, 6.4 Hz), 2.47
(t, 20H, JZ6.8 Hz), 2.54 (t, 16H, JZ6.4 Hz), 3.43 (m,
20H), 3.61 (t, 16H, JZ6.4 Hz); 13C NMR (CDCl3) d: 27.2,
27.3, 27.4, 30.3, 43.2, 50.7, 50.8, 68.7, 69.1; EI-MS: m/z:
1201 [MC1]C.

5.5.8. Compound 11. To a stirred solution of 10 (0.40 g,
0.33 mmol) in THF (25 mL), LiPPh2 (0.53 g, 2.9 mmol) in
THF (50 mL) was added drop-wise and followed further as
described in the general procedure to obtain 11 (0.644 g,
81%) as a colorless liquid. FT-IR (neat) n: 1434, 1184, 1118,
741, 696; 1H NMR (CDCl3) d: 1.43–1.51 (m, 16H), 1.59–
1.65 (m, 20H), 1.84 (appr. t, 16H), 2.34–2.44 (m, 36H),
3.29–3.36 (m, 20H), 7.25–7.40 (m, 80H); 13C NMR
(CDCl3) d: 23.5 (d, JZ16.1 Hz), 25.7 (d, JZ11.2 Hz),
27.3, 27.4, 29.7, 50.7, 50.8, 54.9 (d, JZ14.2 Hz), 69.3,
128.4 (m), 132.6 (d, JZ18.6 Hz), 138.9 (d, JZ13.1 Hz); 31P
NMR (CDCl3) d: K16.1.

5.5.9. Compound 12. A mixture of 11 (42 mg, 18 mmol)
and Pd(COD)Cl2 (20 mg, 70 mmol) in CH2Cl2 (5 mL) was
stirred for 1 h and processed further as given in the general
procedure to afford 12 (50 mg, 93%) as a pale yellow solid.
FT-IR (neat) n: 3392, 1435, 1109, 739; 31P NMR (CDCl3) d:
17.1; Elemental analysis: calcd for C150H188O5N6P8Pd4Cl8:
C 57.89, H 6.09. Found: C 57.52, H 6.03.

5.5.10. Compound 14. To a stirring solution of 1316 (0.24 g,
98 mmol) in CHCl3 (25 mL), SOCl2 (0.21 g, 1.74 mmol) in
CHCl3 (25 mL) was added drop-wise and followed further
as described in the general procedure. The resulting product
was purified (alumina, hexane: EtOAcZ55:45) to obtain 14
(0.25 g, 93%) as a colorless liquid. FT-IR (neat) n: 1463,
1368, 1296, 1116, 722, 653; 1H NMR (CDCl3) d: 1.62 (b,
52H), 1.81 (q, 32H, JZ6.3 Hz), 2.36–2.48 (m, 84H), 3.35
(m, 52H), 3.53 (t, 32H, JZ6.3 Hz); 13C NMR (CDCl3) d:
27.3, 27.5, 30.3, 43.2, 50.6, 50.7, 50.8, 68.7, 69.1.

5.5.11. Compound 15. To a stirring solution of 14 (0.25 g,
91 mmol) in THF (25 mL), LiPPh2 (0.308 g, 2.9 mmol) in
THF (50 mL) was added drop-wise and followed further as
described in the general procedure to obtain 15 (0.408 g,
87%) as a colorless liquid. FT-IR (neat) n: 1434, 1184, 1118,
741, 696; 1H NMR (CDCl3) d: 1.43–1.51 (m, 32H), 1.59–
1.65 (m, 52H), 1.99 (appr. t, 84H), 2.35–2.45 (m, 32H),
3.28–3.37 (m, 52H), 7.25–7.40 (m, 160H); 13C NMR
(CDCl3) d: 23.3 (d, JZ16.1 Hz), 25.6 (d, JZ11.2 Hz), 26.7,
27.0, 27.7, 29.5, 50.4, 50.6, 50.7, 54.2 (m), 68.7, 69.0, 69.1,
128.4 (m), 132.6 (d, JZ18.6 Hz), 138.9 (d, JZ13.1 Hz); 31P
NMR (CDCl3) d: K16.1, K5.3, 33.0.

5.5.12. Compound 16. A mixture of 15 (22 mg, 4.3 mmol)
and Pd(COD)Cl2 (20 mg, 70 mmol) in CH2Cl2 (5 mL) was
stirred for 1 h, filtered and processed further as given in the
general procedure to afford 16 (25 mg, 87%) a pale yellow
solid. FT-IR (neat) n: 3388, 1435, 1101, 745; 31P NMR
(CDCl3) d: 17.1, 26.5, 32.5; Elemental analysis: calcd for
C318H412O13N14P16Pd8Cl16: C 58.29, H 6.34. Found: C
57.35, H 5.89.
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Abstract—A new and efficient conjugate addition of trialkylphosphites to 3-u-bromoacetylcoumarin 1 catalysed by p-toluenesulfonic acid
(TsOH) has been studied. Under the same conditions, an enolphosphate gave the corresponding esters of 3-acetyl-4-phosphono-2-
oxochromans in high yields. The use of TsOH in the reaction of 3-acetyl-, 3-benzoyl-, and 3-ethoxycarbonyl coumarins led mainly to
1,4-addition products—the corresponding 3-acyl-4-dialkylphosphono-2-oxochromans—in very good yields.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

In a previous paper1 we described the reaction of 3-(u-
bromoacetyl)coumarin 1 with trialkylphosphites, from
which, depending on the reaction conditions and the
phosphite used, the corresponding enolphosphates 2, for
RZCH3 or C2H5, or the 2-oxophosphonate 3, for RZPh
were the only isolated products. On the other hand, the
interaction of the bromoderivative 1 with diethyl and
dibutylphosphite under phase transfer conditions gave the
corresponding epoxyphosphonates 4 as the main products.

The preparation of dialkyl 2-oxophosphonates 3 (CH3 or
C2H5) were realized1 only when the carbonyl group in the
starting ketone 1 was protected by the ethoxycarbonyl-
hydrazono group, followed by Arbuzov reaction.

The experimental findings, concerning the mechanisms of
the above transformations, taking into account theoretical
considerations and the experimental data available for
Perkow, Arbuzov and Michaelis-Becker reactions,2–16

could be explained as follows:
1.
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7

The transformation of bromoderivative 1 to 2-oxophos-
phonates 3 proceeds as an Arbuzov reaction. According
to the proposed mechanism for this reaction4–9 the most
simple and more likely pathway for this transformation
0–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
:10.1016/j.tet.2004.08.069
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involves the SN2 displacement of the bromine by the
phosphite. It should be emphasized that this transform-
ation (1/3) goes only with the less reactive2,9,16

triphenylphosphite whereas with trialkylphosphites no
such products were isolated. This different behavior of
triphenyl- and trialkylphosphites in the reaction with the
bromoketone 1 could be explained via the formation of
the more stable triphenyl phosphonium salt7 and its
thermal decomposition to the phosphonate 3.
2.
 It also seems clear that the formation of epoxyphos-
phonates 4 proceeds under the Michaelis-Becker reac-
tion conditions.10–12 The first step is the nucleophilic
addition of the deprotonated dialkylphosphite anion to
the C]O group of 1, followed by elimination of the
bromine and cyclization to the epoxyphosphonates 4.
In fact, the transformation of 1 into epoxy derivative 4
proceed as another variation of the classic Darzen’s
reaction17 and it looks normal that it proceeds with a
stronger nucleophile as is the dialkylphosphite anion
(Scheme 1).
3.
 The transformation of the bromoacetyl coumarin 1 into
the enolphosphates 2, realized under various conditions,
typical for the Arbuzov/Perkow reaction, took place only
with trialkyl phosphites. Surprisingly, when the reaction
was performed in acetic acid, it was completed within
5 min giving the enolphosphate 2 in 84% yield.

It has been reported3,15,16 that the reaction of a-haloketones
with trialkylphosphites in the presence of acetic acid favors
the formation of enolphosphates and a similar action has
been observed14 when this reaction was performed in the
presence of phosphoric acid. The dramatic acceleration
observed1 in our case in the reaction of 1 with
Tetrahedron 60 (2004) 10335–10342



Scheme 1.
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trialkylphosphites, prompted us to investigate what would
be the result of this reaction in the case of carrying it out in
the presence of a stronger acid such as p-toluenesulfonic
acid (TsOH).
Table 1. Interaction of 3-bromoacetylcoumarin 1 with trialkylphosphites P(OR)3

Method Reaction condition Time [min]

Ratio 1:P(OR)3:TsOH

A 1:2:1/D/toluene 150
A1 1:5:1/D/toluene 90
B 1:5:0.1/CH2Cl2/)))c 20
C 1:5:1/CH2Cl2/))) 20
C1 1:5:2/CH2Cl2/))) 20

a TsOHZp-toluenesulfonic acid.
b a: RZCH3, b: RZC2H5.
c ))): Reaction carried out under ultrasound irradiation.

Scheme 2.
2. Results and discussion

The results of the reaction of 1 with trimethyl and
triethylphosphites and in the presence of TsOH, performed
in the presence of TsOHa

Yields, %

2b 5b

a b a b

54 30
33 55
86 94 8 Trace
17 5 76 90
10 3 82 93
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in refluxing toluene (Methods A, A1) or in methylene
chloride under ultrasound irradiation (Methods B, C and C1)
and in different bromoketone 1:trialkylphosphite:toluene-
sulfonic acid ratios are presented in Table 1.

The course of the reaction of 1 with P(OR)3 in the presence
of TsOH was completely different to that with acetic acid,1

giving, in addition to the expected enolphosphates 2a,b,
new 1,4-addition products 5a,b (Table 1, Scheme 2). Thus
in refluxing toluene (Methods A, A1), the reaction of 1 with
P(OR)3 gave the enolphosphates 2a and 2b in 33, 54% and
the 1,4-adducts 5a and 5b in 30, 55% yields, respectively.

The results, concerning yields and the 2:5 ratios were
significantly different when the reaction took place in
methylene chloride and under the action of ultrasound
irradiation (Methods B, C, C1). The reaction was completed
within 20 min and the yields of the isolated products 2 and 5
depended on the amount of TsOH used to perform the
reaction. When TsOH was used in catalytic amounts (Table
1, Method B) the enolphosphates 2a, 2b were the main
products, with yields of 86 and 94%, respectively. By
increasing the bromocoumarin 1:TsOH ratio to 1:1 (Table 1,
Method C) the 1,4-addition products 5a, 5b were the main
ones, with yields of 76 and 90%, respectively, whereas the
corresponding enolphosphates 2a, 2b were isolated in yields
of 17 and 5%, respectively. A further increase of the
Scheme 3.

Table 2. Interactiona of 3-bromoacetylcoumarin 1 with dialkylphosphites
(RO)2PH

R 2 7 8

a CH3 20 2 7
b C2H5 6 5 17

a In refluxing toluene, 4 h.

Scheme 4.
1:TsOH ratio to 1:2 did not substantially change the yields
of the reaction products (Table 1, Method C1).

The formation of the 1,4-adducts 5 from the reaction of
bromoacetylcoumarin 1 and trialkylphosphites in the
presence of TsOH could be explained by initial protonation
of the C]O group. The protonated ketone A acting as an
activated conjugate system reacts easily with trialkylpho-
sphites to form the intermediate 1,4-adduct B. The
transformation of the latter to the products 5 goes most
probably with the participation of the TsOH anion
(Scheme 3). The formation of the corresponding esters of
p-toluenesulfonic acid was proved by their isolation from
the reaction mixtures in yields of 70–75% and by comparing
their Rf-values and IR spectra with authentic samples.

In the reaction mixture containing P(OR)3 and TsOH,
however, the possibility of trialkylphosphite to have been
transformed into the corresponding dialkylphosphite19

should be taken into account. In order therefore to prove
the real reagent in the reaction of 1,4-addition of the
phosphites to compound 1, trialkylphosphite or dialkylphos-
phite, the reaction of 1 with dialkylphosphite under
ultrasound irradiation in methylene chloride, without and
in the presence of TsOH, was carried out. In both cases the
starting coumarin 1 was isolated in quantitative yield.

When the reaction of 1 with dialkylphosphites was,
however, carried out in refluxing toluene, a complicated
reaction mixture (TLC) was obtained from which 3-acetyl-
coumarin 7 (at 2–5%), the corresponding enolphosphates 2
(at w20%) and the products of 1,4-addition of dialkylphos-
phites to 3-acetylcoumarin (8a,b) were isolated (Table 2,
Scheme 4).

The behavior of the enolphosphate 2a in the reaction with
trialkylphosphites in refluxing toluene and in the presence of
TsOH was also studied. From this reaction (Methods A2 and
A3, Table 3, Schemes 2 and 5) the 1,4-adducts 8a and 8b
were isolated. When this reaction was performed in two
stages, i.e. first the solution of 2a and TsOH in toluene is
refluxed for 5 min and after that addition of P(OR)3 (Method
A3, Table 3), the transformation of 2a to 8a was almost
quantitative (the enolic forms of the 3-acetyl-4-dialkylphos-
phono-2-oxochromans 8a and 8b were isolated in 87 and
93%, respectively, with no unreacted starting compound).
These findings indicate that in the above reaction, the
enolphosphate 2 is first hydrolyzed to 3-acetylcoumarin 7 by
the strong acid TsOH2 (and this was proved in a separate
experiment, where hydrolysis of 2a to 7 was completed
within 15 min with 90% yield) and in a second step the 1,4
addition of trialkylphosphite is taking place (Scheme 5).



Table 3. Interaction of enolphosphates 2a with trialkylphosphites

Method Reaction conditions Time, h Unreacted 2 Yields, %

Ratio 2a:P(OR)3:TsOH 8a 8b

A2 1:5:2.5/D/toluene 4 15/26a 43 39
A3 1:2:2/D/toluene, 2-stage 0.5 87 93

a When the reaction was carried out in one stage.

Scheme 5.
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The possibility of the enolphosphate 2a being transformed
into 3-u-bromoacetylcoumarin 1 was also studied. This was
achieved in a one pot two-stage reaction by the action of
TsOH for the hydrolysis of 2a and then of NBS for the
bromination of the hydrolysis product of 3-acetylcoumarin
7. Compound 1 was obtained in almost quantitative yield.
By repeating the same reaction and, in a third stage, by
adding trimethylphosphite to the reaction mixture, com-
pounds 2a (33%) and 5a (46%) were isolated (Scheme 6).
Almost the same proportion (2a/5a) were obtained from
reaction of 1 with P(OCH3)3, (Table 1, Method A1).

Over the last few years the reaction of 3-acetylcoumarin
7 with dialkyl- and trialkylphosphites, from which the
1,4-addition products 8 were obtained in 40–80% yields on
refluxing for 8–10 h, has been reported.20–23 Since we have
found that the use of TsOH favors the 1,4-addition of
trialkylphosphites to 3-bromoacetylcoumarin 1 and
Scheme 6.

Table 4. Reaction of trialkylphosphites with 3-acylsubstituted coumarins

Starting Compd. Method Reaction conditions
(Ratio coumarin:
P(OR)3:TsOH)

7 A1 1:5:1/D/toluene 15
7 C 1:5:1/CH2Cl2/))) 30
7 D 1:5/CH2Cl2CROH/

))), without TsOH
30

7 E 1:5/CH3COOH/))),
without TsOH

15

10 C 1:5:1/CH2Cl2/))) 30
11 C 1:5:1/CH2Cl2/))) 30
substantially shortens the reaction time, we investigated
the same reactions of trialkylphosphites with 3-acetylcou-
marin 7 as well as with 3-benzoyl and 3-ethoxycarbonyl
coumarins 10 and 11 respectively, in the presence of TsOH
and under ultrasound irradiation. The results (Table 4) show
that the corresponding 4-dialkylphosphono-2-oxocromans
8/9, 12/13 and 14 (Scheme 7) were obtained in yields from
60 to 95% (Table 4, Method C).

The structures of the isolated compounds were assigned
mainly on the basis of their 1H and 13C NMR spectral data.
Thus, compounds 5/6a,b and 8/9a,b appeared exclusively in
the enol-tautomeric forms 5 and 8 respectively, and this is in
agreement with the reported21,23 structure of compound
8/9a,b. Compounds 12/13b and 14a,b on the other hand
appeared exclusively in the keto-tautomeric form 13 and 14
respectively, whereas compound 12/13a appeared as a
mixture of both tautomers 12a$13a, with a 12:13 ratio of
Time[min] Reaction product Yield %

a b

8/9 90 91
8/9 95 95
8/9 86 94

8/9 87 93

12/13 94 69
14 58 88
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9:1 (1H NMR), which, on standing the sample in the NMR-
tube (CDCl3) for one week, changed to w1:1.

The 1H NMR spectra of the enol-forms 5a,b, 8a,b and 12a
showed an OH peak at dw13 ppm, exchangeable with D2O.
The 4-H proton appeared as a doublet at dZ4.19–4.45 ppm
with a 2JHCPz22 Hz, and the enolic methyl group of
compounds 8a,b, ]C–CH3, showed a doublet with a
5JHPz3 Hz (homoallylic), whereas the corresponding two
methylenic protons of compounds 5a,b, ]C–CH2Br
appeared at w4 and 4.5 ppm as dd (2JHCHZ11.2 Hz,
5JHPz1 Hz) and ddd (2JHCHZ11.2 Hz, 5JHPz

5JHHz
1.5 Hz) respectively. Of interest is the observed coupling
between the hydroxyl proton and one of the two methylenic
protons of the CHAHBr group, 4JH,OHZ1.5–1.7 Hz. This
indicates a fixed W disposition of these two protons, as a
result of a restricted rotation of the CH2Br group due to the
bulky bromine atom, and of the OH group due to hydrogen
bonding of the OH proton to the 2-oxochroman carbonyl
oxygen. This hydrogen bonding has been also observed23 in
the crystal structure of compounds 7/8. In their 13C NMR
spectra the enolic forms gave a peak for C-4 at w37.5 ppm
coupled with the phosphorus atom with 1JCPZ141–144 Hz
and a peak for C-3 at w90 ppm, with a 2JCPZ8.9 Hz. The
enolic carbon ]C–OH appeared as doublet, (3JCPz6–
7 Hz) at dZ176–179 ppm and the carbonyl carbon (C-2)
gave a peak at dz169 ppm. The absence of the keto-form
peaks for the 3-H protons in the 1H NMR spectra and for the
saturated C-3 in the 13C NMR spectra is characteristic of
these tautomeric compounds.

The keto-forms on the other hand, 13a,b and 14a,b, showed a
doublet for the 4-H proton at dZ3.8–3.9 ppm, coupled with
the phosphorus atom with 2JHCPZ23–24 Hz and a peak for
3-H proton at dZ4.5–5.2 ppm coupled with the phosphorus
atom with 3JHPZ10.4–14.5 Hz and with 4-H with a very
small 3JZ0.8–1 Hz. The very small 3J value between 4-H
and 3-H suggests a dihedral angle of H–C4–C3–H of about
908, which, as also revealed by inspection of stereomodels,
indicates a trans disposition of the two protons. In their 13C
NMR spectra the most characteristic peaks are those of C-3 at
dZ47–49 ppm and of C-4 at dw39 ppm, coupled with the
phosphorus atom with 2JCP of 2.3–3.5 Hz and 1JCPz144 Hz,
respectively. The carbonyl carbon of the 3-benzoyl group in
13a,b appeared at dZ192 ppm and that of the ethoxy-
carbonyl group in 14a,b at dz166 ppm. In both cases these
carbons were strongly coupled with phosphorous atom with a
3JCP value of w17–22 Hz.

It is noted that a mixture of the two tautomers from the
reaction of 7 with dialkylphosphites 8/9a,b, i.e. 8$9, has
been also reported.22 However, the NMR spectral data
provided to support this suggestion are not as complete as
they should be to support the proposed appearance of the
two tautomers.
3. Conclusions

From the experimental data given above together with
the results reported earlier,1 it is concluded that the
3-bromoacetyl coumarin shows a special behavior in the
reaction with phosphites:
1.
 It reacts with triphenylphosphite giving the 2-oxophos-
phonate 3 (RZPh).
2.
 With trialkylphosphites compound 1 may react in two
directions:
i. To the formation of the enolphosphates 2 (maybe by

the initial 1,2 addition of the trialkylphosphites to the
conjugated system of the 3-bromoacethylcoumarin)
and

ii. To the formation mainly (about 90%) of the
corresponding 3-(u-bromoacetyl)-4-dialkyphos-
phono-2-oxochromans 5/6 by the 1,4-addition of the
trialkylphosphites to the bromoacetylcoumarin 1.
This direction was realized only when the reaction
was carried out in the presence of TsOH.
The use of TsOH in the reaction of 3-acyl-coumarines with
trialkylphosphites leads mainly to 1,4-addition products,
giving, in good yields and shorter reaction times, the
corresponding 3-acyl-4-dialkylphosphono-2-oxochromans.
4. Experimental

Melting points were determined on a Kofler hot-stage
apparatus and are uncorrected. IR spectra were recorded
with a Specord IR 71 or IR 75 spectrophotometers. 1H NMR
and 13C NMR spectra, reported in d units, were obtained
with a Bruker WM 250 (at 250 and 62.9 MHz, respectively)
or a Bruker AM 300 (at 300 and 75.4 MHz, respectively)
instruments. All NMR spectra were obtained by using TMS
as internal standard in CDCl3. E.I. mass spectra were
obtained at 70 eV a VG TS-250 spectrometer. Elemental
analyses of C, H, P and N were carried out in the Laboratory
of Elemental Analysis at the Department of Organic
Chemistry, University of Sofia.

Column chromatography was carried out on silica gel
(Merck or Fluka 0.063–0.2 mm) using as eluent
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n-hexane/EtOAc mixtures with increasing polarity. Sonica-
tions were effected with Bransonic 321 (390 W, 50 kHz).

4.1. Preparation of the starting materials

The starting 3-substituted 2-oxo-2H-1-benzopyrans were
prepared according to the literature procedures1,18,24–26 and
their spectroscopic characteristics (IR, 1H NMR and MS)
were in agreement with their structures. Trialkyl phosphites
and dialkyl phosphites are commercially available (Fluka).

4.2. Interaction of 3-bromoacetylcoumarin 1 with
trialkylphosphites. General procedure

Depending of the reaction conditions (ratio of the reagents,
temperature, etc.) the following methods are distinguished:

Method A. A solution of 3-bromoacetylcoumarin 1 (0.27 g,
1 mmol), the corresponding phosphite (2 mmol) and
p-toluenesulfonic acid (0.19 g, 1 mmol) was refluxed in
dry toluene (3 mL) until the starting coumarin was
consumed (TLC-monitoring). The solvent was removed
under reduced pressure. To the residue methylene chloride
(20 mL) was added, washed with water (40 mL), with 10%
solution of potassium carbonate (20 mL), again with water
(30 mL) and dried (Na2SO4). The precipitate obtained after
the removal of the solvent was filtered and washed with
ethyl acetate (10 mL).

Method A1. The same as in Method A but the amount of the
corresponding phosphite was 5 mmol.

Method B. A solution of 3-bromoacetylcoumarin 1 (0.27 g,
1 mmol), the corresponding phosphite (5 mmol) and
p-toluenesulfonic acid (catalytic amount) in methylene
chloride (3 mL) was irradiated with ultrasound at room
temperature until the starting coumarin was consumed
(TLC-monitoring). The reaction mixture was poured out
into ice water (40 mL) and extracted with methylene
chloride (3!30 mL). The organic layer was washed with
water (30 mL) and dried (Na2SO4). After evaporation of
the solvent the obtained crystals were isolated from ethyl
acetate (5 mL). The filtrate was chromatographed on a silica
gel column with n-hexane–ethyl acetate (with increasing
polarity) as eluent.

Methods C and C1. The same as in Method B, but the
amount of the p-toluenesulfonic acid was 1 and 2 mmol,
respectively.

4.2.1. Dimethyl 3-(2-bromo-1-hydroxyaethylidene)-2-
oxochroman-4-ylphosphonate (5a). From 1 and trimethyl
phosphite. Method B: 0.32 g, 86%, white crystals, mpZ
151–153 8C (ethyl acetate); [Found: C, 41.21; H, 3.43.
C13H14O6PBr requires C, 41.40; H, 3.74%]; IR (nujol): nZ
1720, 1630, 1590, 1190, 1080, 1055 cmK1. 1H NMR
(300 MHz): dZ13.15 (s; OH, 1H), 7.31–7.38 (m; 5-, 7-H,
2H), 7.21 (m as t, JZ7.5 Hz; 6-H, 1H), 7.11 (d, JZ8.3 Hz;
8-H, 1H), 4.50 (ddd as dt, 2JHHZ11.2 Hz, 4JH,OHw1.5 Hz,
5JHPw1.3 Hz; CHAHBr, 1H), 4.30 (d, JZ21.9 Hz; 4-H,
1H), 3.99 (dd, 2JHHZ11.2 Hz, 5JHPZ1.0 Hz; CHHBBr,
1H), 3.68 (d, 3JHPZ10.4 Hz; POCH3, 3H), 3.66 (d, 3JHPZ
10.2 Hz; POCH3, 3H). 13C NMR (75.4 MHz): dZ173.8 (d,
3JCPZ6.8 Hz; ]COH), 168.8 (d, 3JCPZ1.7 Hz; C-2), 150.9
(d, 3JCPZ5.6 Hz; C-8a), 129.6 (d, 3JCPZ2.9 Hz; C-5),
129.6 (d, 5JCPZ1.8 Hz; C-7), 125.1 (d, 4JCPZ3.4 Hz; C-6),
117.2 (d, 4JCPZ3.6 Hz; C-8), 116.5 (d, 2JCPZ8.5 Hz;
C-4a), 91.0 (d, 2JCPZ9.9 Hz; C-3), 54.1 (d, 2JCOPZ
7.7 Hz; POCH3) 54.0 (d, 2JCOPZ7.3 Hz; POCH3), 37.3 (d,
1JCPZ142.7 Hz; C-4), 25.5 (CH2Br).

4.2.2. Diethyl 3-(2-bromo-1-hydroxyaethylidene)-2-oxo-
chroman-4-ylphosphonate (5b). From 1 and triethyl
phosphite. Method B: 0.38 g, 94%, white crystals, mpZ
147–149 8C (ethyl acetate); [Found: C, 44.61; H, 4.40.
C15H18O6PBr requires C, 44.47; H, 4.48%]; IR (nujol): nZ
1730, 1635, 1500, 1190, 1090, 1050, 1020 cmK1. 1H NMR
(300 MHz): dZ13.17 (s; OH, 1H), 7.32–7.40 (m; 5-, 7-H,
2H), 7.21 (m as t, JZ7.5 Hz; 6-H, 1H), 7.12 (d, JZ8.0 Hz;
8-H, 1H), 4.55 (ddd as dt, 2JHHZ11.1 Hz, 4JH,OHZ1.7 Hz,
5JHPZ1.2 Hz; CHAHBr, 1H), 4.28 (d, 2JHPZ21.8 Hz; 4-H,
1H), 3.93–4.12 (m; CHHBBr, POCH2, 5H), 1.26 (t, JZ
7.0 Hz; CH3), 1.24 (t, JZ7.0 Hz; CH3). 13C NMR
(75.4 MHz): dZ173.6 (d, 3JCPZ7.1 Hz; ]COH), 168.9
(d, 3JCPw1.0 Hz; C-2), 150.2 (d, 3JCPZ5.4 Hz; C-8a),
129.7 (d, 3JCPZ4.4 Hz; C-5), 129.5 (d, 5JCPZ3.7 Hz; C-7),
125.0 (d, 4JCPZ3.5 Hz; C-6), 117.1 (d, 4JCPZ3.6 Hz; C-8),
116.8 (d, 2JCPZ8.7 Hz; C-4a), 91.2 (d, 2JCPZ9.9 Hz; C-3),
63.6 (d, 3JCPZ7.0 Hz; POCH2), 63.5 (d, 3JCPZ7.4 Hz;
POCH2), 37.7 (d, 1JCPZ142.6 Hz; C-4), 25.6 (CH2Br), 16.4
(d, 3JCPZ4.8 Hz; CH3), 16.3 (d, 3JCPZ4.8 Hz; CH3). MS
m/z (%): 406/404 (MC) (4), 325 (61), 283 (60), 268/266
(72), 188 (73), 173 (84), 146 (33), 118 (69), 77 (38), 29
(100).

4.3. Interaction of enolphosphate 2a and 3-acetyl-
coumarin 7 with trialkyl phosphites. General procedure

Depending of the reaction conditions the following methods
are distinguished:

Method A2. The ratio of the reagents 2a:phosphites:TsOH
1:2:2.5 in refluxing toluene (3 mL). The reaction carried out
and worked up as mentioned above for Method A.

Method A3. To the refluxing solution of the starting
coumarin (0.27 g, 1 mmol) in dry toluene (3 mL) was
added 4-toluenesulphonic acid (0.38 g, 2 mmol). After
5 min to the reaction mixture the corresponding trialkyl
phosphite (2 mmol) was added and refluxed until the
starting coumarin was consumed (TLC-monitoring) for
about 15 min. The solvent was removed under reduced
pressure and the residue was chromatographed on a silica
gel column with n-hexane–ethyl acetate (with increasing
polarity) as an eluent.

Method D. A solution of the starting coumarin (0.27 g,
1 mmol) and the corresponding phosphite (5 mmol) in
alcohol (methanol, resp. ethanol (2 mL)) and methylene
chloride (1 mL) was irradiated with ultrasound at room
temperature until the starting coumarin was consumed
(TLC-monitoring). The solvent was distilled under reduced
pressure. To the residue was added a small quantity of
corresponding alcohol (1 mL) and water (drop wise) for
crystallization at low temperature. The obtained crystals
were filtrated.
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Method E. A solution of the coumarin (0.27 g, 1 mmol) and
the corresponding phosphite (5 mmol) in glacial acetic acid
(2 mL) was irradiated with ultrasound at low temperature
(ice-water-bath) until the starting coumarin was consumed
(TLC-monitoring). The reaction mixture was decomposed
on ice-water (50 mL). The obtained crystals were filtrated
and washed with water to neutral pH.

4.3.1. Dimethyl 3-(1-hydroxyaethylidene)-2-oxochro-
man-4-ylphosphonate (8a). From 2a or 7 and trimethyl
phosphite. Method C: 0.28 g, 95%, white crystals, mpZ
127–129 8C (ethyl acetate), (lit.21,22 129–130 8C).

4.3.2. Diethyl 3-(1-hydroxyaethylidene)-2-oxochroman-
4-ylphosphonate (8b). From 2a or 7 and triethyl phosphite.
Method C: 0.31 g, 95%, white crystals, mpZ145–148 8C
(ethyl acetate), (lit.21,22 147–148 8C).

4.3.3. Dimethyl 3-benzoyl-2-oxochroman-4-ylphospho-
nate (12/13a). From 3-benzoylcoumarin 10 and trimethyl
phosphite. Method D: 0.34 g, 94%, white crystals, mpZ
120–134 8C (methanol), (mixture of the two tautomers
12a$13a, with a 9:1 ratio (1H NMR), which on staying the
sample in the NMR tube for about 1 week (CDCl3) changed
to w1:1); [Found: C, 60.07; H, 4.90. C18H17O6P requires C,
60.00; H, 4.76%]; IR (CH3Cl): nZ1780, 1700, 1625, 1060,
1030 cmK1. 1H NMR (300 MHz), enol-form (12a): dZ
13.29 (s; OH, 1H), 7.58–7.65 (m; 2 0-, 6 0-H, 2H), 7.46–7.54
(m; 3 0-, 5 0-, 4 0-H, 3H), 7.26–7.37 (m; 5-H, 7-H, 2H), 7.12–
7.19 (m; 6-H, 8-H, 2H), 4.45 (d, 2JHPZ23.9 Hz; 4-H, 1H),
3.49 (d, 3JHPZ10.6 Hz; OCH3, 3H), 3.41 (d, 3JHPZ
10.6 Hz; OCH3, 3H). Keto-form (13a): 7.96–7.99 (m, 2 0-,
6 0-H, 2H), 7.65 (dddd as tt, JZ7.4, 1.4 Hz; 4 0-H, 1H), 7.48–
7.55 (m; 3 0-H, 5 0-H, 2H), 7.34 (dddd as tt, JZ7.7, w2.0 Hz;
7-H, 1H), 7.22 (ddd as dt, JZ8.2, w2.1 Hz; 5-H, 1H), 7.11–
7.17 (m; 6-, 8-H, 2H), 5.19 (dd, 3JHPZ13.7 Hz, 3JHHZ
0.8 Hz; 3-H, 1H), 3.80 (bd, 2JHPZ23.4 Hz; 4-H, 1H), 3.81
(d, 3JHPZ10.8 Hz; OCH3, 3H), 3.68 (d, 3JHPZ10.8 Hz;
OCH3, 3H). 13C NMR (75.4 MHz), enol-form (12a): dZ
175.5 (d, 3JCPZ6.7 Hz; ]COH), 169.1 (d, 3JCPw1 Hz;
C-2), 150.9 (d, 3JCPZ5.5 Hz; C-8a), 133.6 (d, 4JCPZ
2.2 Hz; C-1 0), 130.9 (C-4 0), 129.9 (d, 3JCPZ4.5 Hz; C-5),
129.3 (d, 5JCP!5 Hz; C-7), 128.8 (C-3 0,-5 0), 128.2 (C-2 0,
-6 0), 125.0 (d, 4JCPZ3.3 Hz; C-6), 117.7 (d, 2JCPZ7.5 Hz;
C-4a), 117.1 (d, 4JCPZ3.9 Hz; C-8), 89.7 (d, 2JCPZ9.9 Hz;
C-3), 53.6 (d, 2JCOPZ7.6 Hz; POCH3), 53.3 (d, 2JCOPZ
7.4 Hz; POCH3), 37.6 (d, 1JCPZ140.8 Hz; C-4). Keto-form
(13a): 191.7 (d, 3JCPZ17.5 Hz; CO), 163.2 (d, 3JCP-

w0.5 Hz; C-2), 151.2 (d, 3JCPZ6.5 Hz; C-8a), 134.5
(C-4 0), 133.2 (C-1 0), 129.4 (d, 3JCPZ2.9 Hz, C-5), 129.2
(C-2 0,-6 0), 129.2 (d, 5JCP!5.2 Hz; C-7), 129.2 (C-3 0,-5 0),
125.0 (d, 4JCPZ3.3 Hz; C-6), 117.3 (d, 4JCPZ3.6 Hz; C-8),
114.5 (d, 2JCPZ7.8 Hz; C4a), 54.1 (d, 2JCOPZ6.7 Hz;
POCH3), 53.8 (d, 2JCOPZ7.6 Hz; POCH3), 49.1 (d, 2JCCPZ
3.4 Hz; C-3), 38.5 (d, 1JCPZ143.9 Hz; C-4). MS m/z (%):
361 (MHC) (51), 360 (MC) (20), 328 (18), 254 (48), 174
(81), 146 (52), 118 (49), 111 (79), 105 (50), 76 (100).

4.3.4. Diethyl 3-benzoyl-2-oxochroman-4-ylphosphonate
(13b). From 3-benzoylcoumarin 10 and triethyl phosphite.
Method D: 0.27 g, 69%, white solid, mpZ106–108 8C
(ethanol); [Found: C, 61.77; H, 5.65. C20H21O6P requires C,
61.86; H, 5.45%]; IR (CH3Cl): nZ1780, 1700, 1620, 1500,
1170, 1055, 1030 cmK1. 1H NMR (300 MHz): dZ7.98 (m;
2 0, 6 0-H, 2H), 7.64 (dddd as tt, JZ7.4, 1.3 Hz; 4 0-H, 1H),
7.50 (dddd as tt, JZ7.4, 1.5 Hz; 3 0, 5 0-H, 2H), 7.32 (dddd as
tt, JZ7.7, 2.0 Hz; 7-H, 1H), 7.21 (ddd as dt, JZ8.0, 2.0 Hz;
5-H, 1H), 7.08–7.14 (m, 6-, 8-H, 2H), 5.20 (dd, JZ14.0,
0.9 Hz; 3-H, 1H), 4.11–4.23 (m; POCH2), 3.88 (dq, JZ8.2,
7.1 Hz; POCH2), 3.73 (bd, 2JHCPZ23.3 Hz; 4-H, 1H), 1.36
(t, JZ7.1 Hz; CH3, 3H), 1.24 (t, JZ7.0 Hz; CH3, 3H). 13C
NMR (75.4 MHz): dZ192.0 (d, 3JCPZ17.1 Hz; CO), 163.3
(d, 3JCPZ2.2 Hz; C-2), 151.3 (d, 3JCPZ5.7 Hz; C-8a),
134.4 (C-4 0), 133.2 (C-1 0), 130.0 (d, 3JCPZ4.4 Hz; C-5),
129.7 (d, 5JCPZ4.2 Hz; C-7), 129.2 (C-2 0,-6 0), 129.1 (C-3 0,
-5 0), 124.8 (d, 4JCPZ3.2 Hz; C-6), 117.2 (d, 4JCPZ3.2 Hz;
C-8), 114.7 (d, 2JCPZ7.7 Hz; C-4a), 63.8 (d, 2JCOPZ
7.5 Hz; POCH2), 63.4 (d, 2JCOPZ7.2 Hz; POCH2), 49.2 (d,
2JCPZ3.5 Hz; C-3), 38.9 (d, 1JCPZ143.5 Hz; C-4), 16.3 (d,
3JCPZ6.2 Hz; CH3), 16.2 (d, 3JCPZ5.5 Hz; CH3). MS m/z
(5): 389 (MHC) (57), 388 (MC) (21), 282 (74), 250 (58),
228 (92), 173 (41), 146 (52), 118 (43) 105 (100), 78 (92), 77
(79).

4.3.5. Ethyl 4-(dimethoxyphosphoryl)-2-oxo-3-chroma-
necarboxylate (14a). From ethyl 2-oxo-2H-1-benzopyran-
3-carboxylate 11 and trimethyl phosphite. Method C:
0.19 g, 58%, colorless needles, mpZ94–95 8C (methanol);
[Found: C, 50.84; H, 5.00. C14H17O7P requires C, 51.23; H,
5.22%]; IR (CH3Cl): nZ1795, 1755, 1620, 1160, 1030,
1045 cmK1. 1H NMR (300 MHz): dZ7.30–7.37 (m; 5-,
7-H, 2H), 7.17 (ddd as dt, JZ7.5, 1.0 Hz; 6-H, 1H), 7.10 (d,
JZ8.5 Hz; 8-H, 1H), 4.15 (dd, 3JHHZ1.3 Hz, 3JHPZ
11.1 Hz; 3-H, 1H), 4.12 (dq, 3JZ7.1 Hz, 6JHPZ2.6 Hz;
OCH2, 2H), 3.95 (bd, 2JHPZ22.6 Hz; 4-H, 1H), 3.75 (d,
3JHPZ10.8 Hz; POCH3, 3H), 3.75 (d, 3JHPZ10.8 Hz;
POCH3, 3H), 1.11 (t, JZ7.1 Hz; CH3, 3H). 13C NMR
(75.4 MHz): dZ166.0 (d, 3JCPZ22.7 Hz; C]O), 162.2 (d,
3JCPZ2.2 Hz; C-2), 151.2 (d, 3JCPZ5.3 Hz; C-8a), 130.1
(d, 3JCPZ5.2 Hz; C-5), 129.9 (d, 5JCPZ3.4 Hz; C-7), 125.1
(d, 4JCPZ3.2 Hz; C-6), 117.3 (d, 4JCPZ3.2 Hz; C-8), 115.4
(d, 2JCCPZ7.5 Hz; C-4a), 63.0 (OCH2), 53.9 (d, 2JCCOPZ
7.4 Hz; POCH3), 53.7 (d, 2JCOPZ7.4 Hz; POCH3), 46.9 (d,
2JCPZ2.3 Hz; C-3), 38.7 (d, 1JCPZ144.5 Hz; C-4), 13.8
(CH3). MS m/z (%): 328 (MC) (22), 282 (7), 255 (100), 219
(24), 173 (87), 146 (11), 118 (13), 79 (6).

4.3.6. Ethyl 4-(diethoxyphosphoryl)-2-oxo-3-chromane-
carboxylate (14b). From ethyl 2-oxo-2H-1-benzopyran-3-
carboxylate 11 and triethyl phosphite. Method C: 0.32 g,
88%, light-yellow oil; [Found: C, 53.59; H, 5.96.
C16H21O7P requires C, 53.93; H, 5.94%]; IR (CH3Cl): nZ
1790, 1750, 1625, 1600, 1170, 1060sh, 1030 cmK1. 1H
NMR (250 MHz) dZ7.29–7.36 (m; 5-, 7-H, 2H), 7.16 (dd
as t, JZ7.2 Hz; 6-H, 1H), 7.09 (d, JZ8.2 Hz; 8-H, 1H), 4.15
(d, JZ14.4 Hz; 3-H, 1H), 3.92–4.61 (m; CH2O, 6H), 3.90
(d, 2JHPZ24.2 Hz; 4-H, 1H), 1.32 (t, JZ7.0 Hz; CH3, 3H),
1.21 (t, JZ7.0 Hz; CH3, 3H), 1.11 (t, JZ7.1 Hz; CH3, 3H).
13C NMR (62.59 MHz) dZ166.1 (d, 3JCPZ21.5 Hz; CO),
162.3 (d, 3JCPZ2.0 Hz; C-2), 151.2 (d, 3JCPZ4.7 Hz;
C-8a), 130.0 (d; 3JCPZ4.8 Hz; C-5), 129.7 (d, 5JCPZ
3.7 Hz; C-7), 124.9 (d, 4JCPZ3.2 Hz; C-6), 117.1 (d, 4JCPZ
3.2 Hz; C-8), 115.6 (d, 2JCPZ7.2 Hz; C-4a), 63.5 (d,
2JCOPZ7.1 Hz; POCH2), 63.2 (d, 2JCOPZ7.1 Hz;
POCH2), 62.8 (COOCH2), 46.9 (d, 2JCPZ2.7 Hz; C-3),
39.5 (d, 1JCPZ144.2 Hz; C-4), 16.2 (d, 3JCPZ5.7 Hz;
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CH3CH2OP), 16.0 (d, 3JCPZ5.6 Hz; CH3CH2OP), 13.7
(CH3). MS m/z (%): 356 (MC 1(1), 284 (11), 218 (6), 211
(8), 183 (18), 173 (18), 146 (25), 118 (16), 77 (9), 28 (100).
4.4. Interaction of 3-bromoacetylcoumarin 1 with dialkyl
phosphites

A solution of 3-bromoacetylcoumarin 1 (0.27 g, 1 mmol)
and the corresponding dialkyl phosphite (5 mmol) was
refluxed in dry toluene (3 mL) for 4 h. The complicated
reaction mixtures were worked up as usually (Method A)
and after the column chromatography were isolated the
compounds 2, 7 and 8—for the yields see Table 2.

Transformation of the enolphosphate 2a into 7. A solution
of enolphosphate 2a (0.29 g, 1 mmol) and 4-toluenesulfonic
acid (0.95 g, 5 mmol) in dry toluene (3 mL) was refluxed
until the starting compound was consumed (TLC-monitor-
ing). The reaction mixture was worked up as above and the
3-acetyl coumarin 7 (0.17 g, 90%) was isolated from
ethanol.

Transformation of the enolphosphate 2a into 1. To the
refluxing solution of the starting coumarin 2a (0.29 g,
1 mmol) in dry toluene (3 mL) 4-toluenesulfonic acid
(0.19 g, 1 mmol) was added. After 5 min to the reaction
mixture N-bromosuccinimide (0.18 g, 1 mmol) was added
and refluxed until the starting coumarin was consumed
(TLC-monitoring) for about 30 min. The solvent was
removed under reduced pressure and the reaction mixture
was worked up as pointed above and from ethyl acetate were
isolated bromoacetylcoumarin 1 in quantitative yield.

Transformation of the enolphosphate 2a into 5a. To the
refluxing solution of the starting coumarin 2a (0.29 g,
1 mmol) in dry toluene (3 mL) 4-toluenesulfonic acid
(0.19 g, 1 mmol) was added. After 5 min to the reaction
mixture was added N-bromosuccinimide (0.18 g, 1 mmol)
and after further 45 min the trimethylphosphite (0.25 g,
2 mmol) was added. The reaction mixture was refluxed until
the starting coumarin was consumed (TLC-monitoring) for
about 2 h. Standard workup and purification by column
chromatography gave enolphosphate 2a (0.09 g, 33%) and
the product of 1,4-addition 5a (0.17 g, 46%).
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Abstract—The 2-hydroxy and 2-oxo derivatives of 1,2,3,4-tetrahydro-1,4-methanophenazine were prepared and found to evolve in basic
media through the opening of their bicyclo[2.2.1]heptene moiety, affording 2,3-dihydro-1H-cyclopenta[b]quinoxaline derivatives with two-
carbon 1-substituents that depend on the starting compound. In the case of 2-hydroxy starting compounds, ring-opening occurs regardless of
the orientation of the hydroxyl group, and in methanolic solution is spontaneous, though slow, even in the absence of added base (at least in
the case of the endo derivative). It is presumably favoured by the steric strain of the heteroaryl-fused bicyclo[2.2.1]heptene moiety, and is
hypothesized to involve the base-promoted formation of anionic intermediates that are stabilized by the p-deficient nature of the quinoxaline
system.
q 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Though first reported over 40 years ago, molecules
consisting of an aromatic heterocycle fused to norbornene
or norbornadiene have only more recently attracted
attention. Relatively simple derivatives of compounds of
this kind have been proposed for storage of light energy,1,2

while more complex derivatives have been developed as
initiators of photochemical polymerization,3,4 as com-
ponents of holographic recording media,5–8 as ligands
forming part of models for the study of long-range electron
transfer between chelated metal centres,9,10 and as the
monomers of self-assembling dimeric capsules11,12 or of
molecular cavities and ribbons.13,14 In the pharmacological
field, compounds of this type have been prepared in pursuit
of virucidal or virustatic agents,15 antiulcer agents,16 brain
acetylcholinesterase inhibitors,17–19 serotonin antagonists,20

central nervous system stimulants,21–23 dihydrofolate
reductase inhibitors,24 and mGluR1 antagonists.25

Although much of the relevant literature, especially the
older papers, merely describes their preparation
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.08.038
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(sometimes incidental) and/or their spectroscopic proper-
ties,26–42 there have also been studies of their chemistry,
including work on electrophilic addition reactions;43–46

aromatic substitution in the heterocyclic moiety;47 the
regiochemistry of their di-p-methane photorearrange-
ment;48,49 the relationship between their basicity and
internal strain;50 and their behaviour as dienophiles in
Diels–Alder reactions.51 Of particular interest is the
participation of the heterocyclic moiety as neighbouring
group in the solvolysis of diverse sulfonates,52–54 in the
acidic opening of an epoxide ring previously formed on
the norbornene moiety55 and in electrophilic
additions,43–46 and the influence of the electronic p-
richness or p-deficiency of that moiety on p-facial
selectivity in the latter reactions.56,57

If the heterocyclic moiety is p-deficient the norbornene
moiety can behave quite differently from carbocyclic or
non-condensed analogues. For example, subjecting diols 1
to the conditions of Swern’s reaction does not afford the
corresponding diketones 2, but instead 63–75% yields of
alcohols 3 as the only isolatable products.58 Here we
report that the norbornene moiety of 1a and of other
oxygenated 1,2,3,4-tetrahydro-1,4-methanophenazine
derivatives (4 and 5) also opens very readily in basic
media, a finding that as far as we know has no precedent
in the literature except for a preliminary report of ours
concerning 1a.59
Tetrahedron 60 (2004) 10343–10352
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Our interest in 1a originated from the wish to obtain diacid 6
and diol 7 for the synthesis of carbocyclic analogues of
nucleosides with phthalazine-fused carbocycles; after
several unsuccessful attempts to obtain 6 and 7 through
oxidative cleavage of the double bond in 9,60 we hoped that
mild treatment of 1a (e.g., with periodic acid) would result
in oxidative cleavage leading to dialdehyde 8, which would
then be oxidized to 6 or reduced to 7 in situ.61 Since it was
planned to use 1a on more than one occasion in exploring
its oxidative cleavage under diverse conditions, the finding
that it tended to decompose when stored at rt led us to
prepare compound 16 as a stable derivative that could
presumably be easily converted to 1a immediately before
use. In the event, we found that the basic conditions used for
conversion of 16 into 1a caused the opening of its
norbornene moiety.
Figure 1. ORTEP plot of the molecular structure of 18 in the solid state.
2. Results and discussion

Compound 16 was obtained as shown in Scheme 1. A
commercially available racemic mixture of endo and exo
norbornenyl acetates (10) was dihydroxylated to 11, and
benzoylation followed by selective hydrolysis of the acetate
afforded 13. Since dihydroxylation of bicyclo[2.2.1]hep-
Scheme 1. Reagents and conditions: (a) OsO4/NMNO/Me2CO–H2O, 40 8C, 18 h;
6 h; (e) SeO2/xylene, 140 8C, 24 h; (f) o-(C6H4)(NH2)2/ZnCl2/THF, 66 8C, 18 h;
tenes occurs almost exclusively at the exo face,62 11–13
were virtually monoepimeric at positions 2 and 3, and
oxidation of both 5-epimers of 13 took place easily to afford
monoketone 14, which upon treatment with selenium
dioxide gave the a-diketone 15. Finally, condensation of
15 with ortho-phenylenediamine yielded the dibenzoate 16.

Because of the likelihood of rearrangements of Wagner–
Meerwein type due to its norbornene moiety, the conversion
of 16 to 1a was attempted by basic rather than acid
hydrolysis. Initial attempts gave only intractable mixtures or
unaltered starting material, but the mildest conditions
compatible with effective saponification of the benzoate
groups (0.9 M KOH in MeOH/H2O, rt, 12 h) afforded a
crude product that upon flash chromatography on silica gel
gave a 66% yield of a dark green solid. This product
underwent alteration when left standing in solution, but IR,
MS and 1H and 13C NMR data obtained immediately after
purification were compatible with its being the enediol 17.
This identification was confirmed by single-crystal X-ray
crystallography of the stable diacetylated derivative 18
(Fig. 1),63 which was obtained by acetylation of 17 with
Ac2O/pyridine.

It may be assumed that the first step in the conversion of 16
to 17 is the desired hydrolysis to 1a; this is supported by the
fact that a sample of 1a prepared by an independent route,58

was transformed into 17 in very similar yield when
subjected to the same basic conditions as 16. A plausible
account of subsequent steps is shown in Scheme 2. Under
the basic working conditions, diol 1a will be in equilibrium
with its monoalkoxide, which because of the stress in the
bridged ring system must be highly susceptible to ring
(b) BzCl/Py, rt, 24 h; (c) K2CO3/MeOH, rt, 30 min; (d) CrO3$Py/DCM, rt,
(g) 0.9 M KOH/MeOH–H2O, rt, 12 h; (h) Ac2O/Py, rt, 14 h.



Scheme 2. Suggested mechanism for the formation of 17 from 1a.

Scheme 3. Reagents and conditions: (a) DMSO-TFAA/DCM/TEA, K78 8C, 3 h; (b) o-(C6H4)(NH2)2/ZnCl2/THF, 66 8C, 4.5 h; (c) 0.7 M Na2CO3/MeOH, rt,
2 h.

Figure 2. ORTEP plot of the molecular structure of 24a in the solid state.

Scheme 4. Reagents and conditions: (a) 0.7 M Na2CO3/MeOH, rt, 2 h; (b)
0.7 M Na2CO3/MeOH, rt, 6 h; (c) AgNO3/NH4OH, rt, 3 h; (d) MeOH/TsOH,
65 8C, 3.5 h; (e) NaBH4/EtOH, rt, 15 h; (f) Ac2O/Py, rt, 18 h; (g) 0.5 M
Na2CO3/NaBH4/EtOH, rt, 18 h.
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opening. The resulting carbanion 19 will be stabilized by its
charge being formally located on the carbon a to position 3
of the p-deficient quinoxaline system, and following
protonation of this carbon the resulting a-hydroxyaldehyde
20 will be susceptible to base-catalyzed isomerization to the
a-hydroxyketone 22 via the enediol 21 (a well-known
conversion in sugar chemistry). Finally, isomerization of 22
to the enediol 17 will be favoured by the exocyclic C]C
bond of the latter being conjugated with the aromatic
quinoxaline system.

As there appear to be no published precedents for the above
anionically driven ring-opening of a bicyclo[2.2.1]heptene
derivative, we began to explore its scope using the
structurally simpler monoalcohols 4a (endo) and 4b (exo),
which were prepared as shown in Scheme 3 by Swern
oxidation of 11 to the mixture of epimeric diketones 23,
followed by condensation of 23 with ortho-phenylenedia-
mine, chromatographic separation of the resulting mixture
of diastereomeric methanophenazines 24, and mild hydroly-
sis of 24a and 24b (0.7 M Na2CO3 in methanol, rt, 2 h). The
identity of 24a (the major isomer) was confirmed by X-ray
crystallographic analysis of a single crystal (Fig. 2).63

Hydrolysis of 24a or 24b under more severe conditions
(longer reaction times, or use of 1 M KOH instead of 0.7 M
Na2CO3) afforded a mixture including a product with
spectroscopic data compatible with its being aldehyde 25 (in
particular, a substituted cycloalkyl acetaldehyde was
indicated by a strong IR band at 1722 cmK1, 1H NMR
signal at 9.88 ppm, and 13C NMR signals at 201.03 and
47.52 ppm). Starting from 24a, the greatest yield of 25 was
obtained by simply maintaining the conditions used to
obtain 4a for 6 h instead of 2 h (Scheme 4); this gave an
approximately 71% yield of a product shown by 1H NMR
data to be 25, in a sample enriched to a 90% content, as
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estimated by 1H NMR. Since this product tended to undergo
alteration during work-up,64 it was converted to more stable
forms by Tollens oxidation to acid 28 and NaBH4 reduction
to alcohol 26, which were then further converted into the
methyl ester 29 and the acetate 27, respectively (Scheme 4).
Compounds 26–29 all had spectra in keeping with the
proposed structures, and that of 26 was confirmed by X-ray
crystallography of a single crystal (Fig. 3).63 If both Na2CO3

and NaBH4 are included in the reaction medium, 4a is
transformed into 25 and 25 into 26 in a tandem process with
an overall yield of 63%, as against an estimated 54% if 25 is
first isolated.
Scheme 6. Preparation of 5 from 4a and suggested mechanism for the
rearrangement of 5 to 26 in basic media. Reagents and conditions: (a)
CrO3$Py/DCM, 0 8C, 6 h; (b) 1 M NaOH/H2O, rt, 14 h; (c) H3OC/pH 4.

Figure 3. ORTEP plot of the molecular structure of 26 in the solid state.
The formation of 25 from 4a (or, similarly, from 4b) may be
attributed to the mechanism shown in Scheme 5, which is
exactly analogous to the first part of that shown in Scheme 2
for the conversion of 1a into 17. At rt it occurs even in
methanol without added base (being detectable by 1H NMR
after 48 h), possibly being autocatalysed by the basic centres
of the tetrahydrophenazine alcohol (although solid 4a can be
stored at 5 8C for several weeks without any alteration
detectable by 1H NMR). The acetylated precursors 24 are
perfectly stable in methanol at rt.
Scheme 5. Suggested mechanism for the formation of 25 from 4a.
Finally, we also performed the ring-opening reaction on
ketone 5, which was easily obtained by oxidation of 4a with
CrO3. In basic medium, 5 was converted to the acid 28 by a
mechanism hypothesized as starting by the nucleophilic
attack of the base to the carbonyl carbon and otherwise
being analogous to those proposed above (Scheme 6). Under
appropriate conditions, the reaction could be used prepara-
tively, though spontaneous partial transformation of 5 into
28 in chloroform-d CDCl3/methanol-d3 CD3OD solution
was also observed (1H NMR) after 3 days at rt.
3. Conclusion

Basic media promote the opening of the bicyclo[2.2.1]hep-
tene moiety of 2-hydroxy and 2-oxo derivatives of 1,2,3,4-
tetrahydro-1,4-methanophenazine, affording 2,3-dihydro-
1H-cyclopenta[b]quinoxaline derivatives with two-carbon
1-substituents that depend on the starting compound. Ring-
opening occurs regardless of the orientation of the hydroxyl
group in the case of 2-hydroxy starting compounds, and in
methanolic solution is spontaneous, though slow, even in
the absence of added base (at least in the case of the 2-endo-
hydroxy or 2-oxo derivatives). It is presumably favoured by
the steric strain of the heteroaryl-fused bicyclo[2.2.1]hep-
tene moiety, and may involve the base-promoted formation
of anionic intermediates that are stabilized by the p-
deficient nature of the quinoxaline system. Although there
have been several reports of Wagner–Meerwein and ring-
opening processes involving cationic intermediates which
are undergone by benzene-fused65–69 or heteroarene-
fused44–46,54,55 bicyclo[2.2.1]heptenes, the reactions
described here are as far as we know the first examples of
base-promoted ring-opening involving a carbanion
intermediate.
4. Experimental

4.1. General

Melting points are uncorrected and were determined in a
Reichert Kofler Thermopan or in capillary tubes in a Büchi
apparatus. 1H NMR spectra (300 MHz) and 13C NMR
spectra (75 MHz) were recorded using TMS as internal
reference (chemical shifts in d values, J in Hz). Micro-
analyses were performed by the Microanalysis Service of
the University of Santiago. Crystallographic data were
obtained with a MACH3 Enraf Nonius diffractometer. Flash
chromatography was performed on silica gel (230–240
mesh) and analytical TLC on pre-coated silica gel plates
(F254, 0.25 mm) and spots were examined with UV light
and sulfuric acid/anisaldehyde spray.

4.1.1. (G)-(5-exo,6-exo)-5,6-Dihydroxybicyclo[2.2.1]-
hept-2-yl acetate (mixture of 2-endo and 2-exo) (11). A
solution of commercial (G)-5-norbornen-2-yl acetate
(10.0 g, 65.8 mmol) in 4:1 acetone/water (140 mL) was
heated to 40 8C, N-methylmorpholine N-oxide (8.50 g,
72.5 mmol) was added, and 5 min later this mixture was
treated with 2 mL of a commercial solution of OsO4 (4 wt%
in water), which caused it to turn brown almost
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immediately. The stirred, heated mixture was monitored by
TLC, and after 18 h the reaction was deemed complete. The
acetone was removed under reduced pressure, the remaining
aqueous solution was extracted with AcOEt, the resulting
organic extract was dried (Na2SO4), the solvent was
removed, and the crude residue was purified by column
chromatography with 1:1 (v/v) hexane/EtOAc as eluent,
affording a yellowish oil composed of a mixture of diols 11
(11.6 g, 95%) in approximate endo/exo ratio 78:22 (as
determined by 1H NMR). This oil solidified spontaneously.
IR (KBr) n: 3385 (OH), 1731 (CO), 1377, 1248, 1147,
942 cmK1. EIMS m/z (%): 168 (4), 126 (79), 79 (100), 70
(79), 67 (55), 58 (81). 1H NMR and 13C NMR for the major
isomer (2-endo) were in accordance with the literature.70

4.1.2. (G)-(5-exo,6-exo)-5,6-Dibenzoyloxybicyclo[2.2.1]-
hept-2-yl acetate (mixture of 2-endo and 2-exo) (12).
Benzoyl chloride (8 mL, 68 mmol) was slowly added to a
solution of 11 (5.00 g, 26.8 mmol) in dry pyridine (37 mL)
at 0 8C, and the mixture was stirred at rt for 24 h and then
placed in an ice-bath, brought to pH 8 with 2 N NaOH, and
extracted with EtOAc (2!150 mL). The pooled organic
extracts were washed several times with water and dried
(Na2SO4), the solvent was removed under reduced pressure,
and the residue was purified by silica gel column
chromatography using 5:1 (v/v) hexane/EtOAc as eluent,
which afforded the ester mixture 12 as a low melting solid
(8.05 g, 76%) in approximate endo/exo ratio 4:1 (as
determined by 1H NMR). IR (KBr) n: 1738, 1719, 1708,
1651, 1615, 1558, 1540, 1456, 1239, 1026, 712 cmK1.
EIMS m/z (%): 394 (MC, 1), 335 (7), 289 (11), 272 (4), 186
(6), 106 (7), 105 (100), 78 (3), 77 (42), 76 (2), 51 (9). Major
isomer (2-endo): 1H NMR (CDCl3) d: 7.89–7.81 [4H, m,
2!(2 0,6 0-H2)], 7.51–7.43 [2H, m, 2!(4 0-H)], 7.31–7.21
[4H, m, 2!(3 0,5prime;-H2)], 5.64 (1H, dd, JZ5.9, 1.4 Hz,
6-H), 5.26 (1H, dd, JZ5.9, 1.3 Hz, 5-H), 5.12–5.08 (1H,
m, 2-exo-H), 2.81 (1H, d, JZ3.4 Hz, 1-H), 2.52 (1H, d,
JZ4.7 Hz, 4-H), 2.25–2.17 (2H, m, 3-exo-HC7-HH), 2.13
(3H, s, CH3), 2.07–2.03 (1H, m, 7-HH), 1.28–1.21 (1H, m,
3-endo-H). 13C NMR and DEPT (CDCl3) d: 171.4 (CO),
165.9 (CO), 133.3 (CH), 130.2 (C), 129.98 (CH), 129.97
(C), 128.6 (CH), 128.5 (CH), 76.6 (CH), 72.3 (CH), 72.1
(CH), 45.8 (CH), 42.0 (CH), 33.4 (CH2), 33.0 (CH2), 21.5
(CH3). HRMS calcd for C23H22O6: 394.1416. Found:
394.1409.

4.1.3. (G)-(5-exo,6-exo)-5,6-Dibenzoyloxybicyclo[2.2.1]-
heptan-2-ol (mixture of 2-endo and 2-exo) (13). Solid
K2CO3 (1.43 g, 10.3 mmol) was added to a solution of 12
(8.16 g, 20.7 mmol) in MeOH (120 mL), and the mixture
was successively stirred at rt for 30 min, diluted with EtOAc
(500 mL), washed with saturated NH4Cl solution followed
by water, and dried (Na2SO4). The organic solvents were
removed under reduced pressure, and the residue was
purified by silica gel column chromatography using 1:1
(v/v) hexane/EtOAc as eluent, which afforded the alcohol
mixture 13 (6.71 g, 92%) as a waxy solid in approximate
endo/exo ratio 4:1, as determined by 1H NMR. IR (KBr) n:
3505 (OH), 1720 (CO), 1651, 1540, 1455, 1286, 1123, 1025,
707 cmK1. EIMS m/z (%): 352 (0.5, MC), 335 (7), 289 (11),
247 (2), 230 (9), 186 (5), 136 (4), 125 (11), 108 (4), 106 (7),
105 (100), 77 (42), 51 (9). Major isomer (2-endo): 1H NMR
(CDCl3) d: 7.89–7.84 [4H, m, 2!(2 0,6 0-H2)], 7.49–7.44
[2H, m, 2!(4 0-H)], 7.29–7.23 [4H, m, 2!(3 0,5 0-H2)], 5.79
(1H, d, JZ6.0 Hz, 6-H), 5.27 (1H, d, JZ6.0 Hz, 5-H), 4.39
(1H, dt, JZ10.3, 4.1 Hz, 2-exo-H), 2.62 (1H, d, JZ3.4 Hz,
1-H), 2.49 (1H, d, JZ4.1 Hz, 4-H), 2.25–2.12 (2H, m, 3-
exo-HC7-HH), 1.71 (1H, b s, D2O exchang., OH), 1.47
(1H, d, JZ10.8 Hz, 7-HH), 1.46 (1H, dt, JZ13.8, 3.4 Hz, 3-
endo-H). 13C NMR and DEPT (CDCl3) d: 166.1 (CO), 166.0
(CO), 133.2 (CH), 130.4 (C), 130.0 (CH), 125.6 (CH), 77.1
(CH), 72.3 (CH), 70.3 (CH), 48.2 (CH), 42.6 (CH), 35.1
(CH2), 33.7 (CH2). HRMS calcd for C21H20O5: 352.1311.
Found: 352.1304.

4.1.4. (G)-(exo,exo)-5,6-Dibenzoyloxybicyclo[2.2.1]hep-
tan-2-one (14). A solution of 13 (3.86 g, 11.0 mmol) in
CH2Cl2 (100 mL) was added during 15 min to a stirred
mixture of pyridine (11 mL), CH2Cl2 (110 mL) and CrO3

(6.63 g, 66.3 mmol) kept at 0 8C, and stirring was continued
for 6 h. The mixture was then filtered through celite and
evaporated to dryness under reduced pressure. Purification
of the resulting residue by silica gel column chromatog-
raphy with 7:3 (v/v) hexane/EtOAc as eluent afforded 14
(2.99 g, 78%) as a white solid. An analytical sample was
obtained by recrystallization from cyclohexane. Mp 141–
142 8C. IR (KBr) n: 1751 (CO), 1726 (CO), 1651, 1600,
1558, 1548, 1508, 1315, 1287, 708 cmK1. EIMS m/z (%):
350 (MC, 0.5), 323 (3), 322 (14), 228 (3), 186 (14), 106 (8),
105 (100), 79 (4), 78 (4), 77 (60), 76 (3), 51 (13). 1H NMR
(CDCl3) d: 7.90–7.82 [4H, m, 2!(2 0,6 0-H2)], 7.55–7.45
[2H, m, 2!(4 0-H)], 7.33–7.22 [4H, m, 2!(3 0,5 0-H2)], 5.37
(2H, virtual s, 5-HC6-H), 3.01 (1H, d, JZ3.8 Hz, 4-H),
2.96 (1H, s, 1-H), 2.58 (1H, d, JZ11.1 Hz, 7-HH), 2.30 (1H,
dd, JZ18.6, 5.3 Hz, 3-exo-H), 2.16 (1H, dd, JZ18.6,
4.2 Hz, 3-endo-H), 1.95 (1H,d, JZ11.1 Hz, 7-HH). 13C
NMR and DEPT (CDCl3) d: 212.4 (CO), 165.8 (CO), 165.5
(CO), 133.62 (CH), 133.56 (CH), 130.1 (CH), 130.0 (CH),
129.8 (C), 129.7 (C), 128.7 (CH), 128.6 (CH), 75.6 (CH),
71.6 (CH), 56.3 (CH), 41.7 (CH2), 41.2 (CH), 34.0 (CH2).
Anal. Calcd for C21H18O5 (350.36): C, 71.99; H, 5.18.
Found: C, 71.72; H, 5.28.

4.1.5. (exo,exo)-5,6-Dibenzoyloxybicyclo[2.2.1]heptane-
2,3-dione (15). A mixture of 14 (1.95 g, 5.56 mmol),
SeO2 (0.61 g, 5.56 mmol) and xylenes (6 mL) was refluxed
for 24 h, vacuum-filtered through celite, and condensed to
dryness under reduced pressure. Purification of the resulting
residue by silica gel column chromatography with 4:1 (v/v)
hexane/EtOAc as eluent afforded 15$H2O as a white solid
(1.59 g, 74%). An analytical sample was obtained by
recrystallization from EtOAc–hexane. Mp 109–110 8C. IR
(KBr) n: 3423, 1777, 1723, 1600, 1450, 1279, 1114,
713 cmK1. Anal. Calcd for C21H16O6$H2O (382.36): C,
65.96; H, 4.74. Found: C, 66.21; H, 4.57.

4.1.6. (exo,exo)-1,2,3,4-Tetrahydro-1,4-methanophena-
zine-2,3-diyl dibenzoate (16). A mixture of 15$H2O
(1.45 g, 3.79 mmol), o-phenylenediamine (1.10 g,
10.5 mmol) and the zinc catalyst ZnCl2[C6H5CH(NH2)-
CH3]2 (10 mg) in dry THF (33 mL) was refluxed for 18 h.
The solvent was then evaporated off, and chromatographic
purification of the resulting crude product with 7:3 (v/v)
hexane/EtOAc as eluent afforded 16 (1.31 g, 79%) as a
white solid. An analytical sample was obtained by
recrystallization from EtOAc–hexane. Mp 194–195 8C. IR
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(KBr) n: 1731, 1716, 1600, 1276, 1120, 1072, 971, 760,
708 cmK1. EIMS m/z (%): 437 (14, MC1), 436 (47, MC),
331 (16), 209 (11), 181 (8), 169 (11), 105 (100), 77 (24). 1H
NMR (CDCl3) d: 8.06 (2H, dd, JZ6.3, 3.3 Hz, 6-HC9-H),
7.90 [4H, d, JZ8.0 Hz, 2!(2 0,6 0-H2)], 7.73 (2H, dd,
JZ6.2, 3.5 Hz, 7-HC8-H), 7.50 [2H, t, JZ7.3 Hz, 2!(4 0-
H)], 7.28 [4H, t, JZ7.7 Hz, 2!(3 0,5 0-H2)], 5.48 (2H, s, 2-
HC3-H), 3.87 (2H,s, 1-HC4-H), 2.96 (1H, d, JZ10.3 Hz,
7-HH), 2.44 (1H, d, JZ10.3 Hz, 7-HH). 13C NMR and
DEPT (CDCl3) d: 165.6 (CO), 159.9 (C), 142.4 (C), 133.6
(CH), 130.1 (CH), 129.9 (CH), 129.8 (C), 129.6 (CH), 128.7
(CH), 73.3 (CH), 50.1 (CH), 42.0 (CH2). Anal. Calcd for
C27H20N2O4 (436.47): C, 74.30; H, 4.62; N, 6.42. Found: C,
74.11; H, 4.71; N 6.29.

4.1.7. E-1-(2,3-Dihydro-1H-cyclopenta[b]quinoxalin-1-
ylidene)-1,2-ethanediol (17). 1 N KOH (20 mL) was
added to a solution of 16 (1.25 g, 2.86 mmol) in MeOH
(3 mL), and the mixture was stirred at rt for 12 h, brought to
pH 8 with 1 N HCl, concentrated under reduced pressure,
and extracted with CH2Cl2 (2!20 mL). The pooled extracts
were washed with saturated NaCl solution and dried
(Na2SO4), and the solvent was removed under reduced
pressure. The purification of the resulting residue by flash
chromatography with 10:1 (v/v) EtOAc/MeOH as eluent
afforded 17 as a deep green solid (0.43 g, 66%), solutions of
which changed with time from fluorescent green to black.
The best samples were obtained by rapid recrystallization
from EtOAc–hexane. The product obtained by chromato-
graphy was used directly to obtain its diacetylated
derivative. IR (KBr) n: 3434, 3318, 1644, 1610, 1580,
1558, 1232, 1068, 901, 770, 600 cmK1. EIMS m/z (%): 228
(32, MC), 197 (71), 170 (41), 169 (61), 168 (26), 58 (100),
52 (2). 1H NMR (CDCl3) d: 10.32 (1H, b s, D2O exchang.,
1-OH), 7.55 (1H, dt, JZ7.9, 1.2 Hz), 7.32 (1H, dt, JZ7.7,
1.3 Hz), 7.18 (1H, dt, JZ7.7, 1.3 Hz), 7.04 (1H, dt, JZ7.9,
1.2 Hz), 4.34 (2H, s, CH2O), 3.49 (1H, b s, D2O exchang., 2-
OH), 3.06–3.02 (2H, m), 2.81–2.77 (2H, m). 13C NMR and
DEPT (CDCl3) d: 194.6 (C), 171.1 (C), 143.3 (C), 136.5
(C), 129.6 (CH), 129.3 (C), 128.6 (CH), 124.7 (CH), 115.8
(CH), 105.9 (C), 65.7 (CH2), 30.2 (CH2), 22.7 (CH2).

4.1.8. E-1-(2,3-Dihydro-1H-cyclopenta[b]quinoxalin-1-
ylidene)ethane-1,2-diyl diacetate (18). Acetic anhydride
(5 mL) was slowly added to a solution of 17 (0.30 g,
1.31 mmol) in dry pyridine (5 mL), and the mixture was
stirred at rt for 14 h. The solvent and excess reagent were
removed under reduced pressure, and purification of the
residue by silica gel column chromatography with 1:1 (v/v)
EtOAc/hexane as eluent afforded 18 as a white solid (0.35 g,
85%). An analytical sample was obtained by recrystalliza-
tion from EtOAc–hexane. Mp 136–137 8C. IR (KBr) n:
1758, 1736, 1437, 1375, 1230, 1170, 1102, 1017, 803 cmK1.
EIMS m/z (%): 312 (7, MC), 253 (35), 213 (23), 211 (29),
195 (12), 61 (100), 59 (12), 43 (82), 42 (82), 42 (29), 41
(39), 33 (17), 28 (87), 19 (49), 17 (76). 1H NMR (CDCl3) d:
8.07–8.03 (1H, m), 8.00–7.97 (1H, m), 7.73–7.67 (2H, m),
5.76 (2H, s, CH2O), 3.27–3.22 (2H, m), 2.96–2.90 (2H, m),
2.27 (3H, s, CH3), 2.11 (3H, s, CH3). 13C NMR and DEPT
(CDCl3) d: 171.2 (CO), 168.5 (CO), 162.5 (C), 152.6 (C),
145.2 (C), 142.1 (C), 142.0 (C), 131.0 (C), 130.3 (CH),
130.2 (CH), 129.7 (CH), 128.9 (CH), 60.7 (CH2), 29.3
(CH2), 24.6 (CH2), 21.3 (CH3), 21.1 (CH3). Anal. Calcd for
C17H16N2O4 (312.33): C, 65.38; H, 5.16; N, 8.97. Found: C,
65.17; H, 5.23; N 8.84.

4.1.9. (G)-5,6-Dioxobicyclo[2.2.1]hept-2-yl acetate (mix-
ture of endo and exo) (23). Dry DMSO (7 mL) was added
very slowly to a solution of dry trifluoroacetic anhydride
(12.3 mL, 88.1 mmol) in dry CH2Cl2 (52 mL) at K78 8C
(internal temperature), and the mixture was stirred for
10 min, treated with a solution of the acetate mixture 11
(5.75 g, 30.9 mmol) in CH2Cl2 (15 mL), stirred at K78 8C
for 2.5 h, treated with Et3N (23 mL), stirred at K78 8C for a
further 3 h, allowed to reach 0 8C, transferred to an ice-bath,
acidified with 3 M HCl, and extracted with CH2Cl2 (2!
120 mL). The pooled extracts were washed with brine and
dried (Na2SO4), and the solvent was removed under reduced
pressure, leaving the acetate mixture 23 as a dark, viscous
oil (4.03 g). Crude product was used directly in the next
synthetic step. A small sample (0.53 g) was resolved by
silica gel column chromatography with 7:1 (v/v) hexane/
EtOAc as eluent into the two epimers of 23, isolated as clear
oils.

Compound endo-23. IR (NaCl) n: 1747 (CO), 1407, 1244,
1046 cmK1. 1H NMR (CDCl3) d: 5.39 (1H, ddd, JZ9.5, 5.5,
3.5 Hz, 2-exo-H), 3.37 (1H, dd, JZ5.1, 1.2 Hz, m, 1-H),
3.06 (1H, d, JZ5.1 Hz, 4-H), 2.65 (1H ddd, JZ14.7, 9.9,
5.1 Hz, 3-exo-H), 2.30–1.98 (2H, m, 7-H2), 1.97 (3H, s,
CH3), 1.72 (1H, dt, JZ14.7, 3.0 Hz, 3-endo-H).

Compound exo-23. IR (NaCl) n: 1740 (CO), 1376, 1230,
1057 cmK1. 1H NMR (CDCl3) d: 4.87 (1H, d, JZ6.9 Hz, 2-
endo-H), 2.79–2.76 (1H, m, 1-H), 2.09–1.99 (1H, m, 4-H),
2.03 (3H, s, CH3), 1.89–1.70 (2H, m, 7-H2), 1.14–1.04 (1H,
m, 3-exo-H), 0.89–0.82 (1H, m, 3-endo-H).

4.1.10. (G)-endo- and (G)-exo-1,2,3,4-Tetrahydro-1,4-
methanophenazin-2-yl acetates (24a and 24b). o-Phenyl-
enediamine (2.70 g, 25.0 mmol) and the zinc catalyst
ZnCl2[C6H5CH(NH2)CH3]2 (10 mg) were added to a
solution of the crude product of the previous reaction
(3.50 g) in dry THF (80 mL), and the mixture was refluxed
for 4.5 h. The solvent was then removed under reduced
pressure, and fractionation of the residue by column
chromatography, first with 7:3 (v/v) hexane/EtOAc as
eluent which afforded the minor isomer 24b (0.37 g) and
then with 4:6 (v/v) hexane/EtOAc to isolate the major
isomer, 24a (1.47 g) (joint yield from mixture 11, 27%).
Analytical samples of both isomers were obtained by
recrystallization from EtOAc/hexane.

Compound 24a. White solid, mp 131–132 8C. IR (KBr) n:
1730 (CO), K339, 1114, 769 cmK1. EIMS m/z (%): 254
(47, MC), 212 (64), 184 (76), 183 (100), 181 (29), 169 (31),
168 (69), 76 (9). 1H NMR (CDCl3) d: 8.07–8.01 (2H, m,
6-HC9-H), 7.71–7.68 (2H, m, 7-HC8-H), 5.62 (1H, ddd,
JZ9.4, 4.5, 3.1 Hz, 2-exo-H), 3.86 (1H, dd, JZ4.5, 1.4 Hz,
1-H), 3.58 (1H, d, JZ3.3 Hz, 4-H), 2.71 (1H, ddd, JZ13.6,
9.5, 4.5 Hz, 3-exo-H), 2.16 (1H, dm, JZ10.5 Hz, 11-HH),
2.06 (1H, dm, JZ10.5 Hz, 11-HH), 1.82 (3H, s, CH3), 1.43
(1H, dt, JZ13.6, 3.2 Hz, 3-endo-H). 13C NMR and DEPT
(CDCl3) d: 171.2 (CO), 163.4 (C), 159.8 (C), 142.1 (C),
142.0 (C), 129.4 (CH), 129.3 (CH), 129.2 (CH), 129.0 (CH),
73.2 (CH), 48.6 (CH), 44.4 (CH2), 43.9 (CH), 35.2 (CH2),
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21.2 (CH3). Anal. Calcd for C15H14N2O2 (254.29): C, 70.85;
H, 5.55; N, 11.02. Found: C, 70.68; H, 5.63; N 10.84.

Compound 24b. White solid, mp 83–84 8C. IR (KBr) n:
1731 (CO), 1460, 1033, 762 cmK1. 1H NMR (CDCl3) d:
7.77–7.71 (2H, m, 6-HC9-H), 7.41–7.38 (2H, m, 7-HC8-
H), 4.74–4.76 (1H, m, 2-endo-H), 3.46 (1H, s, 1-H), 3.37
(1H, d, JZ2.8 Hz, 4-H), 2.12 (1H, d, JZ10.0 Hz, 11-HH),
1.97 (1H, d, JZ10.0 Hz, 11-HH), 1.88 (3H, s, CH3), 1.91–
1.80 (2H, m, 3-H2). 13C NMR and DEPT (CDCl3) d: 170.2
(CO), 163.8 (C), 159.7 (C), 141.4 (C), 141.3 (C), 129.1
(CH), 129.0 (CH), 128.9 (CH), 128.7 (CH), 73.8 (CH), 50.1
(CH), 43.5 (CH), 42.8 (CH2), 36.5 (CH2), 21.2 (CH3). Anal.
Calcd for C15H14N2O2 (254.29): C, 70.85; H, 5.55; N,
11.02. Found: C, 70.74; H, 5.62; N, 10.87.

4.1.11. (G)-endo-1,2,3,4-Tetrahydro-1,4-methanophena-
zin-2-ol (4a). Na2CO3 (2.00 g, 18.86 mmol) was added to a
solution of 24a (1.00 g, 3.93 mmol) in MeOH (25 mL), and
the mixture was stirred vigorously for 2 h. The MeOH was
then removed under reduced pressure, and the residue was
taken into water (50 mL) and extracted with EtOAc (2!
100 mL). The pooled organic extracts were dried (Na2SO4),
the solvent was removed under reduced pressure, and
purification of the solid residue by silica gel column
chromatography with 10:1 (v/v) EtOAc/hexane as eluent
afforded 4a as a white solid (0.77 g, 92%). An analytical
sample was obtained by recrystallization from EtOAc/
hexane. Mp 171–172 8C. IR (KBr) n: 3208 (OH), 1510,
1465, 1367, 1343, 1309, 1288, 1235, 1202, 1183, 1134,
1118, 1076, 1054, 941, 767 cmK1. EIMS m/z (%): 212 (41,
MC), 183 (100), 169 (32), 167 (49), 102 (16), 76 (10), 50
(11). 1H NMR (CDCl3) d: 8.03–7.99 (2H, m, 6-HC9-H),
7.70–7.63 (2H, m, 7-HC8-H), 5.00 (1H, ddd, JZ9.4, 4.3,
3.4 Hz, 2-exo-H), 3.96 (1H, b s, D2O exchang., OH), 3.62–
3.54 (2H, m, 1-HC4-H), 2.67 (1H, ddd, JZ13.3, 9.2,
4.4 Hz, 3-exo-H), 2.09 (1H, dm, JZ10.3 Hz, 11-HH), 2.00
(1H, d, JZ10.3 Hz, 11-HH), 1.37 (1H, dt, JZ13.3, 3.1 Hz,
3-endo-H). 13C NMR and DEPT (CDCl3) d: 164.2 (C),
160.6 (C), 142.1 (C), 141.5 (C), 129.4 (CH), 129.1 (CH),
129.0 (CH), 128.8 (CH), 71.3 (CH), 51.3 (CH), 44.5 (CH2),
44.4 (CH), 37.1 (CH2). Anal. Calcd for C13H12N2O
(212.25): C, 73.56; H, 5.70; N, 13.20. Found: C, 73.38; H,
5.77; N 13.04.

4.1.12. (G)-exo-1,2,3,4-Tetrahydro-1,4-methanophena-
zin-2-ol (4b). Compound 4b was obtained from 24b in the
same way as 4a from 24a. Yield 93%. Mp 154–155 8C. IR
(KBr) n: 3262, 1541, 1512, 1452, 1440, 1401, 1360, 1329,
1307, 1283, 1241, 1227, 1196, 1166, 1154, 1125, 1082,
1053, 1019, 972, 959, 916, 902, 839, 772, 717, 677 cmK1.
1H NMR (CDCl3) d: 7.99–7.96 (2H, m, 6-HC9-H), 7.69–
7.65 (2H, m, 7-HC8-H), 4.34 (1H, d, JZ4.9 Hz, 2-endo-H),
3.60–3.57 (2H, m, 1-HC4-H), 2.52 (1H, d, JZ10.0 Hz, 11-
HH), 2.20 (1H, d, JZ10.0 Hz, 11-HH), 2.14–2.00 (2H, m,
3-H2). Anal. Calcd for C13H12N2O (212.25): C, 73.56; H,
5.70; N, 13.20. Found: C, 73.31; H, 5.83; N 13.12.

4.1.13. 2-(2,3-Dihydro-1H-cyclopenta[b]quinoxalin-1-
yl)etanol (26). (a) NaBH4 (17 mg, 0.45 mmol) was added
to a solution of 25 (77 mg of the chromatographed material)
in EtOH (4 mL), and the mixture was successively stirred at
rt for 14 h, treated with 1 N HCl (1 mL), brought to about
pH 8 with saturated NaHCO3 solution, and extracted with
EtOAc (2!10 mL). The pooled organic extracts were dried
(Na2SO4), the solvent was removed under reduced pressure,
and purification of the residue by silica gel column
chromatography with 7:3 (v/v) EtOAc/hexane as eluent
afforded 26 as a clear oil that subsequently crystallized
(50 mg; overall yield with regard to 24a, 51%). An
analytical sample was obtained by recrystallization from
EtOAc/hexane. Mp 80–81 8C. IR (KBr) n: 3284 (OH), 1375,
1323, 1145, 1057, 774 cmK1. EIMS m/z (%): 214 (13, MC),
184 (23), 183 (38), 182 (17), 181 (29), 168 (100), 102 (27),
89 (15), 77 (29), 76 (29), 75 (23), 63 (15), 51 (17), 50 (21),
39 (13), 31 (22). 1H NMR (CDCl3) d: 8.04–8.00 (2H, m, 5-
HC8-H), 7.72–7.68 (2H, m, 6-HC7-H), 5.12 (1H, b s, D2O
exchang., OH), 3.99 (2H, t, JZ6.8 Hz, CH2O), 3.49–3.43
(1H, m, 1-H), 3.22–3.17 (2H, m, 3-H2), 2.61–2.54 (1H, m,
1-CHH), 2.10–1.90 (3H, m, 1-CHHC2-H2). 13C NMR and
DEPT (CDCl3) d: 162.4 (C), 161.2 (C), 142.1 (C), 140.8
(C), 129.6 (CH), 129.5 (CH), 129.1 (CH), 128.8 (CH), 62.7
(CH2), 44.6 (CH), 36.5 (CH2), 31.8 (CH2), 30.1 (CH2).
Anal. Calcd for C13H14N2O (214.27): C, 72.87; H, 6.59; N,
13.07. Found: C, 72.69; H, 6.70; N 13.00.

(b) Alternatively, a solution of alcohol 4a (100 mg,
0.47 mmol), Na2CO3 (98 mg, 0.92 mmol) and NaBH4

(35 mg, 0.92 mmol) in EtOH (2 mL) was stirred at rt for
18 h, diluted with water (5 mL) and extracted with EtOAc
(2!10 mL). Work-up and purification as in method (a)
afforded a product (64 mg, 63%) with characteristics
identical to those of 26 prepared as above.

4.1.14. 2-(2,3-Dihydro-1H-cyclopenta[b]quinoxalin-1-
yl)ethyl acetate (27). Alcohol 26 (25 mg, 0.12 mmol) was
dissolved in a mixture of dry pyridine (1 mL) and Ac2O
(1 mL), and this solution was stirred at rt for 18 h, poured
over crushed ice (5 g), stirred for 1 h more, and extracted
with EtOAc (2!5 mL). The pooled extracts were washed
successively with 2 N HCl (5 mL) and brine, and dried
(Na2SO4). Removal of the solvent under reduced pressure
then left 27 as a colourless oil (23 mg, 77%). IR (NaCl) n:
1736 (CO), 1653, 1497, 1459, 1366, 1241, 1120, 764 cmK1.
EIMS m/z (%): 256 (19, MC), 213 (14), 196 (99), 186 (23),
185 (20), 184 (22), 183 (79), 181 (48), 168 (100), 142 (14),
129 (21), 115 (19), 103 (18), 102 (47), 90 (14), 89 (33), 78
(14), 77 (37), 76 (37), 75 (31), 63 (17), 51 (16), 50 (21), 43
(21), 42 (60), 41 (19), 39 (17). 1H NMR (CDCl3) d: 8.01–
7.95 (2H, m, 5-HC8-H), 7.66–7.61 (2H, m, 6-HC7-H),
4.35 (2H, t, JZ6.6 Hz, CH2O), 3.40–3.31 (1H, m, 1-H),
3.17–3.08 (2H, m, 3-H2), 2.59–2.43 (2H, m, 1-CH2), 2.02
(3H, s, CH3), 1.97–1.84 (2H, m, 2-H2). 13C NMR and DEPT
(CDCl3) d: 171. 5 (CO), 162.3 (C), 160.6 (C), 142.1 (C),
142.1 (C), 129.4 (CH), 129.3 (CH), 129.14 (CH), 129.10
(CH), 63.0 (CH2), 41.1 (CH), 32.7 (CH2), 31.4 (CH2), 29.0
(CH2), 21.4 (CH3). HRMS calcd for C15H16N2O2:
256.1212. Found: 256.1218.

4.1.15. (2,3-Dihydro-1H-cyclopenta[b]quinoxalin-1-yl)
acetic acid (28). Acetate 24a (240 mg, 0.94 mmol) was
treated and worked up as in the preparation of 4a except that
reaction was prolonged for 6 h. Chromatography of the
crude product with 10:1 (v/v) EtOAc/hexane as eluent,
afforded a dark slurry (159 mg) that consisted very
predominantly of 25 (90% as determined by 1H NMR;
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estimated yield in 25, 71%). This material was used directly
in subsequent transformations.

Compound 25. IR (KBr) n: 1722 (CO) cmK1. EIMS m/z (%):
212 (1, MC), 184 (76), 183 (100, MKCHO), 169 (44), 168
(21), 102 (9), 76 (8), 58 (9). 1H NMR (CDCl3) d: 9.88 (1H, s,
CHO). 13C NMR and DEPT (CDCl3) d: 201.0 (CHO), 161.3
(C), 160.3 (C), 141.93 (C), 141.86 (C), 129.4 (CH), 129.2
(CH), 129.1 (CH), 129.0 (CH), 47.5 (CH2), 38.3 (CH), 31.3
(CH2), 29.3 (CH2).

Minor contaminant: EIMS m/z (%): 424 (7), 213 (44), 212
(23), 184 (33), 183 (100), 181 (32), 169 (100), 168 (47), 129
(7), 102 (10), 77 (11).

A solution of the above product (66 mg) in MeOH (2 mL)
was treated with 3 drops of Tollens’ reagent,71 left for 3 h at
rt (a silver mirror was formed on the wall of the flask),
diluted with water (10 mL), extracted with CHCl3 (5 mL),
brought to pH 5 with formic acid, and finally extracted with
EtOAc (2!5 mL). These last extracts were pooled and
dried (Na2SO4), and the solvent was removed under reduced
pressure, leaving 28 as a yellowish thick paste (40 mg;
yield, 45% with regard to starting 24a). IR (NaCl) n: 3420,
2508, 1718, 1507, 1329, 1192, 770 cmK1. 1H NMR (CDCl3)
d: 8.05–8.00 (2H, m, 5-HC8-H), 7.70–7.67 (2H, m, 6-HC
7-H), 3.82–3.71 (1H, m, 1-H), 3.27–3.17 (3H, m, 1-CHHC
3-H2), 2.77–2.63 (2H, m, 1-CHHC2-HH), 1.98 (1H, dd,
JZ12.9, 9.2 Hz, 2-HH).

4.1.16. Methyl (2,3-dihydro-1H-cyclopenta[b]quinoxa-
lin-1-yl)acetate (29). p-Toluenesulfonic acid (5 mg) was
added to a solution of 28 (35 mg, 0.15 mmol) in dry MeOH
(3 mL), and the mixture was refluxed under argon for 3.5 h,
mixed with saturated NaHCO3 solution (5 mL), and
extracted with EtOAc (2!5 mL). The pooled organic
extracts were dried (Na2SO4) and the solvent was removed
under reduced pressure, leaving 29 as a clear oil that
solidified spontaneously (25 mg, 67%). An analytical
sample was obtained by recrystallization from EtOAc/
hexane. Mp 155 8C, dec.). IR (KBr) n: 1732 (CO), 1560,
1501, 1436, 1369, 1325, 1263, 1196, 1171, 764 cmK1. 1H
NMR (CDCl3) d: 8.03–7.98 (2H, m, 5-HC8-H), 7.69–7.65
(2H, m, 6-HC7-H), 3.82–3.70 (1H, m, 1-H), 3.74 (3H, s,
CH3), 3.28–3.15 (3H, m, 1-CHHC3-H2), 2.73–2.58 (2H, m,
1-CHHC2-HH), 1.95 (1H, m, JZ12.9, 9.2 Hz, 2-HH). 13C
NMR and DEPT (CDCl3) d: 173.0 (CO), 161.3 (C), 160.5
(C), 142.1 (C), 142.0 (C), 129.4 (CH), 129.3 (CH), 129.2
(CH), 129.1 (CH), 52.2 (CH3), 40.5 (CH), 37.8 (CH2), 31.3
(CH2), 29.2 (CH2). Anal. Calcd for C14H14N2O2 (242.28):
C, 69.41; H, 5.82; N, 11.56. Found: C, 69.28; H, 5.89; N
11.60.

4.1.17. 1,2,3,4-Tetrahydro-1,4-methanophenazin-2-one
(5). To a solution of dry pyridine (0.67 mL, 8.4 mmol) in
CH2Cl2 (7.5 mL) at 0 8C was added CrO3 (0.42 g,
4.2 mmol) followed by a solution of 4a (150 mg,
0.71 mmol) in CH2Cl2 (3.5 mL). The reaction mixture was
left stirring overnight at rt, and was then filtered through
celite. The celite was washed with EtOAc (10 mL), the
pooled filtrates were dried (Na2SO4), and the solvents were
removed under reduced pressure. Purification of the residue
by silica gel column chromatography with 7:3 (v/v) EtOAc/
hexane as eluent afforded 5 as a clear yellowish oil (99 mg,
67%). IR (NaCl) n: 1751 (CO), 1578, 1510, 1463, 1410,
1361, 1303, 1274, 1254, 1216, 1200, 1158, 1111, 1086,
1059, 957, 834, 762, 732, 700 cmK1. EIMS m/z (%): 210
(75, MC), 181 (100), 168 (99), 140 (20), 129 (31), 128 (22),
103 (27), 102 (39), 91 (28), 78 (25), 77 (22), 76 (62), 75
(20), 74 (25), 64 (20), 63 (30), 53 (21), 52 (22), 51 (32), 50
(42), 39 (27). 1H NMR (CDCl3) d: 7.91–7.86 (2H, m, 6-HC
9-H), 7.62–7.56 (2H, m, 7-HC8-H), 3.85–3.82 (2H, m, 1-
HC4-H), 2.66–2.54 (2H, m, 3-exo-HC11-HH), 2.46 (1H,
dd, JZ10.4, 1.2 Hz, 11-HH), 2.16 (1H, dd, JZ17.8, 4.3 Hz,
3-endo-H). 13C NMR and DEPT (CDCl3) d: 208.2 (CO),
163.1 (C), 156.3 (C), 142.1 (C), 141.6 (C), 129.9 (CH),
129.6 (CH), 129.5 (CH), 129.2 (CH), 59.9 (CH), 46.7 (CH2),
42.6 (CH), 40.2 (CH2). HRMS calcd for C13H10N2O:
210.0793. Found: 210.0801.

1H and 13C NMR spectra obtained after 5 had been left in an
NMR spectrometry tube for 3 days at rt showed signals of 5
and 28 in approximately 1:1 ratio.
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Abstract—The reactions of 3-phenyl-3-methylamino-1,2-propanediol 1a and 3-[(tert-butyldimethylsilyl)oxy]-1-methylamino-1-phenyl-2-
propanol 1b with (CH2O)n and CH2Cl2 are appropriate procedures for the preparation of 1,3-oxazines or 1,3-oxazolidines under proper
selection of kinetic or thermodynamic reaction conditions. The reaction of 1b with (CH2O)n or CH2Cl2, affords the oxazolidine 2b under
kinetic conditions and then this compound can be slowly converted into 5-[(tert-butyldimethylsilyl)oxy]-3-methyl-4-phenyl-3,4,5,6-
tetrahydro-2H-1,3-oxazine 3b under thermodynamic control. The mechanism proposed for this transformation and the effect of polar
solvents on the acceleration of the reaction has been studied theoretically (DFT level).
q 2004 Published by Elsevier Ltd.
1. Introduction

The reaction of amino alcohols with dihalomethanes or
aldehydes leading to cyclic compounds has been exten-
sively studied.1 The formation of 1,3-heterocycles and the
ring-chain tautomeric equilibration of the intermediates in
these reactions, has been recently reviewed.2 In previous
works we reported the results observed in the reactions of
amino alcohols, with dihalomethanes,3,4 2,2-dimethoxypro-
pane5 and aldehydes.5 Some of the reactions with these
polyfunctionalised systems containing amino and alcohol
functions were useful as a preparative procedures for the
synthesis of 1,3-oxazines, 1,3-oxazolidines and 1,3-dioxo-
lanes. The most interesting one, was the reaction of
3-phenyl-3-methylamino-1,2-propanediol 1a with CH2Cl2
at 100 8C that afforded 3-methyl-4-phenyl-3,4,5,6-tetrahy-
dro-2H-1,3-oxazin-5-ol 3a (reaction of the primary
hydroxyl group), with no traces of oxazolidine derivative
2a as a result of the reaction of the secondary hydroxyl
group.3 According with these results, we thought that the
reaction with dihalomethanes or aldehydes of the aminodiol
1a, with the primary hydroxyl function protected as silyl
derivative 1b,6 would be an appropriate procedure for the
synthesis of the oxazolidine derivative 2b.
0040–4020/$ - see front matter q 2004 Published by Elsevier Ltd.
doi:10.1016/j.tet.2004.07.090
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Silyl groups are generally used for protection of hydroxy
functions, because they are easy to introduce and may be
readily removed,7 so we prepared the 3-[(tert-butyl-
dimethylsilyl)oxy]-1-methylamino-1-phenyl-2-propanol 1b
and studied its reactivity with (CH2O)n and CH2Cl2.
2. Results and discussion

The reaction of the monosilylated aminodiol 1b with
(CH2O)n in benzene (80 8C 8 h or 100 8C 1 h) afforded, as
it was expected, the corresponding oxazolidine 2b with a
high yield (95%). However the reaction of 1b with CH2Cl2
at 100 8C (12 h) gave a mixture of the oxazolidine 2b (25%),
unreacted aminodiol 1b as a chlorhydrate salt8 and traces of
a secondary product, the oxazine 3b (Scheme 1).

When the reaction was maintained at this temperature for
longer periods, the unreacted aminodiol 1b remained as a
chlorhydrate and increased amounts of the oxazine 3b
Tetrahedron 60 (2004) 10353–10358
Scheme 1.



Scheme 2.

Table 1. Total (au) and relative energies (kcal molK1) for some stationary
points of the reaction of 1c and CH2Cl2

B3LYP/6-31G*//HF/6-31G* (in CH2Cl2)
E Er

a

5 K442.05598 0
TS1 K442.04900 4.38
TS2 K442.03915 10.56
3c K441.63278 0
2c K441.629939 1.78

MC K1094.868055 0
TS3 K1094.831199 23.13

a Energies relative to 5, 3c or MC.
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appeared in the crude reaction mixture (experiment for 64 h,
71% 1b as a chlorhydrate salt, 21% 2b, 8% 3b). For the
removal of the formed hydrochloric acid which protonated
the aminodiol 1b and make more slowly the reaction,
several bases were assayed. With NaHCO3 we got the best
results. When the reaction was carried out in the presence of
NaHCO3 (2 equiv), mixtures of 2b–3b were obtained
without traces of the protonated aminodiol.

The structure of the oxazine 3b was confirmed spectro-
scopically and it was also synthesised by other route through
silylation of the oxazine 3a. In the 1H NMR the hydrogens
of the methylene at the C2 position appear at d 4.65 and
3.91 ppm with a geminal coupling constant of 8 Hz. The
hydrogens at C6 appear at d 4.18 and 3.40 (JZ10.6 Hz). In
the 13C NMR the C2 appears at 87.4 ppm.

The formation of the silylated 3,4,5,6-tetrahydro-2H-1,3-
oxazin-5-ol 3b suppose the migration of the silyl group from
the primary hydroxyl group to the secondary one. The
increased amounts of the oxazine 3b with long reaction
times and higher temperatures was indicative that the
oxazolidine 2b, initially formed under kinetic control,
rearranged to the oxazine 3b under thermodynamic
conditions.

In order to explain the different observed reactivity of the
amino alcohols 1a and 1b with CH2Cl2, we have made a
theoretical study and completed additional chemical
experiments.

2.1. Theoretical studies and additional experiments

2.1.1. Computational methods. All calculations were
carried out with the Gaussian 98 suite of programs9 using
the HF/6-31G*10 level. Since the mechanism involves ionic
species the inclusion of solvent effects was necessary in
order to obtain accurate energies. The optimisations were
carried out using the Berny analytical gradient optimisation
method11 and the solvent effects, was considered using a
relatively simple self-consistent reaction field (SCRF)12

based on the polarisable continuum model (PCM)13 of the
Tomasi’s group. Finally, more accurate results have been
obtained using density functional theory (DFT)14 by means
of B3LYP/6-31G*15 single point energy calculations
(B3LYP/6-31G*//HF/6-31G*) in CH2Cl2 or methanol.

2.1.2. Transformation of 1a into 3a. For the explanation of
the exclusive transformation of amino alcohol 1a into the
oxazine 3a by reaction with CH2Cl2, we have made a
theoretical study of this transformation using as a simplified
model, the amino alcohol 1c (Me instead of Ph in 1a).

The suggested mechanism is presented in Scheme 2, the
energies of the relevant species are in Table 1 and Figure 1
shows the geometries of transition states (TS) involved in
the mechanism.

The nucleophilic attack of the methylamino group to the
dichloromethane gives in a first stage, the a-chloroamine 4,
best represented as the immonium salt 5.16 Then, intramo-
lecular attack of the primary hydroxyl function to this
immonium salt through a TS1 would afford 6, which by
deprotonation would give finally the oxazine 3c. On the
other hand, intramolecular attack of the secondary hydroxyl
group through a TS2, and deprotonation would afford the
oxazolidine 2c.

As we can see in the Table 1, the formation of the oxazine 3c
is favoured, both kinetically and thermodynamically. The
transition state TS1 (4.38 kcal molK1) is 6.18 kcal molK1

lower than TS2 (10.56 kcal molK1) and the oxazine 3c is
1.78 kcal molK1 more stable than the oxazolidine 2c.

The low activation barrier for TS1 is not in agreement with
the high temperatures and long reaction times required for
the transformation of amino alcohol 1a into the oxazine 3a.



Figure 1. Geometries of the transition structures TS1 and TS2 involved in

the reaction of N-methyl aminodiol 1c and CH2Cl2. The values given are

the bond lengths in angstroms obtained at the HF/6-31G* level in CH2Cl2 as

solvent.
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So, it should be the first step of the reaction, the formation of
the immonium salt 5, the rate determining step of the global
process. For an approximate calculation of the energy
required for this stage, we studied theoretically the reaction
of dimethylamine with dichloromethane as simplified model
(Scheme 3) and the data are reported in Table 1. The
activation barrier calculated for TS3, relative to the energy
of the molecular complex (MC) initially formed between
dimethylamine and dichloromethane is 23.13 kcal molK1.
This high value confirms that the formation of the
immonium salt, is the rate determining step in the
transformation of the amino alcohol 1a into the oxazine 3a.
Scheme 3.

Scheme 4.
These theoretical results were supported experimentally and
when the reaction was carried out in dibromomethane
instead of dichloromethane, the reaction took place at 50 8C.
The energy of the corresponding TS for the reaction with the
dibromomethane is lower, because the bromide is a better
leaving group.

It was also predictable that the reaction of 1a with
formaldehyde through a similar mechanism would afford
3a. In fact when aminodiol 1a was reacted with formal-
dehyde in benzene at 100 8C (1 h), at reflux (8 h), or at room
temperature (18 h), the oxazine 3a was formed exclusively
as a result of a lower activation barrier for the formation of
the corresponding immonium salt.

2.1.3. Transformation of 1b into 2b and 3b. For the
theoretical study of this transformation we have used the
amino alcohol 1d as a simplified model (Me instead of Ph
and trimethylsilyl instead of tert-butyldimethylsilyl in 1b).

The suggested mechanism is presented in Scheme 4, the
energies of the species are in Table 2. Figure 2 shows the
geometries of the transition states involved in the
mechanism.

The oxazolidine 2d comes from the immonium salt 9,
through TS4 (path 1, Scheme 4), according to a mechanism
similar to the one proposed for the formation of the
oxazolidine 2c (Scheme 2). However for the formation of
the oxazine 3d, path 2, the proposed mechanism supposes
the attack of the silylated primary hydroxy function to the
immonium salt with formation of the oxonium salt 11. The
intramolecular silyl migration of TMS (TS6) to the
secondary hydroxy function would give the oxonium ion
12, which by deprotonation would afford the oxazine 3d.

The results of the theoretical study in CH2Cl2 confirm that
the formation of the oxazolidine 2d is favoured kinetically.
TS4 is 8.73 kcal molK1 and TS6 is 25.33 kcal molK1.
However the oxazine 3d is 2.26 kcal molK1 more stable
than the oxazolidine 2d and would predominate in the
equilibrium under thermodynamic control. According to the
theoretical studies, the initially formed oxazolidine 2d
would be in equilibrium with the immonium salt 9 which
through a TS5, 11, TS6 and 12 would afford the oxazine 3d
under high temperatures and long reaction times. The rate
determining step of this equilibration would be determined



Table 2. Total (au) and relative energies (kcal molK1) for the stationary points of the reaction of 1d and CH2Cl2 in CH2Cl2 or CH3OH as solvent

B3LYP/6-31G*//HF/6K31G* DEb

In CH2Cl2 In CH3OH

E Er
a E Er

a

1d K812.241496 K812.249031 K4.73
9 K850.772201 0.00 K850.791476 0.00 K12.10
TS4 K850.758283 8.73 K850.784678 4.27 K16.56
10 K850.763705 5.33 K850.800813 K5.86 K23.29
TS5 K850.759395 8.04 K850.779216 7.69 K12.44
11 K850.761914 6.46 K850.779143 7.74 K10.81
TS6 K850.731834 25.33 K850.752093 24.71 K12.71
12 K850.764639 4.75 K850.780914 6.63 K10.21

3d K850.349989 0.00 K850.356701 0.00 K4.21
2d K850.346386 2.26 K850.353512 2.00 K4.47

a Energies relative to 9 or 3d.
b E(in CH3OH)KE(in CH2Cl2) in kcal molK1.
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by the silyl migration from the primary hydroxy group to the
secondary one through TS6.

This assertion was supported with additional experiments.
When the oxazolidine 2b was heated in CH2Cl2 at 100 8C it
was observed a very slow equilibration of the oxazolidine
2b into the oxazine 3b (48 h, 7/1, 2b/3b). In this
equilibration the dichloromethane would play the role of a
solvent. According to this, other solvents could afford the
same results. In fact when 2b was heated in methanol at
100 8C the same equilibration 2b–3b took place quickly
(2b/3b 1/1 after 9 h). In experiments with long reaction
times (64 h) the equilibration reaction reached the values
expected thermodynamically and only 5% of the compound
2b appeared in the crude reaction mixture.17

In order to explain the observed rate increase of the 2b–3b
equilibration in methanol, theoretical calculations were
carried out using methanol as solvent. As it can see
(Table 2), the reaction in methanol does not produce
significant changes in the activation barrier of TS6, relative
to the immonium salt 9 (24.71 kcal molK1 in methanol;
25.33 kcal molK1 in CH2Cl2). The changes in the relative
stability of the final products 2d and 3d in methanol and
CH2Cl2 is also very similar (2.00 kcal molK1 in methanol
and 2.26 kcal molK1 in CH2Cl2). However the energy
Figure 2. Geometries of the transition structures TS4, TS5 and TS6 involved in th

bond lengths in angstroms obtained at the HF/6-31G* level in CH2Cl2 as solvent
differences between the charged species in dichloromethane
and in methanol are important (10–23 kcal molK1, see last
column in Table 2) meanwhile the neutral species (initial
product 1d and final products 2d and 3d) have only a
small increase stabilisation in methanol (4 kcal molK1).
According to these values, the activation barrier for the
equilibration of the oxazolidine 2d into the oxazine 3d is
lowered about 8 kcal molK1 in methanol.
3. Conclusions

The reaction of 3-phenyl-3-methylamino-1,2-propanediol
1a with (CH2O)n affords the corresponding 1,3-oxazine 3a
and is completed at room temperature in 20 h or at 100 8C in
1 h. However with CH2Cl2 the formation of the 1,3-oxazine
3a required 100 8C and 64 h for completion of the reaction,
because the higher activation barrier in the formation of the
intermediate immonium salt. By the other hand, the reaction
with (CH2O)n and CH2Cl2, of the same aminodiol partially
protected as TBDMS in the primary hydroxyl group 1b
affords the oxazolidine 2b under kinetic conditions and this
compound can be slowly converted into the silylated
oxazine 3b under thermodynamic control. This reaction
suppose the migration of the silyl group from the primary
hydroxyl group to a secondary one and it is accelerated in
e reaction of N-methyl aminodiol 1d and CH2Cl2. The values given are the

.
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polar solvents as methanol. The mechanism suggested for
this transformation has been supported chemically and
theoretically.
4. Experimental

4.1. General

Unless otherwise specified, materials were purchased from
commercial suppliers and used without further purification.
Solvents were distilled prior to use. Analytical thin layer
chromatography was performed on Merck silica gel (60
F254) plates and column chromatography was accomplished
on Merck Kieselgel 60 (230–240 mesh). IR spectra were
recorded on a FT-IR spectrometer. 1H and 13C NMR spectra
were measured for CDCl3 solutions at 300 or 400 MHz and
75.4 or 100 MHz respectively; using a Bruker AC-300 and a
Varian Unity 400 MHz spectrometers and chemical shifts
are recorded relative to Me4Si. High-resolution mass
spectral data were obtained on a VG Autospec, TRIO
1000 (Fisons) instrument. The ionisation mode used in mass
spectra were FAB, or chemical ionisation (CI) at 70 eV.

4.1.1. General procedure for the reactions of amino
alcohols (1a or 1b) with dichloromethane or paraform-
aldehyde. 4.1.1.1. Reaction with dichlorometane.
Method A. The aminodiol 3-[(tert-butyldimethylsilyl)oxy]-
1-methylamino-1-phenyl-2-propanol 1b (6 mmol) in
CH2Cl2 (50 mL) was heated in a pressure reactor at
100 8C for 64 h. The solvent was concentrated under
reduced pressure to dryness and the residue was analysed
by 1H and 13C NMR showed an 8/2.3/1 mixture of 1b as
chlorhydrate/2b/3b.

Method B. A solution of 3-methylamino-3-phenyl-1,2-
propanediol 1a or 3-[(tert-butyldimethylsilyl)oxy]-1-
methylamino-1-phenyl-2-propanol 1b (0.6 mmol) in the
solvent indicated (5 mL) was added NaHCO3 (1.2 mmol)
and water (1 mL). The mixture was heated in a pressure
reactor at 100 8C for the time indicated. After cooling the
organic layer was separated and the aqueous layer was
extracted with dichloromethane (3!5 mL). The combined
organic layers were dried over anhydrous Na2SO4, filtered,
and concentrated in vacuum. The residue was purified by
column chromatography (silica gel, hexane/ethyl acetate
mixtures).

Compound 1a in CH2Cl2 for 24 h afforded 3a (90%).

Compound 1b in CH2Cl2 for 64 h afforded 7/1 mixture of
2b/3b (84%).

Compound 1b in a 3/1 mixture of CH2Cl2/methanol for 64 h
afforded a 1/1 mixture of 2b/3b (85%).

4.1.1.2. Reaction with paraformaldehyde. The com-
pounds 1a or 1b (0.24 mmol) in the solvent indicated
(6 mL) and paraformaldehyde (11 mg, 0.37 mmol) were
heated for the time indicated. The solvent was concentrated
in vacuum. The residue was analysed by 1H and 13C NMR.
The products were purified by column chromatography
(silica gel, hexane/ethyl acetate mixtures).
Compound 1a in benzene at room temperature for 20 h or
reflux temperature for 8 h afforded 3a (92%).

Compound 1b in benzene reflux for 8 h or heated at 100 8C
in a pressure reactor for 1 h afforded 2b (95%).

Compound 1b in methanol at 100 8C in a pressure reactor
for 1 h afforded a 4.5/1 mixture of 2b/3b (95%).

Compound 1b in methanol at 100 8C in a pressure reactor
for 20 h afforded a 2.5/1 mixture of 2b/3b (95%).

4.1.2. Equilibration assays 2b–3b. A solution of 1,3-
oxazolidine 2b (35 mg, 0.12 mmol) in the solvent indicated
(3 mL) was heated in the pressure reactor at 100 8C for the
time indicated The solvent was evaporated in vacuum and
the residue was analysed by 1H and 13C NMR spectroscopy.

In dichloromethane for 48 h afforded a 7/1 mixture of 2b/3b.

In methanol for 64 h afforded a 5/75/20 mixture of 2b/3b/3a.17

4.1.3. Synthesis of the chlorhydrate of 1b. To a solution of
amino alcohol 2b (50 mg, 0.17 mmol) in THF (1 mL) was
added a solution of HCl 0.0012 M in THF (3 mL). The
mixture was stirred at room temperature for 3 h and
concentrated in vacuum to obtain the corresponding
chlorhydrate.

4.1.4. Synthesis of 3b from 3a. To a solution of 3-methyl-4-
phenyl-3,4,5,6-tetrahydro-2H-1,3-oxazin-5-ol3 3a (0.21 g,
1.2 mmol) in CH2Cl2 (10 mL) stirred under argon in an ice
bath, were added triethylamine (0.2 mL, 1.42 mmol) and
dimethylaminopyridine (0.01 g, 0.08 mmol). The reaction
mixture was stirred for 15 mn and then tert-butyldimethyl-
silyl chloride (0.22 g, 1.46 mmol) was added. The mixture
was stirred at room temperature for 96 h and then water
(20 mL) and dichloromethane (10 mL) were added. The
organic layer was separated and the aqueous layer was
extracted with dichloromethane. The combined organic
phases were washed with saturated NH4Cl aqueous solution
(20 mL), dried over anhydrous MgSO4, filtered, and
concentrated in vacuum. The residue was purified by
column chromatography (silica gel, 9/1 hexane/ethyl acetate
mixture) to afford 5-[(tert-butyldimethylsilyl)oxy]-3-
methyl-4-phenyl-3,4,5,6-tetrahydro-2H-1,3-oxazine 3b
(76%).

4.1.5. Characterisation date of the new compounds.
4.1.5.1. 5-[(tert-Butyldimethylsilyl)oxymethyl]-3-methyl-
4-phenyl-1,3-oxazolidine (2b). Colourless oil. 1H NMR
(300 MHz; CDCl3) d K0.24 (s, 3H), K0.14 (s, 3H), 0.92
(s, 9H), 2.35 (s, 3H), 3.23 (dd, JZ10.9, 4.9 Hz, 1H, H-6),
3.45 (dd, JZ10.9, 7.3 Hz, 1H, H-6), 3.81 (d, JZ7.7 Hz, 1H,
H-4), 4.15 (d, JZ2.4 Hz, 1H, H-2), 4.51 (ddd, JZ7.7, 7.3,
4.9 Hz, 1H, H-5), 4.91 (d, JZ2.4 Hz, 1H, H-2), 7.4 (m, 5H)
ppm; 13C NMR (75.4 MHz; CDCl3) d K5.5 (q), K5.3 (q),
18.5 (s), 25.9 (q), 37.1 (q), 64.1 (t), 70.7 (d), 82.1 (d), 88.24
(t), 127.7 (d), 128.2 (d), 128.6 (d), 137.1 (s) ppm; IR
(mineral oil) 3439, 2930, 1672, 1458, 1254, 1096 cmK1;
HRMS (CI) calcd for C17H30NO2Si: 308.2045. Found:
308.2056 [MC1]C.
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4.1.5.2. 5-[(tert-Butyldimethylsilyl)oxy]-3-methyl-4-
phenyl-3,4,5,6-tetrahydro-2H-1,3-oxazine (3b). Colour-
less oil. 1H NMR (300 MHz; CDCl3) d K0.65 (s, 3H),
K0.15 (s, 3H), 0.81 (s, 9H), 2.05 (s, 3H), 2.89 (d, JZ
8.7 Hz, 1H, H-4), 3.40 (t, JZ10.6 Hz, 1H, H-6), 3.91
(m, 2H, H-2CH-5), 4.18 (dd, JZ10.6, 5.1 Hz, 1H, H-6 0),
4.65 (d, JZ8 Hz, 1H, H-2 0), 7.49 (m, 5H); 13C NMR
(62.9 MHz; CDCl3) dK5.3 (q), K4.8 (q), 18.0 (s), 25.8 (q),
37.3 (q), 69.9 (d), 73.0 (t), 76.1 (d), 87.4 (t), 127.7 (d), 128.6
(d), 129.3 (d), 139.9 (s) ppm; IR (film) 3449, 2955, 1667,
1473, 1254, 1101 cmK1; HRMS (FAB) calcd for
C17H30NO2Si: 308.2046. Found: 308.2049 [MC1]C.

4.1.5.3. Chlorhydrate of 1b. 1H NMR: (300 MHz;
CDCl3) d K0.04 (s, 3H), 0.01 (s, 3H), 0.85 (s, 9H), 2.47 (s,
3H), 3.23 (m, 1H), 3.55 (m, 1H), 3.9 (d, JZ3 Hz, 1H), 4.19
(m, 1H), 7.4–7.6 (m, 5H) ppm; 13C NMR: (75.4 MHz;
CDCl3) d 18.5 (s), 26.3 (c), 33.5 (c), 64.1 (t), 66.7 (d), 72.3
(d), 128.5 (d), 128.7 (d), 129.12 (d), 135.9 (s) ppm.
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Abstract—A simple and efficient methodology to introduce an 1,3-diketone motif from various aldehyde precursors in three steps with good
overall yields is described using b-ketosulphone 7 as masked equivalent of acetone.
q 2004 Elsevier Ltd. All rights reserved.
Ifremer reported in 1999 the isolation of carotenoid
metabolite 1 from the cultured marine micro-algae Skele-
tonema costatum.1 This natural product, for which neither
the absolute nor the relative configuration were elucidated,
exhibited potent cytotoxicity against a variety of human
carcinoma cell lines.2 As a part of our interest in the total
synthesis of biologically active molecules, especially anti-
tumor agents, we drawn our attention towards the synthesis
of the metabolite 1, and we have established the retro-
synthetic plan depicted in Figure 1. Our strategy was
centered on introduction of a 1,3-diketone unit from
aldehyde 2 at the final stage.

1,3-Diketones are important building blocks, and their
usefulness in heterocyclic preparations, e.g. pyrazole,3

isoxazole,4 triazole5 and benzopyran-4-ones6 has been
largely illustrated. Also, 1,3-diketones are key structural
units in many chelating ligands for lanthanide and transition
metals.7 As a consequence, a number of methods have been
developed over the years to introduce this moiety which met
various degrees of success. One of the most popular
approaches to introduce the 1,3-diketone motif from the
ketone precursor, is based on the C-acylation of the
corresponding enolates (or silyl enol ethers) with acylating
agents, e.g. acid chlorides,8 acyl cyanides9 or 1-
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.07.087
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acylbenzotriazoles,10 and some improvements11 have been
recently done to minimize side reactions such as O-
acylation. However, to our knowledge less attention has
been devoted to aldehydes.12

Also, in order to attach the diketone side chain from 2 to
reach our target molecule 1, we became interested in
developing a good and reliable method compatible with
sterically hindered aldehydes. As a model of hindered
aldehyde, we retained cyclohexylcarboxaldehyde 3.

Our initial efforts have been to prepare 1,3-diketone from
dithiane in an umpolung fashion. Though unprecedented,
we tried to condense the lithiated dithiane 4 of the
corresponding cyclohexylcarboxaldehyde 3 with 3-chloro-
2-(trimethylsiloxy)-1-propene13 5 as electrophile acetonyl-
ating reagent (see Scheme 1). Unfortunately, all attempts to
carry out this reaction in various conditions (bases and
additives) were unsuccessful: no reaction takes place. By
contrast, the addition of more reactive electrophiles such as
allybromide14 to lithiated dithiane 4 led to the formation of
the desired product in reasonable yield (60% yield non-
optimized).
Tetrahedron 60 (2004) 10359–10364
Figure 1. Retrosynthetic analysis of marine natural carotenoid metabolite 1.
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Scheme 3. Reagents and conditions: condensation: (a) 1.6 equiv of 10,

THF/HMPA (7/1), 4 h at 0 8C, then overnight at rt, 86%. Oxidation: (b)

1.0 equiv DMP, CH2Cl2, 6 h, rt, 76%. Desulfonation; (c) 5% Na(Hg),

MeOH, K50 8C, then 2 h at K20 8C, 77%.
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Next, it was considered that the monoanion 615 of the 1-
phenylsulfonylpropanone 7, a masked nucleophilic acetonyl
equivalent, could be condensed on the cyclohexylcarbox-
aldehyde 3 to afford the corresponding adduct 8 (see
Scheme 2). Although, many conditions (NaH/THF, NaH/
DMSO, LDA/THF, or DBU/PhH) to generate the stabilized
carbanion 6 were screened, we always obtained a mixture
(vide supra) of starting material, desired adduct 8 and
unsaturated condensation compound 9. The formation of
this latter could be attributed to the acidity of the hydrogen
on C-3. Also, quenching conditions were carefully inves-
tigated, however, the amounts of the byproduct 9 could be
only slightly lowered by addition of saturated aqueous
ammonium chloride at low temperature.

At this point, we turned our attention to an alternative strategy
involving the condensation of the dianion 10 of
the 1-phenylsulfonylpropanone 7 on aldehyde 3 (see
Scheme 3). According to the work of Belletire,16 the sulfone
7 was treated with 2.5 equimolar amounts of LDA in THF at
low temperature to afford the colored dianion 10 which was
then reacted with aldehyde 3 to give exclusively after work up
the expected aldol 11 in high yield. In this condensation, no
unsaturated compound was detected in the crude mixture (see
vide supra). This aldol 11 was converted by oxidation with
the Dess–Martin periodinane17 (DMP) into the 1,3-diketone
intermediate 12 in good yield. This method was found to be
more efficient compared to PCC and Jones oxidation. Finally,
the cleavage of the sulfonyl group of 12 was achieved with
sodium-amalgam18 to afford the diketone 13 in 77% yield
(45% overall yield in 3 steps from aldehyde 3).

To investigate the potential utility of this methodology,
various aldehydes were readily converted to the correspond-
ing diketones as summarized in Table 1. The different
intermediates and final products were thus obtained in good
to high yields for all steps, except for the removal of the
sulfone group for cinnamaldehyde (entry 2). We were
unable to suppress the competitive reduction of the
Scheme 2.
conjugate double bond on intermediate 17, even using
sodium-amalgam with NaH2PO4 to control pH of the
medium.19 All attempts to use samarium(II) iodide to cleave
the sulfone group of 17, with HMPA or DMPU as additives
failed, leading to complete decomposition of the starting
material.20 It is especially noteworthy that sodium-amalgam
mediated cleavage of sulfones can be applied to substrates
containing isolated double bond, such as 25, in this case no
over reduction occurs.

In conclusion, we have developed a simple and efficient
methodology to introduce an 1,3-diketone motif from
aldehyde precursors in three steps with good overall yields.
To evaluate the scope and the efficiency of the present
methodology, various aldehydes have been used. We are
now extending this methodology to the total synthesis of
marine natural carotenoid metabolite 1 and the results will
be published in due course.
1. Physical data and spectroscopic measurements

1H NMR spectra were recorded on a Bruker AC 300
instrument at 300 MHz. The chemical shifts are expressed
(ppm), referenced to residual chloroform (7.26 ppm). Data
are reported as follows: d, chemical shift; multiplicity
(recorded as s, singlet; d, doublet; t, triplet; q, quintet and m,
multiplet), coupling constants (J in Hertz, Hz), integration
and assigment (aromatic, ar). H,H-COSY experiments were
routinely carried out to ascertain H–H connectivities.

13C NMR spectra were recorded on a Bruker AC 300
instrument at 75 MHz. The chemical shifts are expressed
(ppm), reported from the central peak of deuterochloroform
(76.9 ppm). DEPT (DEPT) experiments were used for
evaluating CH multiplicities. When necessary, 13C spectra
were assigned with the aid of HETCOR experiments.

Mass spectra (MS) were obtained on a HP 5889 quadrupolar
spectrometer in electronic impact (70 eV) or in chemical
ionization (500 eV) with NH3 gas. HMRS spectra were
obtained on a JEOL AX500. Mass spectral data are reported
as m/z.

IR spectra were recorded neat in KBr cells with a Bruker
IFS 45 WHR Fourier transform spectrometer. The wave
numbers (n) are given in cmK1.



Table 1

Entry Aldehyde Condensationa (yield) Oxidationa (yield) Desulfonationa (yield)

1 PhCHO

14 (92%) 15 (93%) 16 (77%)

2 (E)-PhCH]CHCHO

17 (77%) 18 (63%) 19 (63%)

3 PhCH2CH2CHO

20 (76%) 21 (94%) 19 (71%)

4 n-HexCHO

22 (85%) 23 (80%) 24 (90%)

5 (Z)-EtCH]CH(CH2)2CHO

25 (85%) 26 (80%) 27 (90%)

a See condition (a) in Scheme 3.
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1.1. Chromatography

All reactions were monitored by thin-layer chromatography
(TLC) carried out on precoated plate of silica gel 60F 254
(Merk, Art. 5735 alumina sheet).

Flash chromatography was performed on silica gel Merk 60,
230–400 mesh.

1.2. Solvents distillation

Tetrahydrofuran (THF) was distilled from sodium–benzo-
phenone. Methanol (MeOH) was distilled from the
corresponding magnesium derivative. Dimethylformamide
(DMF) was distilled from calcium hydride under reduced
pressure.

1.3. Usual procedures

All air and/or water sensitive reactions were carried out
under nitrogen atmosphere with dry, freshly distilled
solvents using standard syringe/septa techniques.

Yields refer to chromatographically and spectroscopically
homogeneous materials, unless otherwise stated.

1.3.1. 1-Phenylsulfonyl-2-propanone 6.16b To a solution of
chloroacetone (9.2 mL; 114.65 mmol) in 150 mL of freshly
distilled DMF was added at rt sodium sulfinate (18.8 g;
114.65 mmol; 1 equiv). After stirring 24 h at rt, the reaction
mixture was diluted with 20 mL of Et2O and 20 mL of
water. The aqueous phase was extracted with 3!15 mL
Et2O before washing with an aqueous NaCl solution and
drying on MgSO4. After evaporation of the solvent, the
crude residue was purified on silica gel (eluant: petroleum
ether/ethyl acetate: 7/3) to furnish 20 g of the desired
product as pale yellow crystals (yieldZ88%). 1H NMR
(CDCl3): dZ2.24 (s, 3H, H3); 4.09 (s, 2H, H1); 7.54–7.67
(m, 3H, Har); 7.80–7.94 (m, 2H, Har).

13C NMR (CDCl3):
dZ32.4 (C3); 68.7 (C1); 129.1 (C6 and C6 0); 130.3 (C5 et
C5 0); 135.3 (C7); 139.5 (C4); 197.0 (C2). SM (CI/NH3):
MC1Z199. IR: nZ1725; 1322; 1151.

1.4. General procedure for aldolization

To a solution of diisopropylamine (8.8 mL; 62.5 mmol;
2.5 equiv) in 13 mL of anhydrous THF at 0 8C was added
dropwise a solution of n-butyllithium 1.6 M in hexanes
(39 mL; 62.5 mmol; 2.5 equiv) and the solution was stirred
during 45 mn before cooling at K78 8C. At this tempera-
ture, 6 mL of HMPA were added followed by a solution of
1-phenylsulfonyl-2-propanone (5 g; 25 mmol) in 30 mL of
THF. After 4 h at 0 8C, aldehyde (32.5 mmol; 1.3 equiv)
was added to the resulting orange heterogenous solution and
the reaction mixture was allowed to warm to rt overnight.
Hydrolysis was achieved at 0 8C with a saturated aqueous
solution of NH4Cl (30 mL), subsequent treatments (Et2O
extraction, drying on MgSO4, concentration and flash
chromatography) afforded the desired compound.

1.4.1. 4-Cyclohexyl-4-hydroxy-1-phenylsulfonyl-2-buta-
none 11. (Eluant: CH2Cl2) 7 g of 11 were obtained as a
yellow oil (yieldZ86%). 1H NMR (CDCl3): dZ1.00–1.84
(m, 11H, Hcyclohexyl); 2.86 (d, JZ7.3 Hz, 2H, H3); 2.90 (s,
1H, OH); 3.77–3.86 (m, 1H, H4); 4.22 (s, 2H, H1); 7.26–
7.91 (m, 5H, Har).

13C NMR (CDCl3): dZ26.0; 26.1; 26.3;
28.1; 28.8 (Ccyclohexyl); 43.2 (Ccyclohexyl); 48.6 (C3); 67.5
(C1); 71.7 (C4); 128.3 (2C, Car); 129.4 (2C, Car); 134.4 (Car);
138.7 (Car); 199.3 (C2). SM (CI/NH3): MC1Z311. SM (EI)
m/z (%): 227 (78); 199 (66); 183 (15); 141 (79); 77 (100); 55
(65); 41 (36). IR: 3520; 1715; 1310, 1152.

1.4.2. 4-Hydroxy-4-phenyl-1-phenylsulfonyl-2-butanone
14. (Eluants: petroleum ether/ethyl acetate: 6/4) 7 g of 14
were obtained as a yellow oil (YieldZ92%). 1H NMR
(CDCl3): dZ2.96 and 3.08 (part AB of an ABX system, 2H,
JZ17.2, 9.2, 3.4 Hz, H3); 4.18 (s, 2H, H1); 5.07 (m, part X
of the ABX system, 1H, H4); 7.30–7.80 (m, 10H, Har).
13C NMR (CDCl3): dZ52.7 (C3); 66.8 (C1); 69.5 (C4);
125.7; 127.72; 128.2; 128.3; 129.8; 134.2; 138.5; 142.7
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(Car); 197.7 (C2). MS (CI/NH3): MC18Z332; MC1Z305.
MS (EI) m/z (%): 163 (5); 141 (18); 105 (44); 77 (100). IR:
nZ3521; 1716; 1310; 1152.

1.4.3. (5E)-4-Hydroxy-6-phenyl-1-phenylsulfonyl-hex-5-
en-2-one 17. (Eluants: petroleum ether/ethyl acetate: 5/5)
6.3 g of 17 were obtained as a yellow oil (yieldZ77%).
1H NMR d (ppm): 4.23 (s, 2H, H1); 3.05 (m, 2H, H3); 4.75
(qu., 1H, H4); 6.20 (dd, 1H, H5, JZ6.2, 16 Hz); 6.64 (d, 1H,
H6, JZ16 Hz). 13C NMR d (ppm): 50.9 (C3); 67.5 (C1); 68.4
(C4); 126.6 (Car); 134.4 (Car); 136.2 (C7); 138.5 (Car); 197.8
(C2). MS (CI/NH3): MK(H2O)C18Z330. MS (EI) m/z
(%): 312 (5); 171 (93); 157 (35); 128 (87); 105 (100); 77
(48); 51 (30); 18 (25). IR: 3515; 3060; 3026; 2927; 1721;
1447; 1320; 1151; 969; 744.

1.4.4. 4-Hydroxy-6-phenyl-1-phenylsulfonyl-2-hexanone
20. (Eluants: petroleum ether/ethyl acetate: 6/4) 6.3 g of 20
were obtained as a yellow oil (yieldZ76%). 1H NMR d
(ppm): 1.75 (m, 2H, H5); 2.66 (m, 2H, H6); 2.82 (d, 2H, H3,
JZ5.8 Hz); 4.10 (m, 1H, H4); 4.28 (s, 2H, H1); 7.18–7.88
(m, 10H, Har).

13C NMR d (ppm): 31.6 (C6); 38.2 (C5); 51.1
(C3); 66.7 (C4); 66.9 (C1); 125.9; 128.2; 128.4; 129.3; 134.3;
138.7; 141.6 (Car); 198.6 (C2). MS (CI/NH3): MC18Z350.
MS (EI) m/z (%): 172 (35); 141 (21); 91 (100); 77 (64). IR:
3526; 3026; 2927; 1716; 1602; 1584; 1447; 1309; 1151;
1083; 742.

1.4.5. 4-Hydroxy-1-phenylsulfonyl-2-decanone 22.
(Eluants: petroleum ether/ethyl acetate: 6/4) 6.6 g of 22
were obtained as a yellow oil (yieldZ85%). 1H NMR d
(ppm): 0.87 (m, 3H, H10); 1.26 (m, 10H, H5, H6, H7, H8,
H9); 2.81 (m, 2H, H3); 4.03 (m, 1H, H4); 4.21 (s, 2H, H1);
7.52–7.90 (m, 5H, Har).

13C NMR d (ppm): 14.3 (C10); 22.8
(C9); 25.6 (C5); 29.5 (C7); 32.0 (C6); 36.9 (C8); 51.4 (C3);
67.7 (C4); 67.9 (C1); 128. 6 (2C, Car); 129.7 (2C, Car); 134.7
(Car); 138.9 (Car); 199.2 (C2). MS (CI/NH3): MC18Z330.
MS (EI) m/z (%): 227 (32); 199 (41); 141 (61); 77 (100); 43
(99). IR: 3521; 3063; 2925; 1716; 1585; 1494; 1447; 1310;
1152; 1083; 743.

1.4.6. (7Z)-4-Hydroxy-1-phenylsulfonyl-7-decen-2-one
25. (Eluants: petroleum ether/ethyl acetate: 6/4) 6.6 g of
25 were obtained as a yellow oil (yieldZ85%). 1H NMR d
(ppm): 0.99 (m, 3H, H10); 1.52 (m, 2H, H6); 2.10 (m, 4H,
H6, H9); 2.84 (m, 2H, H3); 4.06 (m, 1H, H4); 4.22 (s, 2H,
H1); 4.06 (m, 2H, H7, H8); 7.55–7.92 (m, 5H, Har).

13C NMR
d (ppm): 14.3 (C10); 20.5 (C11); 23.1 (C6); 36.4 (C5); 51.1
(C3); 67.2 (C4); 67.5 (C1); 127.8 (C7 or C8); 128.3 (Car);
129.4 (Car); 132.7 (C7 or C8); 134.4 (Car); 138.6 (Car); 198.7
(C2). MS (CI/NH3): MK(H2O)C18Z310. MS (EI) m/z
(%): 224 (24); 141 (12); 83 (100); 77 (55); 69 (36); 55 (31);
41 (71). IR: 3518; 3061; 1715; 1483; 1310; 1152; 744.

1.5. General procedure for oxydation

To a solution of Dess–Martin periodinane (0.41 g;
1.0 mmol; 1.6 equiv) in 4.4 mL of CH2Cl2 was added at rt
a solution of compound to oxidize (0.6 mmol) in 3 mL of
CH2Cl2. The reaction mixture was stirred 6 h at rt then
diluted with 15 mL of Et2O. 10 mL of a 10% aqueous
solution of Na2S2O3 and 10 mL of a 10% aqueous solution
of NaHCO3 were successively added. Subsequent extraction
with Et2O (3!10 mL) afforded an organic phase which was
submitted to usual treatments (drying on MgSO4, concen-
tration and a short flash chromatography) affording the
desired compound.

1.5.1. 1-Cyclohexyl-4-phenylsulfonyl-1,3-butadione 12.
(Eluant: CH2Cl2) 150 mg of 12 were obtained as a yellow
oil (yieldZ76%). 1H NMR (CDCl3) d (ppm): 1.25–1.80
(m, 11H, Hcyclohexyl); 4.02 (s, 2H, H3); 5.67 (s, 2H, H1);
7.44–7.59 (m, 3H, Har); 7.88–7.98 (m, 2H, Har).

13C NMR
(CDCl3) d (ppm): 25.7; 26.1; 28.1; 28.2; 29.4 (5C,
Ccyclohexyl); 48.6 (Ccyclohexyl); 64.8 (C1); 51.7 (C3); 128.5
(2C, Car); 129.4 (2C, Car); 134.3 (Car); 138.7 (Car); 210.5
(C4); 215.3 (C2). MS (CI/NH3): MC1Z309. SM (EI) m/z
(%): 308 (3); 225 (100); 183 (97); 141 (100); 111 (23); 77
(56); 55 (46). IR: 2995; 2935; 1602; 1322; 1151.

1.5.2. 1-Phenyl-4-phenylsulfonyl-1,3-butanedione 15.
(Eluants: petroleum ether/ethyl acetate: 6/4) 0.17 g of 15
were obtained as a yellow solid (yieldZ93%). 1H NMR d
(ppm): 4.17 (s, 2H, H1); 6.38 (s, 1H, H3); 7.40–7.80 (m,
10H, Har).

13C NMR d (ppm): 31.2 (C1); 65.4 (C3); 127.7;
128.5; 129.1; 129.6; 130.4; 133.5; 134.6; 138.8 (Car); 184.7
(C4); 208.2 (C2). MS (CI/NH3): MC18Z320; MC1Z303.
MS (EI) m/z (%): 160 (18); 147 (37); 118 (35); 105 (100); 77
(59). IR: 2995; 2936; 1603; 1573; 1451; 1308; 1159; 1085;
694.

1.5.3. (5E)-6-Phenyl-1-phenylsulfonyl-hexene-2,4-dione
18. (Eluants: petroleum ether/ethyl acetate: 3/7) 0.63 g of
17 were obtained as a red oil (yieldZ63%). 1H NMR d
(ppm): 4.13 (s, 2H, H1); 5.92 (s, 1H, H3); 6.51 (d, 1H, H6,
JZ15.8 Hz); 7.29–7.68 (m, 11H, Har and H5). 13C NMR d
(ppm): 65.9 (C1); 102.4 (C6); 121.8–141.9 (14C, 12Car, C5,
C3); 178.5 (C4); 185.8 (C2). MS (CI/NH3): MC18Z346;
MC1Z329. MS (EI) m/z (%): 312 (12); 171 (100); 157
(33); 128 (61); 105 (65); 77 (35); 51 (15). IR: 3439; 3060;
3028; 2925; 1633; 1578; 1446; 1313; 1307; 1156; 1084.

1.5.4. 6-Phenyl-1-phenylsulfonyl-hexane-2,4-dione 19.
(Eluants: petroleum ether/ethyl acetate: 6/4) 0.186 g of 18
were obtained as a brown oil (yieldZ94%). 1H NMR d
(ppm): 2.78 (m, 4H, H5 and H6); 4.00 (s, 2H, H1); 5.69 (s,
1H, H3); 7.16–8.00 (m, 10H, Har).

13C NMR d (ppm): 31.5
(C6); 40.3 (C5); 64.7 (C1); 102.6 (C3); 126.7; 128.6; 128.7;
128.9; 129.5; 134.6; 138.8; 140.4 (Car); 179.4 (C2); 195.1
(C4). MS (CI/NH3): MC18Z348; MC1Z331. MS (EI) m/
z (%): 188 (27); 141 (30); 131 (54); 104 (62); 91 (100); 77
(81). IR: 3062; 3027; 2927; 1721; 1602; 1496; 1447; 1323;
1310; 1153; 1083; 700.

1.5.5. 1-Phenylsulfonyl-decane-2,4-dione 23. (Eluants:
petroleum ether/ethyl acetate: 6/4) 0.15 g of 23 were
obtained as a yellow oil (yieldZ80%). 1H NMR d (ppm):
0.86 (m, 3H, JZ7 Hz, H10); 1.27 (m, 8H, H6, H7, H8, H9);
1.55 (m, 2H, H5); 4.00 (s, 2H, H1); 5.65 (s, 1H, H3); 7.49–
7.90 (m, 5H, Har).

13C NMR d (ppm): 14.3 (C10); 22.7 (C9);
25.7 (C5); 29.0 (C7); 31.7 (C6); 38.6 (C8); 64.7 (C1); 102.2
(C3); 128.7 (2C, Car); 129.5 (2C, Car); 134.5 (Car); 138.9
(Car); 179.9 (C4); 196.2 (C2). MS (CI/NH3): MC18Z328;
MC1Z311. MS (EI) m/z (%): 240 (38); 225 (16); 183 (49);
169 (33); 141 (98); 125 (29); 113 (40); 99 (41); 85 (75); 77
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(100); 69 (24); 55 (36); 43 (91). IR: 2995; 2936; 1602; 1445;
1317; 1308; 1159; 1085; 694.

1.5.6. (7Z)-1-Phenylsulfonyl-decene-2,4-dione 26.
(Eluants: petroleum ether/ethyl acetate: 6/4) 0.15 g of 26
were obtained as a yellow oil (yieldZ80%). 1H NMR d
(ppm): 0.93 (t, 3H, JZ7 Hz, H10); 1.90–2.15 (m, 2H, H9);
2.19–2.45 (m, 4H, H5 and H6); 4.02 (s, 2H, H1); 5.15–5.62
(m, 2H, H3 and H4); 5.70 (s, 1H, H3); 7.49–7.99 (m, 5H,
Har).

13C NMR d (ppm): 14.2 (C10); 20.5 (C9); 23.0 (C5 or
C6); 38.4 (C5 or C6); 64.5 (C1); 102.2 (C7 and C8); 126.3,
128.4, 129.4, 134.3, 138.5 (5C, Car), 179.8 (C4); 195.1 (C2).
MS (CI/NH3): MC18Z326; MC1Z309. MS (EI) m/z (%):
240 (56); 225 (12); 199 (15); 183 (29); 167 (26); 141 (77);
125 (31); 109 (53); 77 (100); 67 (48); 55 (46); 41 (75). IR:
2957; 2930; 1615; 1506; 1446; 1320; 1309; 1156; 1085.

1.6. General procedure for desulfonation

Turnings of sodium (0.46 g; 20 mmol; 12.2 equiv) were
added to mercury (7.3 g; 36.4 mmol; 22 equiv) at rt. 8.3 mL
of dry MeOH were then added to the corresponding
amalgam and the temperature was cooled to K50 8C. A
solution of 1,3-dione (1.7 mmol; 1 equiv) in 12 mL of
MeOH was added and the reaction mixture was stirred 2 h at
K20 8C before the hydrolysis was achieved with a saturated
aquous solution of NH4Cl (40 mL) at 0 8C. After filtration,
the aqueous phase was extracted with 3!10 mL Et2O
before drying on MgSO4. After evaporation of the solvent,
the crude residue was purified by a short flash chromato-
graphy to afford the desired compound. All compounds
were obtained under their enolic form.

1.6.1. 1-Cyclohexyl-butane-1,3-dione 13. (Eluants:
CH2Cl2) 0.22 mg of 13 were obtained as a pale orange oil
(yieldZ77%). 1H NMR (CDCl3) d (ppm): 0.69–1.89 (m,
10H, Hcyclohexyl); 2.06 (s, 3H, H4); 2.22 (m, 1H, Hcyclohexyl);
3.60 (s, 2H, H2 0); 5.48 (s, 1H, H2); 12.06 (s, 1H, OH).
13C NMR d (ppm): 24.0; 25.9; 27.8; 29.6 (4C, Ccyclohexyl);
28.5 (C4); 46.4 (C5); 98.1 (C2); 192.6 (C1 and C3). MS
(CI/NH3): MC1Z169. MS (EI) m/z (%): 168 (18); 113
(12); 85 (100); 55 (24); 43 (35). HR MS: 168.1167
(C10H16O2; calcd 168.1150). IR: 2966; 1612; 1492; 1364.

1.6.2. 1-Phenyl-butan-1,3-dione 16. (Eluants: petroleum
ether/ethyl acetate: 7/3) 140 mg of 16 were obtained as a
pale yellow oil (yieldZ76%). 1H NMR d (ppm): 2.06
(s, 3H, H1); 5.03 (m, 1H, H3); 7.15–7.24 (m, 5H, Har) [10%
of the 1–3 diketone form is detected: 2.18 (s, 3H, H1); 6.20
(s, 2H, H3); 7.43–7.84 (m, 5H, Har)

21]. 13C NMR d (ppm):
24.1 (C1); 47.0 (C3); 68.8 (C2); 75.2 (C4); 125.7 (2C, Car);
127.5 (Car); 128.5 (2C, Car); 144.5 (Car). MS (CI/NH3):
MC1Z163; MC18Z180. MS (EI) m/z (%): 146 (28); 105
(53); 77 (67); 43 (98). IR: 3436; 3062; 3030; 2925; 1713;
1603; 1494; 1449; 1360; 1323; 1158; 1083; 756; 701.

1.6.3. 6-Phenyl-hexan-2,4-dione 19. (Eluants: petroleum
ether/ethyl acetate: 7/3) 224 mg of 19 were obtained as a
brown oil (yieldZ71%). 1H NMR d (ppm): 2.04 (s, 3H, H1);
2.65 (m, 2H, H5); 2.92 (m, 2H, H6); 5.48 (s, 1H, H3); 7.17–
7.29 (m, 5H, Har).

13C NMR d (ppm): 25.1 (C5); 31.8 (C1);
40.3 (C3); 100.3 (C6); 126.5 (Car); 128.6 (2C, Car); 128.8
(2C, Car); 140.9 (Car); 191.3 (C4); 193.5 (C2). MS (CI/NH3):
MC1Z191; MC18Z208. SM (EI) m/z (%): 190 (21); 104
(67); 91 (100); 77 (30); 43 (100). HR MS: 190.0996
(C12H14O2; calcd 190.0994). IR: 3027; 2928; 1706; 1603;
1496; 1454; 1361; 1134; 785; 750; 699.

1.6.4. Decane-2,4-dione 24. (Eluants: petroleum ether/ethyl
acetate: 7/3) 265 mg of 24 were obtained as a yellow oil
(yieldZ90%). 1H NMR d (ppm): 0.86 (m, 3H, H10); 1.26
(m, 16H, H6–H9); 2.02 (m, 3H, H1); 2.22 (m, 2H, H5); 5.47
(s, 1H, H3). 13C NMR d (ppm): 14.2; 22.7; 25.2; 25.9; 29.1
(5C, Calk); 31.8 (C1); 38.5 (Calk); 99.9 (C3); 191.7 (C4);
194.5 (C2). MS (CI/NH3): MC1Z171; MC18Z188. MS
(EI) m/z (%): 170 (2); 113 (18); 100 (55); 85 (100); 72 (16);
43 (100). HR MS: 170.1304 (C10H18O2; calcd 170.130). IR:
2956; 2929; 2858; 1613; 1460; 1364.

1.6.5. (7Z)-Decene-2,4-dione 27. (Eluants: petroleum ether/
ethyl acetate: 7/3) 265 mg of 27 were obtained as a yellow
oil (yieldZ90%). 1H NMR d (ppm): 0.88 (t, 3H, JZ7 Hz,
H10); 1.95 (s, 3H, H1); 1.95 (m, 2H, H9); 2.25 (m, 4H, H5–
H6); 5.15–5.41 (m, 2H, H7–H8); 5.42 (s, 1H, H3). 13C NMR
d (ppm): 13 (C10); 20 (C9); 22 (C6); 24 (C1); 37 (C5); 99
(C3); 126 and 132 (C7 and C8); 190 and 192 (C2 and C4). MS
(CI/NH3): MC1Z169; MC18Z186. MS (EI) m/z (%):
168 (2); 110 (11); 100 (30); 85 (100); 67 (27); 55 (14); 43
(71). HR MS: 168.1154 (C10H16O2; calcd 168.1150). IR:
2956; 2863; 1713; 1620; 1454; 1360; 1142.
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Abstract—A new efficient method for the synthesis of heteroaryl–aryl diphosphine ligands by direct double metallation of heteroaryl–aryls
followed by phosphorylation of the resulting o,o0-dilithium salts is described. A number of new C1-symmetric diphosphine ligands based on
3-arylheteroaryls, X-heteroaryls (XZN), and diphosphine ligands with a heterocyclic bridge with o-tolyl as the aryl fragment have been
synthesized.
q 2004 Elsevier Ltd. All rights reserved.
Figure 1.
1. Introduction

Currently, complexes derived from 2,2 0-bis(diphenylphos-
phino)-1,1 0-binaphthyl (BINAP) are among the most
efficient and versatile homogeneous metal complex cata-
lysts. The successful use of BINAP in enantioselective
catalysis both in the laboratory and on an industrial scale1

initiated the development of the synthesis of BINAP
analogues.

The synthesis of C2-symmetric diphosphine ligands has
long received primary attention.2,3 However, studies
showed that C2 symmetry is not a necessary condition for
attaining high results in catalysis.4,5 Thus, a group of C1-
symmetric diphosphine ligands based on biphenyl6 and
binaphthyl7have been synthesized by step-by-step introduc-
tion of two nonequivalent phosphine groups. It was found
that the BINAPP 0 ligand can be even more efficient than the
C2-symmetric BINAP, for example, in the Rh-catalyzed
hydrogenation of acrylic acid derivatives and in the
Pd-catalyzed allylic alkylation.7

Several years ago, Benincori’s research group reported the
synthesis of a new class of C1-symmetric diphosphine
ligands with heteroaryl–aryl type bridges in which the
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.07.082
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phosphorus-bearing phenyl is located in position 3 of the
heterocycle8–10 (Fig. 1).

Previously, it has been shown that the introduction of a
heterocycle into a diphosphine molecule provides easy
variation of the steric and electronic properties, which is
favorable for fine tuning of the catalyst towards a particular
substrate.11 Experiments carried out with enantiomerically
pure diphosphines of the heteroaryl–aryl type have shown
that these compounds can actually serve as effective
catalysts of Diels–Alder and hydrogenation reactions.8–10

In connection with solution of the topical problem of
the design and synthesis of inexpensive, readily
available and efficient ligands, we decided to develop
an efficient and general method for the synthesis of
C1-symmetric bidentate diphosphine ligands, both chiral
and achiral, and to prepare a number of diphosphines
based on 3-arylheteroaryls, X-heteroaryls (XZN), and
diphosphine ligands with a heterocyclic bridge with
o-tolyl as the aryl fragment.
Tetrahedron 60 (2004) 10365–10370



 

Scheme 1.

N. V. Artemova et al. / Tetrahedron 60 (2004) 10365–1037010366
2. Results and discussion

The heteroaryl type diphosphine ligands described
previously were synthesized by the reaction of the
o-bromophenyl derivatives of the corresponding hetero-
cycles with butyllithium followed by treatment of the
intermediate dilithium salts with chlorodiphenylphosphine
(Scheme 1).8–10 It is worthy of note that further extension of
the class of new C1-symmetric diphosphine ligands is
held up by low synthetic accessibility of the starting
o-bromophenyl derivatives.

We have developed a much more efficient and general
method for the synthesis of heteroaryl–aryl diphosphines
(Scheme 2). As the starting compounds, we used syntheti-
cally more accessible heteroarylaryls.

The method represents direct double metallation of a 3-aryl-
heterocycle with butyllithium in the presence of TMEDA
(as described for biphenyl12) followed by treatment of the
resulting dilithium derivative with dichlorophenyl-
phosphine. Since the rate-determining step in the
Scheme 2.
preparation of the dilithium derivative of biphenyl is
apparently monometallation, because the heterocycle is
metallated much more easily than benzene,13 the yields of
the dilithium derivatives were expected to be higher in the
case of heteroaryl–aryl derivatives.

The method we proposed proved to provide a versatile and
an efficient pathway to almost any heteroaryl–aryl bridged
diphosphine 1. For example, we employed this method to
prepare compound 1a directly from the readily available
1-phenylnaphtho[2,1-b]thiophene.

Using this method, we markedly extended the range of
heteroaryl–aryl bridged diphosphines of type 1. First, we
synthesized heteroaryl–aryl diphosphines containing only
one heteroatom in the ring: sulfur, oxygen or nitrogen. The
phenyl rings in diphosphines 1c–1e contain no substituents.
The ethyl group in the o-position of 4-(2-ethylphenyl)-2-
methylthiophene directs the metallation of the phenyl group
to the free o-position (diphosphine 1f).

We showed that o,o 0-dimetallation can be performed not
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only in a 3-phenylsubstituted heterocycle but also in
systems in which phenyl is located at the pyrrole, imidazole
and indole nitrogen atom; this gives diphosphines 2a, 2b
and 2c–2e, respectively (Scheme 3).

The replacement of the phenyl group by the naphthyl
group did not result in crucial changes. N-naphthylindole,
like N-phenylimidazole and N-phenylbenzimidazole
underwent selective double deprotonation at the o,o 0-
positions. When N-p-tolylindole was treated with butyl-
lithium in the presence of TMEDA, deprotonation, as
expected, involved the o,o 0-position (diphosphine 2d).
The introduction of the ethyl substituent into the o-position
Scheme 4.

Scheme 5.
of the phenyl group, as in the case of diphosphine 1f,
directed deprotonation to the free o-position; this gave
diphosphine ligand 2e.

In the case where the heterocycle is bound to the o-tolyl
group, metallation follows an unusual route to give diphos-
phine 3 in which phosphorus is bound to phenyl through a
methylene bridge (Scheme 4).

Metallation of 1-(2-methylphenyl)-1H-indole proceeds in a
similar way giving rise to diphosphine 4 (Scheme 5).

In view of the interest in the chelate derivatives of ferrocene,
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which are highly enantioselective in hydrogenation and
cross-coupling reactions, we considered it expedient to
synthesize bidentate phosphines in which the phenyl ring
has been replaced by ferrocene; in doing this, we were
aware of the substantial ferrocene acidity. The reaction
gave diphosphine 5 based on 2-methylthienylferrocene
(Scheme 6).

Thus, in this study, we developed a new general method for
the synthesis of diphosphine ligands of the heteroaryl–aryl
type. A number of diphosphines obtained are racemates.
The resolution of racemates allows efficient preparation of
pure diphosphine enantiomers, which display high effi-
ciency in enantioselective catalysis. The data on enantio-
selective catalysis will be published elsewhere.
3. Experimental

All experiments were carried out in argon. Et2O was purified
as follows:14 it was stored and distilled over KOH and then
over sodium benzophenone ketyl. Commercial reagents
available from Lancaster, Merck, and Fluka were used.
Column chromatography was carried out using silica gel from
Merck (0.063–0.200 mm). 1H, 13C, 31P NMR spectra were
recorded on a Varian VXR-400 instrument. 2-methyl-4-
phenylthiophene,15 4-(2-ethylphenyl)-2-methylthiophene,15

2-methyl-4-(2-methylphenyl)thiophene,15 3-phenyl-1-benzo-
furan,16 1-methyl-3-phenyl-1H-indole,17 1-phenyl-1H-benzi-
midazole,18 1-(1-naphthyl)-1H-indole,18 1-(4-methylphenyl)-
1H-indole,18 1-(2-ethylphenyl)-1H-indole,18 1-(2-methylphe-
nyl)-1H-indole18 were synthesized using known procedures.

3.1. Typical procedure for 1c–1f, 2a–2e, 3, 4, 5

A 1.6 M solution of BuLi in hexane (2.2 mmol) was added
with stirring and cooling to K70 8C to a solution of
heteroaryl–aryl (1 mmol) in Et2O (15 mL) and TMEDA
(2.2 mmol). The reaction mixture was stirred at room
temperature for 4 h and cooled to K40 8C, and a solution of
Ph2PCl (2.3 mmol) in Et2O (15 mL) was added. The cooling
bath was removed and the mixture was stirred for 12 h. A
10% solution of NH4Cl (20 mL) was added and the
precipitate was filtered off and washed with water and
hexane. The product was dried in a high vacuum and
purified by column chromatography (silica gel 40, benzene
for 1c, 1d, 1e, 2c, 2d, 3; benzene–EtOAc, 4:1 for 2a, 2b;
hexane–CH2Cl2, 4:1 for 1f, 4, 5; hexane–CH2Cl2, 7:1 for
2e). The solvent was evaporated to give white-colored finely
crystalline solids (except for compound 5, which was
yellow).
3.1.1. {3-[2-(Diphenylphosphino)phenyl]-5-methyl-2-
thienyl}(diphenyl)phosphine (1c). 1H NMR (CDCl3), d:
2.45 (s, 3H, Me); 6.70 (s, 1H, –CH]thiophene ring); 7.15–
7.50 (group of multiplets, 24H, –CH], Ar). 13C NMR
(CDCl3), d: 15.4 (–CH3); 127.3, 127.6–128.1 (group of
signals), 130.0 (t, JZ5.3 Hz), 130.9 (t, JZ4.6 Hz)
(–CH]); 131.9 (d, JZ19.1 Hz) (]C!); 132.9 (d, JZ
22.9 Hz), 133.6 (d, JZ22.8 Hz) (–CH]); 136.7 (d, JZ
13 Hz), 137.4 (d, JZ12.8 Hz), 138.5 (d, JZ9.5 Hz), 142.8
(d, JZ3.9 Hz), 143.1 (d, JZ4 Hz), 144.4, 150.4 (d, JZ
6.4 Hz), 150.7 (d, JZ6.4 Hz) (]C!). 31P NMR (CDCl3),
d: K16.60 (d, JZ9.7 Hz), K29.03 (d, JZ9.7 Hz). Anal.
calcd for C35H28P2S (%): C, 77.47; H, 5.20. Found (%): C,
77.54; H, 5.32. Mp 156–158 8C.

3.1.2. {3-[2-(Diphenylphosphino)phenyl]-1-benzofuran-
2-yl}(diphenyl)phosphine (1d). 1H NMR (CDCl3), d:
7.21–7.65 (group of multiplets, 28H, –CH], Ar). 13C
NMR (CDCl3), d: 111.4, 121.2 (d, JZ3.4 Hz), 122.3, 125,2,
127.8, 127.8, 127.9, 128.0–128.1 (group of signals), 128.2,
128.3, 128.4, 128.6, 128.8 (–CH]); 128.8–128.9 (m)
(]C!); 131.7 (dd, J1Z2.1 Hz, J2Z5.6 Hz), 132.9, 133.1
(d, JZ6.9 Hz), 133.3, 133.4, 133.5 (d, JZ8.7 Hz), 133.6 (d,
JZ13.8 Hz) (–CH]); 134.1 (d, JZ7.4 Hz) (]C!); 134.2
(d, JZ1.5 Hz) (–CH]); 135.3 (d, JZ5 Hz), 136.2 (d, JZ
7.2 Hz), 136.8 (d, JZ13 Hz), 137.5 (d, JZ13.3 Hz), 137.7,
137.8 (d, JZ15.5 Hz), 151.8 (d, JZ33.9 Hz), 156.9 (]C!).
31P NMR (CDCl3), d: K16.98 (d, JZ16.4 Hz), K34.20
(d, JZ16.4 Hz). Anal. calcd for C38H28P2O (%): C, 81.13;
H, 5.02. Found (%): C, 81.24; H, 5.12. Mp 183–184 8C.

3.1.3. 2-(Diphenylphosphino)-3-[2-(diphenylphosphino)-
phenyl]-1-methyl-1H-indole (1e). 1H NMR (CDCl3), d:
3.27 (s, 3H, Me); 7.09–7.46 (group of multiplets, 28H,
–CH], Ar). 13C NMR (CDCl3), d: 32.3 (–CH3); 109.2,
119.4, 120.9, 123.3, 127.3, 127.6, 127.7, 127.8, 127.8,
127.9, 128.0–128.1 (m), 128.2, 128.4 (–CH]); 130.2 (d,
JZ28.3 Hz), 130.7 (d, JZ7.6 Hz) (]C!); 131.2 (dd, J1Z
2 Hz, J2Z17 Hz), 131.7 (d, JZ17.6 Hz), 132.7–132.7
(group of signals), 133.0 (dd, J1Z1.5 Hz, J2Z19.8 Hz),
133.5 (d, JZ19.9 Hz), 134.3 (d, JZ2 Hz) (–CH]); 135.3
(d, JZ10.9 Hz), 135.7 (d, JZ11.9 Hz), 137.6 (d, JZ
13.9 Hz), 138.2 (d, JZ10.9 Hz), 138.4 (d, JZ14.5 Hz),
139.2, 141.5 (d, JZ4.8 Hz), 141.9 (d, JZ4.6 Hz) (]C!).
31P NMR (CDCl3), d: K18.13 (d, JZ9.7 Hz), K34.50 (d,
JZ9.7 Hz). Anal. calcd for C39H31P2N (%): C, 81.38; H,
5.43; N, 2.43. Found (%): C, 81.29; H, 5.55; N, 2.53. Mp
202–203 8C.

3.1.4. {3-[2-(Diphenylphosphino)-6-ethylphenyl]-5-
methyl-2-thienyl}(diphenyl)phosphine(1f). 1H NMR
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(CDCl3), d: 0.97 (t, JZ7.7 Hz, 3H, Me); 2.31 (d, JZ1.1 Hz,
3H, Me); 2.33–2.42 (m, 2H, –CH2–); 6.10 (s, 1H,
–CH]thiophene ring); 6.89–6.91 (m, 1H), 7.10–7.15
(m, 2H); 7.21–7.36 (group of multiplets, 16H); 7.42–7.48
(m, 4H). 31P NMR (CDCl3), d: K15.83 (d, JZ19.3 Hz),
K29.57 (d, JZ19.3 Hz). Anal. calcd for C37H32P2S (%): C,
77.87; H, 5.65. Found (%): C, 77.85; H, 5.62. Mp 169–
170 8C.
3.1.5. 2-(Diphenylphosphino)-1-[2-(diphenylphosphino)-
phenyl]-1H-imidazole (2a). 1H NMR (CDCl3), d: 6.89–
6.91 (m, 1H), 7.10–7.14 (m, 1H) (imidazole ring –CH]);
7.17–7.58 (group of multiplets, 24H, –CH], Ar). 13C NMR
(CDCl3), d: 124.6, 127.9 (d, JZ7.2 Hz), 128.3–128.6
(group of signals), 128.8, 129.2 (d, JZ6.2 Hz), 130.6,
133.2 (dd, J1Z12.9 Hz, J2Z20 Hz)), 133.9 (dd, J1Z
8.1 Hz, J2Z21 Hz), 134.5 (–CH]); 135.6 (t, JZ3.6 Hz),
136.8 (d, JZ12 Hz), 136.0, 136.8 (d, JZ17.3 Hz), 141.6 (d,
JZ2 Hz), 141.9 (d, JZ2 Hz), 147.2 (d, JZ4.2 Hz)
(]C!). 31P NMR (CDCl3), d: K20.89 (d, JZ24.0 Hz),
K33.09 (d, JZ24.0 Hz). Anal. calcd for C32H26P2N2 (%):
C, 77.33; H, 5.11; N, 5.47. Found (%): C, 77.50; H, 5.25; N,
5.50. Mp 135–136 8C.
3.1.6. 2-(Diphenylphosphino)-1-[2-(diphenylphosphino)-
phenyl]-1H-benzimidazole (2b). 1H NMR (CDCl3), d: 6.61
(d, JZ7.9 Hz, 1H), 6.96 (t, JZ7.8 Hz, 2H), 7.08 (t, JZ
7.9 Hz, 2H), 7.19–7.40 (group of multiplets, 17H), 7.46–
7.52 (group of multiplets, 5H), 7.88 (d, JZ7.8 Hz, 1H). 13C
NMR (CDCl3), d: 110.4, 120.0, 121.8, 122.9, 128.0, 128.1
(dd, J1Z2.5 Hz, J2Z8 Hz), 128.2, 128.4 (dd, J1Z3.9 Hz,
J2Z11.6 Hz), 128.8, 129.2, 129.4–129.5 (group of signals),
129.7, 133.1 (d, JZ1.7 Hz), 133.3 (dd, J1Z1.7 Hz, J2Z
6.1 Hz), 133.4 (d, JZ1.8 Hz), 133.9, 134.1, 134.4, 134.6
(–CH]); 134.7 (d, JZ4.6 Hz) (]C!); 135.0 (d, JZ
2.2 Hz) (–CH]); 135.4 (dd, J1Z1.57 Hz, J2Z12.16 Hz),
136.1 (d, JZ12.1 Hz), 137.6 (t, JZ1.9 Hz), 139.1 (d, JZ
16.1 Hz), 140.0 (d, JZ1.9 Hz), 140.3 (d, JZ1.7 Hz), 143.9,
155.1 (d, JZ8.7 Hz) (]C!). 31P NMR (CDCl3), d:
K21.07 (d, JZ39.7 Hz), K28.03 (d, JZ39.7 Hz). Anal.
calcd for C36H28P2N2 (%): C, 78.99; H, 5.02; N, 4.98. Found
(%): C, 78.89; H, 5.13; N, 5.01. Mp 193–194 8C.
3.1.7. 2-(Diphenylphosphino)-1-[2-(diphenylphosphino)-
1-naphthyl]-1H-indole (2c). 1H NMR (CDCl3), d: 6.50 (d,
JZ8.0 Hz, 1H), 6.80 (s, 1H), 6.86 (d, JZ7.9 Hz, 1H), 6.90
(t, JZ8.1 Hz, 1H), 7.10 (t, JZ8.0 Hz, 1H), 7.14 (t, JZ
7.9 Hz, 1H), 7.22–7.40 (group of multiplets, 17H), 7.42–
7.50 (group of multiplets, 4H), 7.54 (dd, J1Z2.6 Hz, J2Z
8.1 Hz, 1H), 7.74 (d, JZ7.9 Hz, 1H), 7.90 (d, JZ8.0 Hz,
1H), 7.98 (d, JZ7.8 Hz, 1H). 13C NMR (CDCl3), d: 111.0,
112.0, 119.8, 120.3, 122.3, 123.9, 126.6, 126.9, 127.4, 127.8
(–CH]); 127.9 (]C!); 128.0–128.2 (group of signals),
128.6 (d, JZ9.8 Hz), 129.0, 130.1 (–CH]); 131.9 (d, JZ
3.8 Hz) (]C!); 132.7, 132.9, 133.0, 134.0 (d, JZ9.2 Hz)
(–CH]); 134.1 (]C!); 134.2 (d, JZ9.1 Hz) (–CH]);
135.7 (d, JZ9.2 Hz), 136.6, 136.7 (d, JZ21.9 Hz), 137.2
(d, JZ15.3 Hz), 137.5 (d, JZ13.1 Hz), 140.1 (d, JZ
26.7 Hz), 140.2, 141.4 (d, JZ3 Hz) (]C!). 31P NMR
(CDCl3), d: K20.5 (d, JZ27.5 Hz), K32.8 (d, JZ27.5 Hz).
Anal. calcd for C42H31NP (%): C, 82.47; H, 5.11 Found (%):
C, 82.45; H, 5.08. Mp 207–208 8C.
3.1.8. 2-(Diphenylphosphino)-1-[2-(diphenylphosphino)-
4-methylphenyl]-1H-indole (2d). 1H NMR (CDCl3), d:
2.40 (s, 3H, Me); 6.51 (s, 1H, indole ring –CH]); 6.71 (d,
JZ8.0 Hz, 1H), 6.95–7.00 (m, 2H), 7.10–7.47 (group of
multiplets, 23H), 7.64 (d, JZ8.1 Hz, 1H). 13C NMR
(CDCl3), d: 21.2 (–CH3); 110.8, 111.5, 119.56, 120.1,
121.9 (–CH]); 127.6 (]C!); 127.9–128.2 (group of
signals), 128.5 (d, JZ19.7 Hz), 129.8, 130.4, 133.1, 133.3,
133.79 (d, JZ11.8 Hz), 134.0 (d, JZ12.6 Hz), 135.4 (d, JZ
2.3 Hz) (–CH]); 136.2 (d, JZ10.8 Hz), 136.5 (d, JZ
13.1 Hz), 136.8 (d, JZ6.9 Hz), 137.2 (d, JZ13.1 Hz),
138.7, 138.9, 139.1, 139.7, 139.8 (d, JZ25.2 Hz), 141.0
(]C!). 31P NMR (CDCl3), d: K20.46 (d, JZ32.3 Hz),
K31.51 (d, JZ32.3 Hz). Anal. calcd for C39H31P2N (%): C,
81.38; H, 5.43; N, 2.43. Found (%): C, 81.44; H, 5.32; N,
2.55. Mp 219–220 8C.

3.1.9. 2-(Diphenylphosphino)-1-[2-(diphenylphosphino)-
6-ethylphenyl]-1H-indole (2e). 1H NMR (CDCl3), d: 0.73
(t, JZ7.8 Hz, 3H), 1.68–1.80 (m, 1H), 1.88–2.00 (m, 1H),
6.36 (d, JZ8.0 Hz, 1H), 6.64 (s, 1H), 6.78 (t, JZ7.9 Hz,
1H), 7.02 (t, JZ7.8 Hz, 1H), 7.08 (t, JZ8.0 Hz, 2H), 7.12–
7.54 (group of multiplets, 21H), 7.59 (dd, J1Z2.7 Hz, J2Z
8.0 Hz, 1H). 13C NMR (CDCl3), d: 13.4 (–CH3); 22.9
(–CH2–); 110.7, 111.8, 119.4, 120.1, 122.0 (–CH]); 127.7
(]C!); 127.8, 127.9 (d, JZ3.1 Hz), 128.0, 128.1, 128.2
(d, JZ7.98 Hz), 128.5, 128.9, 129.1, 132.3, 132.8 (d, JZ
11.4 Hz), 133.0 (d, JZ11.3 Hz), 134.1, 134.3, 134.4, 134.6
(–CH]); 135.5 (d, JZ9.8 Hz), 136.4 (d, JZ13.3 Hz),
137.0 (d, JZ6.6 Hz), 137.8 (d, JZ13.4 Hz), 138.8, 140.1–
140.3 (group of signals), 143.8(]C!). 31P NMR (CDCl3),
d: K19.6 (d, JZ37.4 Hz), K32.8 (d, JZ37.4 Hz). Anal.
calcd for C40H33P2N (%): C, 81.49; H, 5.60; N, 2.37. Found
(%): C, 81.47; H, 5.55; N, 2.33. Mp 149–150 8C.

3.1.10. (3-{2-[(Diphenylphosphino)methyl]phenyl}-5-
methyl-2-thienyl)(diphenyl)phosphine (3). 1H NMR
(CDCl3), d: 2.5 (s, 3H, Me); 3.45 (s, 2H, –CH2–); 6.55 (s,
1H, thiophene ring –CH]); 7.10–7.55 (group of multiplets,
24H, –CH], Ar). 13C NMR (CDCl3), d: 15.4 (–CH3); 33.5
(d, JZ16.8 Hz) (–CH2–); 125.2, 127.3, 128.0 (d, JZ
6.5 Hz), 128.2, 129.3, 129.7 (d, JZ10 Hz), 130.4
(–CH]); 131.3 (]C!); 133.2–132.7 (group of signals)
(–CH]); 135.8 (d, JZ8.8 Hz), 137.0, 138.5–138.4 (group
of signals), 145.4, 150.2, 150.5 (]C!). 31P NMR (CDCl3),
d: K13.66 (s), K28.86 (s). Anal. calcd for C36H30P2S (%):
C, 77.68; H, 5.43. Found (%): C, 77.75; H, 5.54. Mp 145–
146 8C.

3.1.11. 2-(Diphenylphosphino)-1-{2-[(diphenylphosphi-
no)methyl]phenyl}-1H-indole (4). 1H NMR (CDCl3), d:
3.05–3.25 (m, 2H), 6.50 (s, 1H), 6.91 (d, JZ7.9 Hz, 2H),
7.08–7.13 (m, 2H), 7.14–7.20 (group of multiplets, 4H),
7.22–7.30 (group of multiplets, 6H), 7.35–7.40 (group of
multiplets, 10H), 7.42 (s, 1H), 7.43–7.49 (m, 2H), 7.62–7.66
(m, 1H). 13C NMR (CDCl3), d: 31.0 (dd, J1Z4.5 Hz, J2Z
17.3 Hz) (–CH2–); 110.5, 111.3, 119.5, 119.9, 122.1, 126.1
(d, JZ2.4 Hz) (–CH]); 127.6 (]C!); 127.7–127.9
(group of signals), 128.1, 128.3, 129.6, 130.0, 130.1,
132.1, 132.2, 132.4, 133.1, 133.2 (d, JZ5.7 Hz), 133.4
(–CH]); 135.4 (d, JZ8.7 Hz) 135.8 (d, JZ6.7 Hz), 136.3–
136.4 (group of signals), 136.8 (d, JZ9.5 Hz), 137.5 (d, JZ
16.4 Hz), 138.0 (d, JZ15.6 Hz), 138.6 (d, JZ3.1 Hz),
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140.0 (d, JZ3.1 Hz) (]C!). 31P NMR (CDCl3), d:
K17.10 (d, JZ12.2 Hz), K30.97 (d, JZ12.2 Hz). Anal.
calcd for C39H31P2N (%): C, 81.38; H, 5.43; N, 2.43. Found
(%): C, 81.31; H, 5.54; N, 2.50. Mp 170–171 8C.

3.1.12. 1-(Diphenylphosphino)-2-[2-(diphenylphos-
phino)-5-methyl-3-thienyl]ferrocene (5). 1H NMR
(CDCl3), d: 2.49 (s, 3H, Me); 3.75 (m, 1H), 4.1 (s, 5H),
4.39 (m, 1H), 4.59 (m, 1H) (ferrocenyl fragment); 7.06
(t, JZ6.3 Hz, 2H), 7.12–7.28 (group of multiplets, 8H),
7.42–7.47 (group of multiplets, 6H), 7.50–7.56 (m, 2H),
7.59–7.64 (group of multiplets, 3H). 13C NMR (CDCl3), d:
15.6 (–CH3); 69.3, 70.1, 71.3 (d, JZ3.8 Hz), 73.6 (dd, J1Z
3 Hz, J2Z13.66 Hz) (–CH]); 76.4, 88.3 (dd, J1Z5.4 Hz,
J2Z23 Hz) (]C!); 127.3, 127.8–127.7 (group of signals),
127.9, 128.0 (d, JZ5.4 Hz), 128.3 (d, JZ6.9 Hz), 128.5,
128.9 (–CH]); 130.9–130.8 (group of signals),
131.2(]C!); 131.9 (d, JZ17.6 Hz), 132.6, 132.8, 133.0,
133.2, 135.0 (d, JZ21.2 Hz) (–CH]); 138.0 (d, JZ
10.5 Hz), 138.5 (dd, J1Z9.2 Hz, J2Z21 Hz), 139.2
(d, JZ11.4 Hz), 144.1, 146.5 (d, JZ27.1 Hz) (]C!).31P
NMR (CDCl3), d: K23.4 (s), K29.11 (s). Anal. calcd for
C39H32P2FeS (%): C, 72.00; H, 4.92. Found (%): C, 71.98;
H, 4.94. Mp 155–156 8C.
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