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1. Introduction

Functionalised piperidines are among the most common
building blocks in natural products, and, more interestingly,
in many biologically active compounds such as anopterine,
pergoline, scopolamine and morphine (Fig. 1). The
syntheses of these types of compounds have been studied
extensively as the development of new drugs containing
six-membered ring heterocycles becomes more and more
common.

Previous syntheses of piperidines have been focused on the
diastereoselectivity in the formation of 2,6-piperidines. In
order that these compounds could be used as drugs, it was
necessary to investigate their stereoselective syntheses.
Detailed reviews on the syntheses of 2,6-piperidines can be
found in the literature.1,2

A new aim in the synthesis of piperidines is to make
multisubstituted piperidines. The formation of 3-, 4- and/or
5-substituted piperidines and simple piperidines containing
quaternary carbon centres is the next challenge. The first
step in this long process is to extend the diastereoselective
synthesis to tri- or multisubstituted piperidines, followed by

the development of new methodology to synthesise them
stereoselectively.

This report will try to give a general overview of the
synthetic methodology available for the diastereoselective
and stereoselective formation of piperidines. The synthesis
of 3-, 4- and/or 5-substituted piperidines, as well as the
formation of piperidines containing quaternary carbons, will
be mainly examined. Their synthesis via cycloaddition is the
most common and more reliable method. This strategy is
often used as the final step after the construction of a linear
chain containing all the functionality of the final compound.
The reduction of pyridines is another method usually used in
the synthesis of piperidines. This approach becomes limited,
however, when a quaternary carbon is present in the
piperidine ring. The syntheses of piperidines using
rearrangements and ring expansions has also been studied,
but this strategy is a less common method and is more often
used in particular cases than as a general method.

2. Heterocycle construction

The construction of heterocycles via cycloaddition is

Figure 1.

Scheme 1.
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probably the most widely used strategy to form piperidines.
This approach is diverse and includes simple nucleophilic
substitutions, reductive amination, metathesis, aldol reac-
tions, Dieckmann condensations and ene reactions.

2.1. Nucleophilic substitution

2.1.1. Reaction of amines with halides. Nucleophilic
substitution is a reliable method of making piperidines and
relies on the synthesis of a linear chain which already
contains the desired substitution pattern. It is often used as
the final step, followed by deprotection of the functional
groups, if necessary. Compernolle et al.3 realised the
displacement of a 6-bromide group by a 2-amino group as
the main strategy in the formation of polyhydroxylated
piperidines using Et3N as the base. Stronger bases such as
sodium hydride can be used for this type of ring closure.
Nevertheless, it can be a problem when a tertiary bromide
such as 1 is cyclised (Scheme 1). In the synthesis of
analogues of podophyllotoxin, Pearce and co-workers4

observed the formation of two stereoisomers at C-1 when
sodium hydride was used as the base. The use of 2 equiv. of
HMPA resulted in a longer reaction time, but only the
desired stereoisomer 2 was produced in 71% yield.

The chloride 3 has been used by Hanessian et al.5 in the
synthesis of enantiomerically pure 2,3-piperidines (Scheme
2). Ring-closure using tert-BuOK as the base afforded the
piperidine 4 in 45–55% yield. Despite the modest yield,
the formation of enantiomerically pure 2,3-piperidines is
overall quite effective. Oxidative cleavage, followed by
reduction, afforded the target compound 5 in 62% yield.

Cyclisation can also be achieved from a cyano-chloride or
-bromide. When Fustero and co-workers6 added an
azaenolate to a cyano-chloride, the resulting iminium
anion intermediate cyclised to the corresponding piperidine.
Substitution in position 2 and cyclisation occurred in a
one-pot procedure.

Suginome et al.7 synthesised 3-aza-5a-cholestane 8 using
a bi-molecular reaction rather than an intramolecular
cyclisation (Scheme 3). The reaction of benzylamine with
the diiodo compound 6 in dioxane afforded the desired
piperidine 7 in 97% yield. Deprotection of the amine gave
the desired product 8. The reaction conditions are quite
harsh and often require reflux overnight and a large excess
of amine. When volatile amines, such as isopropylamine,
are used, the reactions are less effective (52% when coupled
with 6) and need to be carried out in a sealed test tube.
Mellor and co-workers8 observed similar yields when
starting from a dibromo compound.

The main difficulty of this type of cyclisation compared to
the intramolecular nucleophilic substitution is the choice of
the correct concentration of reagents. A too dilute reaction
mixture gives a slow reaction and, if the reaction mixture
is too concentrated or the intramolecular nucleophilic
substitution is too slow, polymerisation can occur.

2.1.2. Reaction of amines with acetates and mesylates.
Rather than achieving a 6-halogeno displacement by a
2-amino group, it is more common to form a good leaving
group such as an acetate9 or a mesylate from a hydroxy
group. Most commonly, mesylates or tosylates are used as

Scheme 2.

Scheme 3.

Scheme 4.
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the leaving groups to form piperidines via intramolecular
cycloaddition. In the synthesis of (2)-ibogamine 11, White
et al.10 cyclised the amino-tosylate 9 to give the target
compound 10 in 71% yield (Scheme 4).

Tertiary mesylates or triflates can also be used and the
piperidines are formed with inversion of configuration. Fleet
and co-workers11 demonstrated that polyhydroxy-piperi-
dines can be synthesised from amino-triflates in good yield
using sodium acetate in a protic solvent such as ethanol.
Holzapfel et al.12 worked on similar compounds and showed
that cyclisation can occur in aprotic solvents without base
(e.g., THF, reflux).

Reaction of bis-tosylates with primary amines is also known
in the literature and is more common from bis-mesylates/
tosylates than halogens. Kurth and co-workers13 cyclised
the bis-tosylate 12 using an excess of benzylamine at 85 8C
(Scheme 5). The reaction occurred in 90% yield and gave
only the anti piperidine 13.

Cyclisation with tosylamine is also known in the litera-
ture,14 but is less common due to its lower reactivity.
Finally, coupling with ammonia is possible, but a high

pressure is required, as demonstrated by Quallich et al.15

Reaction with ammonia avoids further steps, such as
deprotection, when preparing secondary amines.

2.1.3. Reaction of amines with alcohols. Cyclisation to
piperidines can be achieved directly from alcohols.
Although, this reaction is less commonly used, it can give
very good yields and avoids extra steps such as the
formation of halide or mesylate. Kazmaier and co-workers16

cyclised the N-tosylamino alcohol 15 to the desired amine
16 in 92% yield under Mitsunobu conditions (PPh3, DEAD,
THF), (Scheme 6). Cyclisation of the secondary alcohol to
give an aziridine did not occur and the desired piperidine 16
was formed as the only reaction product.

When a primary alcohol and an acetate group are present in
the same molecule, cyclisation under Mitsunobu conditions
only affords the desired piperidine.

The synthesis of b-lactams using this strategy is more
difficult. Ikegami et al.17 have found that, under Mitsunobu
reaction conditions, O-alkylation occurred, rather than
N-alkylation.

2.1.4. Reaction of amines with three-membered rings. A
very efficient method of forming 3-hydroxypiperidines
involves epoxide-opening and subsequent cyclisation.
Compernolle and co-workers18 have used this strategy to
prepare the polyhydroxy-piperidine intermediate 18 by
refluxing a solution of the primary amino-epoxide 17 in
methanol (Scheme 7).

In an approach to catharanthine, Trost et al.19 used the

Scheme 5.

Scheme 6.

Scheme 7.

Scheme 8.

M. G. P. Buffat / Tetrahedron 60 (2004) 1701–17291704



formation of a p-allylpalladium intermediate derived from
an amino-epoxide. This strategy became more interesting
when Trost et al.20 cyclised the amino-epoxide 19 via a
palladium-catalysed reaction equivalent to a ‘1,4 addition’
to the vinyl epoxide 19 (Scheme 8). After optimisation of
the palladium catalyst, Trost’s group synthesised the
indolizidine 20 in 66–73% yield.

D’Angelo and co-workers21 converted an azido-epoxide to a
hydroxypiperidine via a one-step reduction and cyclisation
using a Staudinger reduction reaction (PPh3, THF).
Although amines protected with electron-withdrawing
groups are less reactive, they can be cyclised under basic
conditions.22 Less commonly, the cyclisation of a bis-
aziridine or amino-aziridine can be achieved, this strategy
mimicking carbohydrate synthesis.23

In a synthesis of aza-analogues of D-galacturonic acid,
Ganem et al.24 used oxymercuration followed by reductive
oxygenation of the mercuric salt, to form the 2-hydroxy-
methylpiperidine 24 (Scheme 9). Treatment of the amino-
alkene 21 with mercuric trifluoroacetate and KBr gave the
mercuric cation 22, which immediately cyclised to the
piperidine 23 in 80% yield. Reduction of the resulting
mercuric intermediate with NaBH4 and O2 afforded 24 as a
single diastereoisomer in 78% yield. Although oxymercura-
tion is a reliable synthetic tool, it is not commonly used,
because of its toxicity.

Among the few asymmetric syntheses of piperidines, the
method developed by Déziel and co-workers25 is useful
(Scheme 10). The aminoalkene 25 was cyclised in the
presence of the chiral arylselenium triflate 28 to give the
diastereomerically pure piperidine 27 in 89% yield and 92%
ee. The reaction proceeds via an arylselenium cationic

intermediate 26. The resulting selenide can then be reduced,
using Ph3SnH and AIBN, in good yield.

2.2. Reductive amination

One of the most common methods for the synthesis of
piperidines, if not the mostly widely used, is reductive
amination. Indeed, piperidines can be synthesised from
1,5-amino-aldehydes in a one-pot procedure in the case of
secondary amines or a two-pot procedure for primary
amines. The two-step process involves the formation of an
imine intermediate, followed by its reduction.

2.2.1. Intramolecular reductive amination. Primary and
secondary amino-aldehydes are not highly stable. In most
cases, storage leads to mixture of aminals resulting from
intramolecular addition of the amine to the formyl function.
Reduction of this mixture can afford the secondary amine.
Urban et al.26 achieved the conjugate addition of the b-keto-
amide 29 with acrolein to afford the desired aldehyde 30 in
99% yield (Scheme 11). These workers found, however, that
complete conversion of 30 to a mixture of aminals 31
occurred on storage over several hours. Reduction of the
amino-aldehyde 30 or the aminals 31 with LiAlH4 resulted
in a reductive cyclisation, yielding the racemic alcohol 32.

Other reducing agents such as NaCNBH3 can be used to
reduce the aminal or the imine.27 Moreover, reductive
amination can occur during reductive deprotection of
tertiary amines.28

If the imine or an equivalent intermediate can be formed and
isolated, addition of organometallics to the 2,3,4,5-tetra-
hydropyridine can be completed. Among the enantioselec-
tive syntheses of piperidines, the methodology developed by

Scheme 9.

Scheme 10.

Scheme 11.
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Kibayashi and co-workers29 is probably the most efficient to
synthesise 2-substituted piperidines enantioselectively.
When (2S)-1-amino-2-pyrrolidinemethanol 33 was refluxed
with 5-chloropentanal 34 in acetic acid and ethanol, 1,3,4-
oxadiazinane 35 was formed as a single diastereoisomer
(Scheme 12). In the presence of a Lewis acid such as
Et2AlCl, 35 exists as the oxonium salt 36. At low
temperature (280 to 290 8C), the addition of Grignard
reagents can occur with good diastereoselectivity (64–98%
de). The reaction is believed to occur via an SN2 process,
explaining the good diastereoselectivity and the inversion of
configuration at C-2. Using this methodology, 37 was
obtained in 82% yield and 98% de. Reductive N–N bond
cleavage can easily be achieved using borane in THF,
yielding (þ)-coniine in 64% yield.

Reductive amination can also be performed with amino-
ketones. The usual reduction of the imine intermediate
should give a mixture of diastereoisomers. This strategy
therefore needs to be complemented with a stereoselective

reduction of the imine or needs to be controlled by the
formation of the most stable piperidine. This method is very
common for preparing syn 2,6-piperidines, as the reduction
of the 2,6-dialkyl-2,3,4,5-tetrahydropyridine gives the syn
product. When Davis et al.30 deprotected the sulphinamide
38, followed by direct reduction of the imine intermediate
39 with LiAlH4/MeONa, the desired syn 2,6-piperidine 40
was obtained in 72% yield (Scheme 13).

If the diastereoselectivity of the reduction is not satisfactory,
a chiral sulphoxide can be used. Ruano et al.31 developed a
stereoselective reduction of a-sulphinyl imines and this
methodology can be applied to the synthesis of chiral
piperidines. The a-sulphinyl 2,3,4,5-tetrahydropyridine 41
was selectively reduced to the piperidine 42 (65% yield)
using DIBAL-H in the presence of ZnBr2 (Scheme 14).

1,5-Amino-esters or acids can be isolated, but undergo rapid
cyclisation to lactams under acidic conditions. This can be a
good method for forming piperidinones.32 Moreover,
cyclisation can occur when primary or secondary amino-
esters are formed. Indeed, reductive hydrogenation of a
nitroester by Sas and co-workers33 afforded the correspond-
ing cyclised piperidinone.

Piperidinones can also be synthesised from an amino-
cyanide under acidic conditions. The main problem with
this type of cyclisation is the vigorous conditions required
that do not tolerate many protecting groups. A saturated
solution of HCl in MeOH/H2O (99:1) was required by

Scheme 12.

Scheme 14.

Scheme 15.

Scheme 13.
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Gmeiner et al.34 to be able to afford the desired piperidinone
in their synthesis of dopamine D2 receptor agonists.

The advantage of piperidinones is the possibility of
functionalisation a to the carbonyl using standard chem-
istry. Horenstein and co-workers35 and Yu et al.36 have used
this strategy to synthesise 3,4-di- and 3,4,5-trisubstituted
piperidines. Enders and co-workers37 have been working on
the stereoselective synthesis of 3-substituted piperidin-2-
ones using a chiral pool strategy. Treatment of the chiral
piperidinone 43 with LDA, followed by a Michael
electrophile, but-3-enoic acid methyl ester, afforded the
piperidinone 44 in 70% yield and 96% ee (Scheme 15).

If piperidines are required, piperidinones can be reduced to
the desired piperidines with LiAlH4,38 but problems can be
encountered and milder conditions must then be used. In
their synthesis of strychnine, Magnus and co-workers39

reduced a piperidinone in the presence of an ester and an
acetal-protected ketone using borane. Nagase et al.40

reduced a piperidinone to the corresponding enamine
using DIBAL-H and treatment with NaCNBH3 afforded
the desired piperidine in good yield.

2.2.2. Intermolecular reductive amination. Intermolecu-
lar reductive amination can be very useful in the stereo-
selective synthesis of 3,4,5-trisubstituted piperidines.
Husson and co-workers41 prepared the dialdehyde 45 from
the commercially available isopropylidene-a-D-glucofura-
nose in two steps (Scheme 16). Reaction with (R)-(þ)-phenyl-
glycinol in the presence of KCN, followed by treatment
with ZnBr2, afforded the piperidine 46 in 45% yield.
The chirality at the C-2 stereogenic centre is the result of
a 1,3-transfer of chirality from the phenyl substituent
involving the addition of CN2 from the upper face of the
piperidinium chair transition state. Reductive cleavage of
the chiral pool component using NaCNBH3 or alane (AlH3),

followed by catalytic hydrogenation with Pd(OH)2/C,
afforded the piperidine 47.42

Martin et al.43 have employed a double reductive amination
of a bis-ketone to synthesise piperidines. Reduction of the
imine intermediate took place with high diastereo-
selectivity. The selectivity of the reduction is generally
controlled by the formation of the most stable piperidine.

2.2.3. Reaction of bis-amines. Ohtani and co-workers44

have shown that diamines can undergo photocatalytic
deaminocyclisation in a very effective manner. The syn or
anti 2,6-dicarboxylic acid piperidines 52 and 53 can be
synthesised from 2,6-diaminopimelic acid (DAP) 48 (1:1:2:
(S,R)/(R,S)/meso). Although photocatalytic deamination
with TiO2 gave the syn piperidine 52 as well as a racemic
mixture of pipecolinic acid (piperidine-2-carboxylic acid), a
negligible amount of the anti piperidine 53 was observed
(Scheme 17). On the other hand, when CdS (cadmium(II)
sulphide) was used in aqueous media, the formation of the
syn piperidine 52 or the racemic anti piperidine 53 could be
achieved. When CdS was pre-heated to 300 8C, the racemic
anti piperidine 53 was mainly formed in 39% yield, along
with 48% recovery of the meso starting material. When
PtO2-loaded CdS was pre-heated to 300 8C, the syn
piperidine 52 was mainly formed in 33% yield, with 50%
recovery of the meso starting material. Although the yields
of the syn piperidine 52 and the anti piperidine 53 were quite
low, this was a major improvement, as they are very difficult
intermediates to synthesise diastereoselectively. Moreover,
they are common intermediates in many syntheses of
2,6-piperidines.

Piperidines can also be synthesised from dicyanide
precursors. This method involves reflux under very acidic
conditions (H2SO4, AcOH) and is therefore only used in
the synthesis of very simple piperidines.45 Moreover, this

Scheme 16.

Scheme 17.
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method is easy to carry out as the byproduct formed,
(NH4)2SO4, is simply removed by filtration.

2.3. Reaction of amines with alkenes and alkynes

2.3.1. Intramolecular Michael addition. Michael addition
plays an important role in the synthesis of piperidines.
Control of the dia- or stereoselectivity is the main difficulty
in this type of cyclisation. Armstrong et al.,46 in their
approach towards the synthesis of cylindrospermopsin,
synthesised the primary piperidine intermediate 55 via a
Michael addition reaction (Scheme 18). Treatment of the
compound 54 with a catalytic amount of p-TsOH in
refluxing benzene gave the most stable N-Cbz-protected
piperidine 55, as a single diastereoisomer in 74% yield.

Chiral vinylsulphoxides can also be used in the synthesis of
2-alkylpiperidines. The reaction proceeds via a Michael-
type attack of the amine on the vinylsulphoxide. Deprotec-
tion of the amino-vinylsulphoxide 56 by Pyne and co-
workers47 under basic conditions using BnNEt3OH afforded
the piperidine 58 in 57% yield (Scheme 19). Only 4% of the
undesired diastereoisomer was isolated. The reaction is

believed to proceed via the intermediate 57, where the lone
pair of the sulphoxide and the CvC double bond are syn
coplanar. Attack of the amine occurs on the less hindered
face, to afford the desired piperidine 58.

A one-pot convergent synthesis of 3,4-aminoalkylpiperi-
dines has been developed by Barco et al.48 The reaction
involved an intermolecular addition of a nitrogen nucleo-
phile to an electrophilic olefin, followed by intramolecular
trapping of the generated enolate by a built-in a,b-
unsaturated acceptor. Indeed, the reaction of the 3-amino-
a,b-unsaturated ketone 59 with nitroethylene (generated
in situ from 1-benzoyloxynitroethane) afforded the anti
piperidine 61 in good yield (Scheme 20). The diastereo-
selectivity of the reaction can be explained via the transition
state 60 with an antiperiplanar orientation between the nitro
group and the acceptor chain.

Grossman and co-workers49 utilised the same type of double
Michael addition to synthesise complex functionalised
piperidines. Amines of the type 62, underwent a double
Michael addition with 3-butyn-2-one (Scheme 21) in the
presence of tert-BuOK in DCM, to afford the desired
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piperidine 63 in 69% yield as a single diastereoisomer. Only
7% of the C-3 axial diastereoisomer 64 was obtained. The
reaction generally proceeds in relatively good yields and
diastereoselectivities, but also gives the 2,3,4-trisubstituted
piperidines, which can be easily functionalised to more
complex compounds.

2.3.2. Radical 1,4 reaction of amines with alkenes. 1,4-
Radical cyclisation can also be applied to the synthesis of
piperidines or piperidinones. In their synthesis of tacamo-
nine, Fukumoto et al.50 cyclised bromo-vinyl ester 65 to
afford the piperidinone 66 in 72% yield as a diastereo-
isomeric mixture (Scheme 22). With the racemic precursor
65, the use of TMS3SiH in the presence of AIBN gave
better results than Bu3SnH. In the same model study, the
corresponding iodo-vinyl ester gave a lower yield of the
desired piperidine 66.

The oxidation of silylamino-enones has been studied by
Mariano et al.51 Treatment of the silylamino-enone 67 with
9,10-dicyanoanthracene (DCA) under photosensitisation
afforded the piperidine 70 in 78% yield (Scheme 23). The
silylamino-enone is believed to first undergo oxidative
desilylation, affording the amino radical 68, followed by
oxidative formation of the iminium cation 69. Cyclisation
then occurred, to afford the desired piperidine 70.
This methodology has been extended to the radical
cyclisation of bis-silanes. When metal oxidants, such as
Ce4þ (nBu4NCe(NO3)6), were used, better yields were
obtained.

2.3.3. Hydroamination. A diastereoselective lanthanocene-
catalysed intramolecular hydroamination has been
developed by Molander and co-workers.52 This method-

ology is an important procedure for the synthesis of syn 2,6-
piperidines in high enantiomeric excesses. The aminoalkene
71 was synthesised in a few steps from commercially
available reactants (Scheme 24) and was cyclised in 90%
yield in the presence of (C5Me5)2NdCH(TMS)2 (9 mol%),
to give the piperidine 72. The presence of bulky ligands and
the large size of the metal are believed to be the key factors
in determining the diastereoselectivity of the reaction.
Deprotection of the alcohol afforded (2)-pinidinol 73 in
66% yield and 99.9% ee.

Yamamoto et al.53 developed a similar chemistry using
[(h3-C3H5)PdCl]2 with 1,10-bis(diphenylphosphino)ferro-
cene (dppf), which has been proven to be the best catalyst
for the intramolecular hydroamination of allenic alkenes.
The desired syn 2,6-alkylvinylpiperidine was obtained in
modest yield and in up to 90% de.

Krafft and co-workers54 have studied the hydrocarboxyla-
tion of aminoalkenes using rhodium. The rhodium complex
74 was synthesised from the corresponding amine and
[(CO)2RhCl]2. Treatment of this complex with an ethereal
solution of anhydrous HCl, trimethyl phosphite and MeOH
afforded the piperidine 75 in 80% yield (Scheme 25).
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Although this methodology is interesting, its applications to
the synthesis of complex piperidines are limited, due to the
harsh conditions.

In an investigation by Zang et al.,55 amino-alkenes in the
presence of CO, H2 and a catalytic amount of
HRh(CO)(PPh3)3, were found to undergo cyclisation to
the desired piperidin-2-one, which was reduced in situ to the
corresponding piperidine. These conditions are more
compatible with the presence of protecting groups, but
more studies are required, in order to describe this strategy
as a reliable tactic for preparing piperidines.

Larock, Weinreb and co-workers56 synthesised syn 2,3-vinyl-
alkylpiperidines via a palladium-catalysed coupling of vinyl
bromides and olefinic sulphonamides. Indeed, treatment of
the aminoalkene 76 and 2-bromopropene with Pd(OAc)2

(5 mol%) and P(o-Tol)3 (10 mol%), afforded the syn 2,3-pi-
peridine 78 in 64% yield as a single stereoisomer (Scheme
26). The reaction is believed to occur via the intermediate
77, in which the p-allylpalladium complex adopts a
pseudoaxial position in order to avoid developing a strain
in the transition state for ring closure.

Yamamoto57 also performed the hydroamination of amino-
alkynes with Pd(PPh3)4 (5 mol%) in the presence of benzoic

acid (10 mol%). The first step in the catalytic process is
believed to be hydropalladation leading to a vinylpalladium
species which undergoes b-elimination, to afford the
corresponding allene. Hydropalladation of the intermediate
affords the corresponding p-allylpalladium complex of the
type 80 (Scheme 27). For the cyclisation of amino-alkynes,
such as 79, to produce analogues of 81, the nitrogen must be
electron rich. Indeed, in the case of a tosyl-protected amine,
b-elimination of the p-allylpalladium complex occurred,
affording the corresponding aminodiene.

Doye et al.58 demonstrated that a-phosphate-substituted
piperidines could be synthesised using a titanium complex
as a catalyst. The aminoalkyne 82 underwent cyclisation in
the presence of Cp2TiMe2 (5 mol%) in refluxing toluene
(Scheme 28). Treatment of the imine intermediate 83 with
HP(O)(OEt)2 under acidic conditions (5 mol% Me2AlCl)
afforded the desired piperidine 84 in 85% overall yield.

2.3.4. Other reactions of amines with alkenes. Hassner
and co-workers59 studied the reaction of nitro-alkenes such
as 85 (Scheme 29) which, in the presence of phenyl
isocyanate, afforded the nitrile oxide 86 which spon-
taneously cyclised to the isoxazoline 87 in good yield.
Reductive ring opening with LiAlH4 led to the amino-
hydroxypiperidine 88 in 60% overall yield.

Scheme 26.

Scheme 27.

Scheme 28.
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2.3.5. Reaction of amines with alkynes. MaGee et al.60

developed a convenient and general method for the
synthesis of cyclic piperidinones via the intramolecular
trapping of ketenes. Refluxing the compound 89 in xylene
afforded the desired piperidinone 91 in 81% yield (Scheme
30). This reaction is believed to proceed via the ketene 90,
which cyclises spontaneously under the reaction conditions.

Overman et al.61 reacted the amino-alkynes 92 with
formaldehylde under acidic conditions (CSA), providing
the formaldimidium intermediates 93 which, in the presence
of a nucleophile (Nu) such as TBAB, NaI, NaN3 or NaSCN,
afforded the corresponding piperidines 94 in good yield
(72–89%), (Scheme 31).

Similar studies have been carried out to form pyrrolidines.
Treatment of the amino-alkynes 96 (R¼Me; X¼I, Br, N3)
under the same conditions afforded the pyrrolidines 95 in

45–90% yields (Scheme 32). Treatment of aminoalkynes
96 (R¼H, TMS; X¼I, Br), under the same conditions,
however, afforded piperidines 97 in moderate to good yields
(44–87%). Functionalisation of compounds of the type 97
can be very useful in the synthesis of more complex
molecules.

2.4. Reaction of dienes, enynes and diynes

2.4.1. Ring-closing metathesis. The synthesis of piperi-
dines via ring-closing metathesis (RCM) has become a
widely used approach, providing a reliable synthetic method
for the preparation of unsaturated piperidines. Moreover,
the double bond formed can easily be further functionalised.

Couty and co-workers62 published an interesting synthesis
of the natural product (2)-b-conhydrine and different
analogues using RCM. Metathesis can also be used to

Scheme 30.
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synthesise trisubstituted unsaturated six-membered hetero-
cycles. In their synthesis of ergot alkaloids, Martin et al.63

used RCM as one of the final steps to form the heterocycle
99. Treatment of the diene 98 with the first generation of
Grubbs’ catalyst 101 gave only traces of the desired alkaloid
99 (Scheme 33). The more reactive Schrock catalyst 102
was, however, used in this case to afford the tosyl-protected
alkaloid 99 in 86% yield. Deprotection of the tosyl
protecting group with Mg in methanol afforded ergoline
100 in 98% yield.

Grigg and co-workers64 have introduced a highly effective
synthesis of arylpiperidines via a sequential Pd/Ru-cata-
lysed allene insertion-nucleophile incorporation-olefin
metathesis. This strategy involves the reaction of an aryl
halide such as 103 with allene 104 and a nucleophile such as
the amine 105 in the presence of Pd(0) to afford, in good
yields, dienes of type 106 (71% yield for this example),
(Scheme 34). RCM using the second generation Grubbs’
catalyst 108 (which is more reactive than the Schrock
catalyst 102) was accomplished affording the 1,2,5,6-
tetrahydropyridine 107 in good yield (71% in this case).
This strategy is a very efficient and short method for the
synthesis of 3,4-unsaturated-3-arylpiperidines.

RCM of enol ethers can also be achieved using the highly
reactive Grubbs’ catalyst 108. This type of metathesis is still
under investigation and examples for the synthesis of
piperidines are still limited to simple systems. Although
RCM is a very useful synthetic tool for chemists, it does not
work for every case. When RCM reactions do not occur, the
starting materials are normally recovered. It is still very
difficult to understand the reasons for the failure and no
general rules have been established. Using RCM of an enol
ether as a key step in a total synthesis is therefore still risky,

as a real understanding of their RCM reactivity is not fully
understood. Despite this, Nakagawa et al.65 realised the
synthesis of six-membered heterocycles to afford quinolines
via RCM of an enol ether. Both the enol ether 109a or the
silyl enol ether 109b underwent RCM using the second
generation Grubbs’ catalyst to provide 110a and 110b, each
in 95% yield (Scheme 35).

Rutjes and co-workers66 investigated the RCM of olefinic
enamides such as 111 using the Grubbs’ catalyst 108
(Scheme 36) to generate 1,2,3,4-tetrahydropyridines.
Different electron-withdrawing protecting groups were
investigated and the results showed a preference for the
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benzoyl protecting group. RCM of the olefinic enamides
111, 112 and 113 afforded the 1,2,3,4-tetrahydropyridines
114, 115 and 116 in 75, 93, and 57% yields, respectively.

2.4.2. Intramolecular ene reactions. Intramolecular ene
reactions have not been widely applied to the synthesis of
piperidines, especially when the desired six-membered-ring
heterocycles comprise a relatively complex structure.
Nevertheless, a few examples can be found in the literature.
Intramolecular ene reactions67 have been divided by
Oppolzer et al. into three different types, I, II and III,
depending on the position of attachment of the ene and
enophile (Scheme 37).

2.4.2.1. Ene reactions (type I). Reactions of the type I
are probably the most commonly used intramolecular ene
reactions. Takacs and co-workers68 studied catalytic iron
mediated ene reactions and they have applied the ene
carbocyclisation to the synthesis of anti 3,4-disubstituted
piperidines. Indeed, treatment of the triene 117 with
15 mol% of the catalyst bis(2,20bipyridine)iron(0), (bpy-
Fe(0))69 in toluene, followed by acetylation, afforded the
anti 3,4-disubstituted piperidiene 118 in 85% overall yield
(Scheme 38). According to carbocyclisation studies, the E/Z

geometry of the C3vC4 double bond should control the
syn–anti relation in the resulting piperidine.

The catalytic Pd carbocyclisation of tetraenes has also been
investigated by Takacs et al.70 and, although their study was
limited to simple compounds, it is an interesting strategy for
the synthesis of anti 3,4-disubstituted piperidines. Treat-
ment of the tetraene 119 with Pd(OAc)2 (5 mol%) and PPh3

afforded the piperidine 120 in 86% yield (Scheme 39). Only
the anti diastereoisomer was obtained and, interestingly,
both newly-formed double bonds had an E-geometry.

Mori and co-workers71 worked on an asymmetric version of
the zirconocene-mediated synthesis of 3,4-piperidines.
Treatment of the diene 121 with n-BuMgCl and the
zirconocene catalyst 125 (10 mol%), followed by quenching
with an electrophile (O2 in this case), afforded the piperidine
124 in 41% yield and 93% ee (Scheme 40). Although the
yield is quite low, this type of reaction is very interesting, as
two new chiral centres, one of which is quaternary, have
been created. The reaction is believed to proceed via the
zirconabicycle 122 and zirconocene 123 intermediates.
This chemistry has also been performed with 1,7-enyne and
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1,7-diyne systems and Whitby et al.72 generally obtained
good yields of the 3,4-disubstituted piperidine products.
Trost and co-workers73 have also reacted 1,7-enynes with
CpRu(COD)Cl (10 mol%), to afford similar piperidines in
75% yield.

Imino-ene reactions of type I have been studied for the
synthesis of syn or anti 3,4-diaminopiperidines. Laschat and
co-workers74 investigated the imino-ene reaction of the
imino-alkene 127 in the presence of Lewis acids such as
FeCl3 or TiCl4 (Scheme 41). The imino-alkene 127
underwent an imino-ene reaction with FeCl3 to give the
anti piperidine 126 in 68% yield. If, however, TiCl4 was
used as the Lewis acid, the syn piperidine 128 was formed as
the major diastereoisomer in 50% yield.

2.4.2.2. Ene reactions (type III). Bratz et al.75 have used
ene reactions of the type III to synthesise 2,3-disubstituted
piperidines and they first studied the ene reaction of the
dimethylimine 129, prepared from the corresponding amine
(Scheme 42). Treatment of 129 with TMSOTf in tert-
BuOMe gave a 7.2:1.0 mixture of 131 and 132 in 85% yield.
If, however, 129 was treated with TFA in DCM, the ratio of
131 and 132 was reversed, yielding 50% of a 1.0:6.1
mixture of products. The reaction is believed to proceed via
the intermediate 130. The product ratio in the formation of

131 and 132 depends on the nucleophilicity of the counter-
ion and the accessibility of the alkyl group in the ester
moiety, as well as its ability to form a cation.

Bratz and co-workers76 then studied the reaction of imino-
alkenes of the type 133 (Scheme 43) and the anti 2,3-
disubstituted piperidines were synthesised in good yield and
diastereoselectivity. The best result was obtained when the
n-butyl ester 133 was treated with TMSOTf in toluene at
278 8C. The 2,3-disubstituted piperidine 136 was obtained
in 49% yield and in a 1:33.5 ratio of syn/anti stereoisomers.
The good diastereoselectivity is believed to result from a
strong 1,3-diaxial interaction in the intermediate 134,
caused by the bulky trimethylsilyl group, which destabilises
134 severely towards 135.

In their synthesis of carpamic acid 140, Williams and
co-workers77 made use of a type III ene reaction of N-oxide
alkenes to set up the syn 2,3-relationship in the natural
product (Scheme 44). Reduction of the oxime 137 afforded
the unstable hydroxyamine, which was immediately con-
densed with acetaldehyde to give the nitrone 138 and the
latter compound underwent a type III ene reaction upon
reflux in toluene, yielding the desired piperidine 139 in 46%
overall yield.

Scheme 42.
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M. G. P. Buffat / Tetrahedron 60 (2004) 1701–17291714



2.4.3. Formal ene reactions
2.4.3.1. Ene halogenocyclisation. Mori et al.78 studied

the palladium-catalysed ene-halogenocyclisations. Treat-
ment of the iodo-alkene 141 with Pd(PPh3)4 in the presence
of a proton sponge afforded the anti piperidine 142
(Scheme 45). This strategy is very interesting in the
synthesis of 3,4-piperidines which can then be easily
functionalised. The reaction, however, shows some dis-
advantages, as the primary iodide present in the synthesised
piperidine can easily be eliminated and a mixture of
diastereoisomers can be obtained. A similar cyclisation
using (n-Bu3Sn)2 has been studied by Curran and
co-workers,79 although a poor yield and a 1:1 mixture of
syn and anti piperidines were obtained.

2.4.3.2. p-Allyl complexes. Hoffmann et al.80 developed
an intramolecular allylboration reaction to synthesise anti
2-alkylpiperidin-3-ols. The allylamide 143 was hydro-
formylated to give the aldehyde 144, which underwent an
in situ allylboration to give the vinylpiperidinol 145
(Scheme 46). The reaction does not stop at this stage
since 145 has a newly-generated terminal CvC double
bond and therefore undergoes a second hydroformylation to
expand the carbon skeleton, giving a mixture of 146 and 147

in 66% yield. Hydrogenation of this mixture with Pd/C led
to the indolizidine 148 in 60% yield.

In their approach towards the synthesis of (2)-elaeokanine
C, Mori et al.81 investigated the cyclisation of 1,3-dienyl
aldehydes via the p-allylnickel complex 150 (Scheme 47).
The nickel complex 150 was formed in situ by the treatment
of Ni(COD)2 with PPh3 and Et3SiH. Treatment of the
1,3-dienyl aldehyde 149 with the desired catalyst and
Et3SiH as the hydride source afforded only the anti
diastereoisomer 151 in 70% yield.

Palladium-catalysed intramolecular olefin allylation is a
widely used reaction and it is therefore logical to find it
applied to the synthesis of piperidines. Oppolzer and
co-workers82 have studied this process and used Pd(PPh3)4

in acetic acid to synthesise simple piperidines. In the
synthesis of 6,6-bicyclo systems, the syn-fused rings were
obtained. Indeed, treatment of the compound 152 with
Pd(PPh3)4 (7 mol%) at 80 8C afforded the compound 153 in
85% yield (Scheme 48). Although the choice of solvent
limits this strategy to the synthesis of simple piperidines, it
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can be useful for the synthesis of syn-fused rings such as that
found in 153.

A similar cyclisation of dienes has been investigated by
Taylor, who accomplished the cyclisation of the diene 154
to the piperidine 155 in 58% yield (Scheme 49). The diene
154 was treated with Ti(OiPr)4 and iPrMgBr, to afford the
syn piperidine 155. An asymmetric version of this reaction
has been studied using a 1-phenylethyl protecting group
instead of the benzyl protecting group, but a 1:1 mixture of
syn diastereoisomers was obtained. When ZrCl2 was used
with n-BuLi, an unsatisfactory 1:1.4 mixture of syn/anti
diastereoisomers was obtained.

Barbier allylation has been recently investigated by Kang in
the synthesis of piperidines. Interestingly, this strategy is
quite general and a wide range of piperidines can be
prepared. Both allene aldehydes and ketones can be reacted,

to give the 3,4-disubstituted piperidines. 3-Trimethylsila-
nylvinylpiperidin-4-ol,83 and 3-arylvinylpiperidin-4-ols84

have been synthesised using this method. Kang initially
treated allene aldehydes and ketones with (p-allyl)2PdCl2
and Bu3SnSiMe3, to afford the corresponding piperidines
in good yields (62–67%). Further studies showed that
p-allylpalladium complexes could be formed using
Bu3SnSnBu3 and ArI, leading to the synthesis of 3-aryl-
vinylpiperidin-4-ols. This methodology gave good yields
and diastereoselectivity and it could be applied to a wide
range of aromatics and aromatic heterocycles. Due to the
moderate toxicity of the tributyltin reagents, Kang studied
the use of indium in the Barbier allylation. Treatment of a
solution of the ketoallene 156 in DMF with Pd(OAc)2,
tris(2-furyl)phosphine and indium afforded the desired syn
piperidine 157 in 67% yield (Scheme 50). Only 15% of the
anti piperidine 158 was isolated.

Interesting results were obtained by Kano et al.,85 who
investigated the cyclisation of a-aminoacetal-allylsilanes,
resulting in the formation of 2-alkyl-3-hydroxypiperidines.
Treatment of the a-aminoacetal-allylsilane 159 with the in
situ-generated Ti(OiPr)Cl3 afforded the syn piperidinol 161
in 82% ee (Scheme 51). The reaction proceeds via the
intermediate 160, where no interaction between SiMe3 and
any of the oxygens is observed. A similar chemistry has been
studied by Bonjoch and co-workers,86 using a,b-unsatu-
rated keto-a-trimethylsilylalkynes. 3-Allene-4-alkyl-di-
substituted piperidines were obtained in 57 – 60%
yield using BF3·Et2O or TiCl4 as Lewis acids. Further
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functionalisation of the product allenes afforded a range of
3,4-disubstituted piperidines.

Mann et al.87 have also been working on the synthesis of
anti 3-hydroxy-4-alkylpiperidines from a-trimethylsilyl-
methylalkenes. When the allyltrimethylsilane 162 was
treated with a catalytic amount of TMSOTf (10 mol%),
only two of the four possible diastereoisomeric piperidines
were obtained (Scheme 52) in an 85:15 ratio (163 and 164)
and in 76% yield. This strategy created two new chiral
centres influenced by the stereochemistry present in the
starting material.

In their synthesis of allopumiliotoxin alkaloid 267A, Sato
and co-workers88 made use of an intramolecular nucleo-
philic acyl substitution initiated with a low-valent titanium
reagent Ti(OiPr)2iPr. Treatment of the ethyl ester 165 with
Ti(OiPr)4 and iPrMgCl afforded the desired six-membered
heterocycle 167 in 67% yield (Scheme 53). The reaction is
believed to occur via the intermediate 166, which undergoes
an intramolecular nucleophilic substitution.

2.4.3.3. Palladium cross-coupling. Piperidine synthesis
via palladium-catalysed tandem cyclisation cross-coupling
can be found in the literature. In their synthesis of
ellipticine, Ishikura et al.89 synthesised the six-membered
ring heterocycle via Heck coupling of a vinyl bromide and
an alkyne. Crisp and co-workers90 studied the synthesis of
lactams via palladium-catalysed intramolecular carbonyl
coupling and reacted an amino enol triflate with carbon
monoxide in the presence of Pd(PPh3)4 and (n-Bu)3N in
acetonitrile. The corresponding lactam was obtained in 72%

yield using of N-benzyl 3-methylene-piperidin-2-one. Ban
et al.91 worked on a similar synthesis of piperidinones.

Larock, Weinreb and co-workers92 studied the palladium
cross-coupling of vinyl iodides, vinyl bromides or enol
triflates, for example, 168 with N-tosyl-pent-4-enylamine
169 (Scheme 54). The 2-substituted-piperidines of type 170
were successfully prepared in modest to good yields.

2.4.3.4. Reactivity of iminium cations. Rotella et al.93

have investigated the application of TiCl4 in an induced
iminium ion cyclisation in order to prepare piperidines.
The iminium ion was prepared by the treatment of an
a-cyanoamine of type 171 with titanium (IV) chloride
(Scheme 55). The corresponding iminium ion 172 under-
went cyclisation, to afford the 1,2,5,6-tetrahydropyridine
173 in 73% yield. Reduction of the double bond afforded
racemic coniine in 90% yield.

Overman and co-workers94 worked on a similar method-
ology and treated N-methoxymethyl alkynes such as 174
with TMSCl (Scheme 56). The piperidine 175 was obtained
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in 93% yield as a 93:7 mixture of E/Z isomers. The reaction
most probably proceeds via an iminium cation.

2.5. Radical cyclisations

2.5.1. Radical cyclisation of N-chloro amino alkenes.
Götflich et al.95 studied the reactivity of N-chloro amino
alkenes under radical conditions. The unstable N-chloro
amine 176 was freshly prepared from the corresponding
amine and NCS (Scheme 57). Treatment with a catalytic
amount of CuCl (10 mol%) afforded the piperidine 179 in
77% yield as a 7:1 mixture of syn/anti diastereoisomers. The
reaction is believed to proceed via the pyrrolidine 177 and
the azonia-bicyclo[3.1.0]hexane 178. The synthesis of syn
3,5-piperidines was also performed in good yield, but the
diastereoselectivity was lower (1:4, anti/syn). Somfai and
co-workers96 studied similar reactions in the presence of a
Lewis acid instead of CuCl and obtained good diastereo-
selectivity (up to 93:7 in favour of the syn 3,5-disubstituted
piperidine).

2.5.2. Radical cyclisation using samarium. The use of

samarium to synthesise piperidines is rare in the literature.
Shim and co-workers97 have, however, described the
synthesis of a 3,4-disubstituted piperidine via an intra-
molecular reductive cyclisation of aldehydes and ketones
with alkynes. Interestingly, the reaction with ketones led to
the formation of piperidines containing a quaternary alcohol
in position 4. Treatment of the keto-alkyne 180 with SmI2 in
a mixture of HMPA, tert-butanol and THF afforded the
racemic piperidine 181 in 62% yield (Scheme 58).

2.5.3. Radical cyclisation using tin. Tin allylic radical
cyclisation has been investigated in the synthesis of
piperidines, although this reaction did not show diastereo-
selectivity and gave a mixture of diastereoisomers. Indeed,
treatment of the allyl bromide 18298 with (n-Bu)3SnH and
AIBN afforded a mixture of the diastereoisomers 183 and
184 (Scheme 59).

The radical cyclisation of a,b-keto-dienes99 has also been
investigated and, although the yields are relatively high,
a low diastereoselectivity was generally obtained. The
intramolecular radical cyclisation of oxime ethers with
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aldehydes and ketones has been studied by Naito et al.100

who obtained modest results. Attempts to synthesise
3-amino-4-hydroxypiperidines gave a reasonable yield of
62%, but the diastereoselectivity was poor (1:1.3 in favour
of the anti diastereoisomer). Treatment of the ‘oxime-
aldehyde’ 185 with (n-Bu)3SnH, and AIBN afforded a 1:4
mixture of the diastereoisomers 187 and 188 (Scheme 60).
The most stable intermediate is believed to be the anti
isomer 186, where the oxime and tin are anti to each other.

2.6. Dieckmann condensation

Dieckmann condensation is an important tool in the
synthesis of 3,4-disubstituted piperidines and can provide
syn piperidines or the more stable anti piperidines. This
strategy can, however, become problematic with more
complex piperidines which contain further substitution in
positions 2, 5 or 6. Ma et al.101 investigated the synthesis of
2,4,6-trisubstituted piperidines and faced problems of
diastereoselectivity. Indeed, the bis-methyl ester 189 can
undergo two different Dieckmann cyclisations to give after
trapping of the intermediate enolate with TBSCl, 190 and
191 in an 1:3.8 diastereomeric mixture (Scheme 61).
Fortunately, Ma managed to selectively hydrogenate the
less sterically hindered silyl enol ether, to obtain the desired
2,4,6-trisubstituted piperidine 192 in 59% yield from 189.

In the synthesis of 3,4-disubstituted piperidines, this
problem does not occur and the syn and anti piperidines
can be prepared. Pollini and co-workers102 were able to
synthesise syn 3,4-disubstituted piperidines and then
epimerised them to the more stable anti piperidines. This
strategy has become very attractive in medicinal chemistry,

as both the syn and anti 3,4-disubstituted piperidines can be
easily obtained for testing purposes.

Dieckmann cyclisation can be performed under acidic
conditions using Lewis acids such as TiCl4.103 Chiral bases
can be employed to synthesise enantiomerically pure
piperidines. Indeed, Hirai et al.104 realised a 1,4-Michael
addition similar to a Dieckmann cyclisation to afford 193
or 195 starting from the ester 194 (Scheme 62). (R)- and
(S)-1-Phenylethylamine (PEA) gave both products in
good enantiomeric excess (90% ee). Both enantiomers
193 and 195 were synthesised in 78 and 83% yields,
respectively.

3. Cycloadditions

In cycloadditions, the Diels–Alder reaction is one of the
most commonly used reactions for preparing six-membered
rings. In a similar manner, the aza Diels–Alder reaction is
an important tool in the hand of chemists for synthesising
piperidines. The method is mostly applied to the reaction of
dienes with imines. The reaction of a,b-unsaturated imines
(aza dienes) with alkenes is also known in the literature.

3.1. Imino Diels–Alder reactions

Imino Diels–Alder reactions require an electron-rich diene
and an electron-poor imine. In general, the imine is
protected as a sulphonamide or as a silylamine, although
the reaction of dienes protected as benzylimines is also
known. Imino Diels–Alder reactions are generally slow and
are typically catalysed by a Lewis acid such as ZnCl2. The

Scheme 61.

Scheme 62.
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speed of the reaction depends mainly on the reactivity of
the starting imine and a wide range of electron-rich dienes
can be used.

In their studies towards the synthesis of cylindrospermop-
sin, Weinreb and co-workers105 studied the imino Diels–
Alder reaction of the diene 196 and the imine 197 (Scheme
63). The piperidine 198 was obtained after 6 days at
room temperature in toluene in the presence of ZnCl2
in 58% yield. Although the yield is only modest, a syn
2,6-piperidine was synthesised in a one-step process.

An imino Diels–Alder reaction using Danishefsky’s diene
has been investigated by Villegas et al.,106 who studied an
enantioselective reaction of the diene 199 with the
enantiomerically pure imine 200 (Scheme 64). The reac-
tions in acetonitrile at 240 8C using ZnI2 were found to be
the optimal conditions. The compound 201 was the only
diastereoisomer observed and, when the reaction was
carried out with the corresponding benzylimine, a 95:5
mixture of diastereoisomers was obtained. Deprotection of

the methylbenzyl chiral pool component can accomplished
via the usual hydrogenation (H2, Pd(OH)2/C). Reduction of
the a,b-unsaturated piperidinone 201 to the piperidin-4-one
can be completed with L-selectride.

More interestingly, Weinreb et al.105 used a 1,4-vinylcopper
addition to heterocycle 203 prepared from diene 202.
L-selectride reduction of the ketone provided the tetrasub-
stituted piperidine 204 in 57% yield overall (Scheme 65).

Moreover, aza Diels–Alder reactions can be performed
with 2-amino-1,3-butadiene derivatives 205 leading after
hydrolysis, to piperidin-4-ones of the type 207 (Scheme 66).
The optimal Lewis acid was Yb(OTf)3 and Barluenga and
co-workers107 reported the hydrolysis of the enamine via
filtration through a pad of silica. Reduction of the ketone
using NaBH4, followed by silyl ether deprotection, led to
the tetrasubstituted piperidine 208 in 59% yield overall. In
their synthesis towards (2)-nupharamine, Barluenga and
co-workers developed an asymmetric version of this type of
imino Diels–Alder reaction.108

Scheme 64.

Scheme 63.

Scheme 65.

Scheme 66.
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3.2. Aza-diene Diels–Alder reactions

The aza Diels–Alder reaction of a diene with an imine is
well known in the synthesis of piperidines, but the aza-diene
Diels–Alder reaction is rarely used. Indeed, this type of
reaction is difficult to realise as the aza-dienes suffer low
conversion and competitive imine addition and/or tauto-
merisation. Boger and co-workers109,110 studied the influ-
ence of different substituents on the aza-dienes in their
reactions with electron-rich alkenes such as enol ethers.
Other types of dienophiles are not reactive enough, unless a
highly reactive aza-diene is used. According to Boger’s
studies, an electron-withdrawing group on the nitrogen of
the aza-diene facilitates the reaction, substituents in position
2 slow down the reaction and electron-withdrawing groups
accelerate it. Groups such as N–SO2Ph and N–P(O)Ph2 are
good choices, as the starting imine can be easily purified by
flash chromatography without decomposition and the steric
bulk of the groups prevents the 1,2-imine addition. The endo
aza Diels–Alder product is favoured (up to 95%) in both the
thermal and pressure-promoted (most common) reactions.
Both the anti and syn enol ethers react with conservation of
geometry. Alkoxyallenes can also be used, to give the
corresponding piperidines with good diastereoselectivity.
The solvent does not seem to have any influence on the
reactivity or diastereoselectivity of the reaction.

The aza Diels–Alder reaction is very useful for the

synthesis of 2,3,4-trisubstituted piperidines. Boger et al.109

reacted the aza-diene 209 with the dienophile 210, to afford
the desired piperidines 211/212 in 42% yield as a 20:1 ratio
of endo/exo products (Scheme 67).

Fowler and co-workers111 demonstrated that the aza-diene
Diels–Alder reaction is possible with electron-poor dieno-
philes, although the number of applications is limited. This
research group reacted the aza-diene 213 with ethyl acrylate
214 to give the piperidine 215 as a 6:1 syn/anti mixture of
diastereoisomers (Scheme 68). The cyano group in position
2 combined with the presence of the N-phenyl group is
believed to enhance the ‘inverse electron demand’ Diels–
Alder reaction and therefore the reaction of the aza-diene
with electron-poor dienophiles.

Enantioselective aza Diels–Alder reactions have also been
studied, although this work is still in its infancy. Tietze
et al.112 studied the reaction of enantiopure a,b-unsaturated
sulphinimines with dienophiles. The reactions were per-
formed with electron-rich dienophiles such as enol or
thioenol ethers, whereas the reactions with alkenes did not
lead to any tetrahydropyridines. The conformation of the
sulphinimine 217 is believed to be that shown in Scheme 69,
where the sulphur–oxygen bond is coplanar to the aza-
diene. The dienophile approaches the aza-diene from the
less hindered face. For simple dienophiles, the endo/exo
ratio was good (100:1, 216a and b). When bulky or

Scheme 67.

Scheme 68.

Scheme 69.
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disubstituted enol ethers were reacted, however, the reaction
was less diastereoselective (87:13, 216c; 76:24, 216d). The
facial stereoselectivity was modest and ratios of between
1:1.7 and 1:2.3 were obtained. The piperidine 218a was
therefore formed in 60% yield and only 35% of the other
diastereoisomer 219a was isolated. Intramolecular Diels–
Alder reactions seem to proceed more readily, although, in
the example studied, the diastereoselectivity was not as
good. Removal of the sulphoxide did not occur under
conventional conditions (LiAlH4 or Raney Ni), but this
group could be removed by nucleophilic substitution with
MeLi. After quenching with AcCl, the piperidine 220c was
obtained in 56% yield.

3.3. Other dipolar cycloadditions

In their approach towards the synthesis of geissoschizine,
Martin et al.113 synthesised the piperidine 223 from 221 via
a hetero Diels–Alder reaction (Scheme 70). Cleavage of the
dihydropyran 222 gave the 3,4-disubstituted piperidine 223.

Harrity and co-workers114 have recently developed a
general [3þ3] cycloaddition reaction to synthesise 2-sub-

stituted piperidines. The reaction proceeds via an inter-
mediate palladium – trimethylenemethane (Pd – TMM)
complex 224 (Scheme 71). The study mainly examined
the reaction of 1,1-disubstituted aziridines. The reaction
seemed to be more efficient when Pd(OAc)2 (10 mol%) was
used with P(OiPr)3 (80 mol%) as the ligand in the presence
of n-BuLi (20 mol%), while THF was found to be the best
solvent. A range of alkyl-, aryl- and allyl-aziridines have
been investigated, giving modest to good yields of the
products (44–82%). Phenylaziridine led to a mixture of
diastereoisomers in which the aziridine was preferentially
attacked at C-2 rather than C-1 (1.6:1 mixture). Reactions of
symmetrical disubstituted aziridines gave similar yields.
The reaction with N-tosylaziridine 225 afforded the
piperidine 226 in 74% yield. When bicyclic aziridines
were reacted in order to synthesise fused 5/6-, 6/6- or
7/6-membered rings, disappointing yields were, however,
obtained, as the reactions were very slow (0–31%).

Both nitrones and azides are important building blocks in
diastereoselective 1,3-cycloadditions, leading mainly to the
2-substituted piperidines. Further details can be found in
previous reviews.2

Scheme 70.

Scheme 71.

Scheme 72.
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4. Reduction of pyridines

The synthesis of piperidines from pyridines has been widely
investigated and shown to be a very important synthetic tool
for the preparation of 3,4,5-trisubstituted piperidine deriva-
tives. Access to piperidines containing a quaternary carbon
via the reduction of pyridines is, however, not the best
strategy. Pyridines can be reduced to dihydropyridines,
tetrahydropyridines or piperidines in one- or two-step
processes. The most common method of reducing pyridines
is by treatment with an electrophile such as phenyl
chloroformate and a reducing agent such as NaBH4. The
direct hydrogenation of pyridines, however, is also
discussed in the literature.

4.1. Reduction to dihydropyridines

Pyridines can be reduced to 1,2-dihydropyridines using
NaBH4. This strategy allows the possibility of further
functionalisation of the six-membered ring. This type of
reduction contains problems of diastereoselectivity and 1,2-
or 1,6-reduction can occur. After the investigation,
Sundberg et al.115 have published the possibility of carrying
out regioselectively the 1,2-reduction. Indeed, sterically-
nondemanding donor substituents lead to 1,2-reduction.
Acceptor substituents lead to lower reactivity and a lack of
regioselectivity. Formation of the pyridinium salts with
alkyl chloroformates, however, led to better results. More-
over, methanol gave a better result, whereas THF led to a
mixture of regioisomers and 1,4-reduction.

Ganem and co-workers116 managed to reduce methyl
nicotinate 227 to the 1,2-dihydropyridine 228 in 90%
yield (Scheme 72). The dihydropyridine 228 was a crucial
intermediate in a synthesis of azasugars. Epoxidation using
mCPBA led to the compound 229 in 92% yield. The alcohol

230 was subsequently obtained in three steps, 65% yield and
83% ee. Saponification, followed by hydroboration and
deprotection of the piperidine led to the corresponding
azasugar 231 in 66% overall yield.

Formal 1,4-reduction of pyridines can also be performed by
the addition of a nucleophile to the pyridinium salts.
Akiba and co-workers117 investigated the synthesis of
1,4-dihydronicotinate by the addition of silyl enol ethers
to quaternised pyridines. Indeed, treatment of methyl
nicotinate 227 with an electrophile such as dimethylcarba-
moyl chloride led to the quaternised nicotinium salt 232
(Scheme 73). Reaction with silyl enol ethers led to 1,4
dihydropyridines such as 233 in 63% yield. 1,2- and
1,6-Dihydropyridines could be observed, depending on the
nature of the silyl enol ether. The 1,4 dihydropyridines were,
however, always the major isomer. Akiba also demonstrated
that copper addition can be performed. The direct 1,4-
reduction of pyridinium salts has additionally been achieved
by O’Neill et al.118 using sodium dithionate (Na2S2O4) as
the reducing agent.

4.2. Reduction to tetrahydropyridine

Reduction to the tetrahydropyridine can also be performed.
With substituted pyridines, however, problems of regio-
selectivity can appear although control can be achieved.
Ogasawara and co-workers119 studied the reduction of
3-hydroxypyridine 234 to the enamide 235 using the usual
conditions such as NaBH4 with CbzCl in ethanol (Scheme
74). Resolution of the racemic mixture enzymatically,
followed by deprotection, afforded the enantiomerically-
pure alcohol 236 in 31% yield over the three steps.

Plaquevent et al.120 reported the reduction of pyridines
having an electron-withdrawing group at C-3. Indeed after

Scheme 73.
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formation of the bromo- or chloropyridinium salt 237,
reduction via hydrogenation afforded the tetrahydropyridine
238 in 70% yield overall (Scheme 75). In the case of the
bromide salt, previous treatment with AgCl was necessary
as the counteranion could poison the Pd/C catalyst for the
hydrogenation.

Liu and co-workers121 obtained similar 1,4,5,6-tetrahydro-
pyridines from the reduction of 1,4-dihydropyridines using
H2 with 10% Pd/C in a mixture MeOH/THF and 1,2,5,6-
tetrahydropyridines122 can be obtained with sodium boro-
hydride at 215 8C.

4.3. Reduction to piperidines

The full reduction of pyridines to piperidines can be
achieved using hydrogenation. Different catalysts such as
Pd/C, PtO2 or Rh/C can be used. When substituted pyridines
are used, problems with diastereoselectivity can result, with
the main product generally being the all-syn piperidines,
although mixtures of diastereoisomers are observed in most
cases. The reduction of the diol 239 by Bols et al.123 using
Rh/C as the catalyst led to syn 3,5-hydroxyhydroxymethyl-
piperidine 240 in 77% yield (Scheme 76). The reduction of

3,5-pyridinedicarboxylic acid diethyl ester using PtO2 in
AcOH afforded a 3:2 mixture of the anti/syn piperidines.124

Steiner et al.125 studied the reduction of 2,4-pyridines such
as 241 using different catalysts, solvents and reaction
conditions (Scheme 77). The mixed catalysts gave better
results in terms of diastereoselectivity and a 1:9 Rh/Pd ratio
was found to be the optimum mixture. Due to solubility
reasons, hydrogenation was performed on the corresponding
pyridine salt in aqueous solution. The best result in terms of
diastereoselectivity was obtained using 1 equiv. of NaOH.
An excess of base led to a lower diastereoselectivity. These
workers were able to efficiently scale up the reduction of the
pyridine 241 to the desired syn 2,4-disubstituted piperidine
242, in 95% yield, which contained 3% of the anti
diastereoisomer.

The stereoselective reduction of 2-methylnicotinic acid has
been investigated by Besson and co-workers,126 using a
chiral auxiliary introduced as an amide. A 4:1 mixture of the
syn/anti diastereoisomers and modest diastereoisomeric
excesses of between 17 and 35% were obtained.

In their approach to the synthesis of palinavir, Comins
et al.127 synthesised 2,4-substituted piperidines enantio-
selectively from the pyridine 243 (Scheme 78). A chiral
pool strategy was used and the enantiomerically-pure (85%
de) pyridinium salt 244 was formed. Grignard addition at
the C-2 position of the pyridine, followed by methyl ether
deprotection, afforded the hydropyridinone 245 as a single
diastereoisomer in 78% yield. The hydropyridinone 246 was
then formed in 89% yield by treatment with NaOMe,
followed by aqueous acid, and the chiral auxiliary was
recovered during this process. Protection was then achieved,
followed by conjugate reduction using Zn in AcOH,
affording the piperidinone 247 in 92% yield. Ozonolysis,
followed by Jones’ oxidation, benzyl esterification and
K-selectride reduction, afforded the piperidine 248 as a
single diastereoisomer in 49% yield.

The preparation of trisubstituted piperidines via the
reduction of pyridines is very difficult and, as Bols and
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co-workers128 have reported, mixtures of diastereoisomers
are formed. Diastereoselective control via this type of
reduction is very difficult.

5. Ring expansions and rearrangements

5.1. Ring expansion from pyrrolidines

Lee et al.129 used an unusual method for making piperidines
via a ring expansion of the hydroxymethylpyrrolidine 249
(Scheme 79). This strategy was demonstrated to be a highly
stereoselective method for synthesising 2,3-disubstituted
piperidines from N-benzylpyrrolidines such as 249.
Treatment of the compound 249 with methanesulphonyl
chloride and triethylamine is believed to form the azonia-
bicyclo[3.1.0]hexane intermediate 250, which, when
quenched with ammonium acetate, undergoes a ring
expansion to form the acetoxypiperidine 251 in 85% yield
and 99% ee.

5.2. Intramolecular radical rearrangement

Shipman et al.130 have been working on the intramolecular
5-exo cyclisation of the 3-(2-methyleneaziridin-1-yl)propyl
radical generated from the corresponding selenide. Treat-
ment of the 2-methyleneaziridine 252 with (n-Bu)3SnH and
AIBN afforded via 253 the corresponding piperidine 254,
which was immediately Boc protected (Scheme 80). The
piperidine 255 was obtained in 64% yield over the two
steps.

5.3. Oxidation of furans

In their approach towards the synthesis of indolizidines,

Padwa et al.131 oxidised a furan with mCPBA to furnish an
epoxy intermediate, which rearranged via an aza-Achmato-
wicz reaction to provide a hemiaminal in 85% yield. Zhou
and co-workers132 used the same strategy in their synthesis
of (þ)-6-epicastanospermine and demonstrated that
rearrangement was favoured over nucleophilic substitution.
Indeed, the furan 256 containing both primary and
secondary acetates was oxidised with mCPBA to afford
the hemiaminal 258 via the intermediate 257 in 88% yield
(Scheme 81).

6. Conclusions

The synthesis of diversely-functionalised piperidines
remains one of the challenges of organic chemistry.
Although the synthesis of 2,6-disubstituted piperidines has
been widely investigated, the preparations of more complex
piperidines such as 3-, 4- and 5-multisubstituted piperidines,
as well as piperidines containing quaternary centres, are less
prevalent in the literature. The main strategy involved in
constructing piperidine rings is via the cyclisation of a linear
chain and this method is generally high yielding and
reliable, although it demonstrates a lack of convergence.
The synthesis of piperidines via the aza Diels–Alder
reaction looks promising, but this methodology has not
been yet widely applied. The preparation of piperidines
through the reduction of pyridines has the advantage that the
heterocyclic ring is already present, but the generalisation of
this procedure to the synthesis of complex piperidines has
been shown to be difficult. Finally, the rearrangement to
piperidines is not a commonly-used method, although the
technique shows some advantages in the synthesis of
2-mono- or 2,6-disubstituted piperidines. The preparation
of piperidines has been widely studied, but their synthesis
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remains a major challenge as more and more complex
piperidine-containing compounds are designed, in order to
improve the selectivity and therefore reduce the side effects
of potential drugs.
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Abstract—Isosteric derivatives and analogues of the 7-keto-8-aminopelargonic acid (KAPA), 7,8-diaminopelargonic acid (DAPA) and
desthiobiotin (DTB) vitamer intermediates involved in the biosynthetic pathway of biotin were prepared and evaluated as potential
herbicides. The most active compound was desmethyl-KAPA which displayed a GR50 (concentration of the active compound that causes a
50% growth inhibition) value of 8 ppm, where values ,50 ppm are considered herbicidal. Other KAPA analogs where the terminal Me group
was replaced by bulkier substituents such as Et, i-Pr and HOCH2 showed moderate activity.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Biotin, a water soluble vitamin, functions as a coenzyme in
carboxylation and transcarboxylation reactions critical to
microorganisms, plants and animals.1 The importance of

biotin to metabolism is derived from its participation in
many vital metabolic processes, such as gluconeogenesis,
biosynthesis of fatty acids and metabolism of amino acids.
Perhaps its most important role is in the carboxylation of
acetyl-CoA to give malonyl-CoA, which is the first step in

0040–4020/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.047
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Figure 1. Biosynthetic pathway of biotin.
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fatty acid biosynthesis. Since fatty-acid synthesis is
essential for the growth and development of most organ-
isms, biotin is thus an essential nutrient for plants and
animals. Plants, microorganisms and some fungi biosynthe-
size their own biotin, while animals and man require trace
amounts of the vitamin in their diet.

The biotin biosynthetic pathway2 (Fig. 1), involving the
KAPA, DAPA and DTB vitamers, is well understood in
microorganisms3 but has not been clearly elucidated in
plants. However, there is increasing evidence that plants
synthesize it by a similar route to that used by E. coli.4

Recent studies indicate that the source of the sulfur atom, in
the conversion of DTB to biotin, catalyzed by biotin

synthase stems from an iron–sulfur cluster found in this
enzyme.5

Inhibitors of enzymes involved in the biosynthesis of
essential plant nutrients can cause irreparable damage to
plants, and for this reason such enzymes can be useful
targets for the rational design of inhibitors in the hopes of
finding new herbicides. We describe the synthesis and
biological evaluation of analogs of biotin and biotin
vitamers (molecules, such as intermediates in the biotin
biosynthetic pathway, that can be converted into biotin in
vivo) as potential enzyme inhibitors with the objective of
finding some that exhibit herbicidal activity. Moreover,
since the enzymes involved in the biotin biosynthetic

Scheme 1. General synthesis of KAPA analogs.

Scheme 2. Synthesis of KAPA analogs derived from cysteine.
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pathway are absent in higher organisms, it is expected that
inhibitors of biotin biosynthesis will possess minimal
toxicity in animals and man.

2. Results and discussion

Based on the structures of the vitamers of biotin, several
families of analogs were developed, each featuring one or
more isosteric modifications. The synthetic approaches to
these derivatives were based to a large extent on our earlier
synthesis of the vitamers.6 The compounds described below
are analog derivatives of KAPA, DAPA and DTB having
chain lengths of nine carbon atoms, focusing primarily on

compounds prepared from various amino acids, resulting in
modifications of the terminal Me group.

2.1. KAPA analogs

Substrates 1 (Scheme 1, Table 1) were derivatives of natural
L-amino acids with the exclusion of the racemic N-Boc-a-
aminobutyric acid (1c R¼Et), S-benzyl-cysteine (1k R¼
BnSCH2) and S-Boc-cysteine (1k R¼BocSCH2).

The syntheses of KAPA analogs derived from cysteine 4j,
serine 4p and threonine 4r, that required additional
protection of the S and O atoms, are shown in Schemes
2–4. An initial attempt to prepare 4j involved reaction of

Scheme 3. Synthesis of KAPA analogs derived from THP-protected serine and threonine.

Scheme 4. Synthesis of KAPA analogs derived from serine and threonine.

A. Nudelman et al. / Tetrahedron 60 (2004) 1731–1748 1733



Bn-S-cysteine (Bn) to give the desired b-ketoester analog
2m. However, due to the high nucleophilic character of the
S atom, alkylation of 2m with I–(CH2)5–COOEt took place
preferentially at S rather than at C (Scheme 1). Other
cysteine derivatives protected both at the S and the N with
Boc (1kI), CBZ (1lII) or Ac (1nIV)7 groups, gave poor
yields of the respective derivatives 2. The desired 4j was
finally obtained from thiazolidine 7 that possessed a
sterically hindered sulfide group (Scheme 2).

Attempted alkylation on the respective b-ketoester deriva-
tives of N-Boc-O-THP-protected serine 20qI or threonine
20sI led to elimination of THP-OH to give compound 100I,
which was not isolated and was identified only by its
characteristic vinylic peaks in the NMR spectrum. To
prevent this base catalyzed elimination an alternative
approach to 4p and 4q involved the coupling of the
diprotected N-Boc-O-THP-serine and threonine with the
nitrile derivative 12. Although the desired cyano esters
130qI and 130sI were obtained, subsequent hydrolysis and
decarboxylation gave KAPA-analogs 14q and 14s where the
CN group remained intact (Scheme 3).

The desired 4p and 4r were finally obtained from the amino
acids protected as their respective N-Boc oxazolidines 15p
and 15r,8 via the intermediate diesters 160p and 160r

(Scheme 4). In contrast to compounds of structure 2, which
were alkylated in acetone in the presence of four equivalents
of K2CO3, the alkylation of 160p and 160r readily proceeded
with one equivalent of base in 2-butanone (MEK).

2.2. DAPA and DTB analogs

The synthesis of the neighboring diamino functionality
found in the DAPA skeleton was approached via oximation
of the a-amino-keto group of the KAPA analogs 4.6

Although the a-amino-oximes 18a and 18b were obtained
as mixtures of syn and anti-isomers, one isomer predomi-
nated. This encouraged us to believe that the chiral center at
C-8 could induce stereoselectivity upon oximation and
would do so in the subsequent reductive step leading to

Scheme 5. Synthesis of DTB and thio-DTB derivatives.

Figure 2. SAR of KAPA derivatives.
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desired cis-diamino analogs. Alas, the diamines 190a and
190b were obtained as equimolar mixtures of two dia-
stereomers. A similar loss of chiral discrimination was
described earlier.6 Based on biological data (see below),
derivatives 200a and 200b were cyclized to the respective
DTB analogs 210a and 210b (Scheme 5). Since S-containing
KAPA-analogs 50g–n were unsuitable to catalytic hydro-
genation due to catalyst poisoning, for these compounds an
alternative route to the DAPA structure was developed
involving reductive amination with NaBH3CN. This
procedure was also convenient for the threonine analog
4rI. Since standard N-Boc protection of amines involves
basic conditions, to avoid possible decomposition of free
amino ketones obtained upon acid neutralization of
derivatives 40, mild basic conditions coupled with sonnica-
tion were found to be satisfactory for the preparation of the
N-Boc derivatives 50aI and 50bI. These compounds were
amenable to subsequent NaBH3CN reduction in organic
media. The DAPA analogs 21a and 21b were found to be
racemic at the C-7 centers (Scheme 5).6

2.3. Vinyl derivatives

The natural vitamer, KAPA 4b, possesses a terminal R¼Me
group. In these studies, the first analog found to possess

Table 1. P and R substituent assignments

P N-Protective group Code

Boc I
CBZ II
MeOCO III
Ac IV
R-substituent Code
H- a
Me– b
Et– c
i-Pr– d
i-Bu– e
sec-Bu– f
MeSCH2CH2– g
MeS(O)CH2CH2– h
MeSCH2– i
HSCH2– j
Boc-SCH2– k
CBZ-SCH2– l
Bn-SCH2– m
Ac-SCH2– n
CH2vCH– o
HOCH2– p
THP-OCH2– q28

HOCH(Me)– R
THP-OCH(Me)– s28

Note: all Me esters are labeled as #0.

Scheme 6. DTB and thio-DTB analogs derived from methionine.
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inhibitory effects on plant growth was the analog 4a where
R¼H. However when an additional carbon was added, 4c
R¼Et, no inhibition was detected. Being that a vinyl group
is larger than a Me group, yet smaller than an Et group,
introduction of a vinyl substituent at position 8 was
expected to provide additional information on the steric
demands for molecular fit at this part of the molecule
(Fig. 2).

Given that L-alanine was the substrate for KAPA, and
glycine was used in the preparation of desmethyl-KAPA,9

L-vinylglycine,10 1o, was the preferred starting material for
the synthesis of the 9-vinyl derivative 4o. In addition to its
enzyme-inhibitory and antibiotic properties L-vinylglycine
has become an important chiral starting material for a
variety of other amino acid syntheses and optically active
products. Since the attempted direct formation of the b-keto
ester of vinylglycine, analog of compound 20o, failed,
apparently due to the acidity of the methine proton of
vinylglycine, the b-keto ester of methionine 20gI was
prepared from N-Boc-methionine 1gI by Mansour’s
method.11 By analogous methodology to that described in
Scheme 1, 20gI was further converted into KAPA, DAPA,
DTB and thio-DTB analogs 4g, 200g, 210g and 220g,
respectively (Scheme 6). The lack of herbicidal activity of
these derivatives may be attributed to the presence of the
MeSCH2-substituent on C-8, being probably too big to fit
into the enzymatic ‘cavity’ suitable for a Me group.

Periodate oxidation of 30gI to sulfoxide 30hI12 followed by
removal of the N-Boc protective group gave the KAPA
analog 50h. Because the attempted pyrolysis of 50h to the
corresponding vinylic KAPA derivative failed (Scheme 7),
an alternative approach to the vinylic derivative was
developed. Reaction of 40g with di-tert-butyl dicarbonate
or acetylimidazole yielded sulfides 50gI and 50gIV, that were
oxidized to sulfoxides 50hI and 50hIV, respectively.
Whereas pyrolysis of 50hI afforded a mixture of 50oI and
230I, the N-acetylated 50hIV due to the higher acidity of the
methine hydrogen a to the amido group, gave only the
corresponding 230IV (Scheme 8). Although in the former
case some of the desired 50oI was isolated, because of
concomitant loss of the Boc group under the pyrolysis
conditions, the overall yield of the mixture of olefins was
very low.

In an attempt to avoid the isomerization of the double bond
in 50oI leading to 230oI, attributed to the acidity of the
proton a to the carbonyl group, sulfoxide 210h, obtained by
periodate oxidation of 210g, was pyrolyzed, however the
reaction was unsuccessful (Scheme 9).

To stay away from ketonic groups having acidic a-protons,
DAPA derivatives protected with groups other than N-Boc,
were examined. Sulfoxide 200hII was obtained in excellent
yield when 200gII suspended in MeOH was dissolved in
CH2Cl2, and was oxidized with NaIO4 in a mixture of

Scheme 7. Attempted synthesis of vinyl-KAPA.

Scheme 8. Formation of isomeric vinylic derivatives of KAPA.

A. Nudelman et al. / Tetrahedron 60 (2004) 1731–17481736



MeOH and H2O. In the course of pyrolysis of 200hII partial
loss of the CBZ groups was observed, giving a mixture of
benzyl alcohol and imidazolones 210o and 240o. The N on to
which the CBZ was attached in 240o was not determined. In
both products only the desired terminal vinyl substituent
was found, without a trace of the undesired isomer (Scheme
10).

To avoid the cyclization observed in the course of the
pyrolysis, the amino groups where protected as methyl
carbamates. Although carbamates are usually prepared
using methyl chloroformate and NaOH,13 the bis-carbamate
derivative 200gIII was prepared in excellent yield using
dimethyl dicarbonate, by an analogous procedure to that
used with di-t-butyl dicarbonate. Oxidation of 200gIII gave
the sulfoxide 200hIII, which was pyrolyzed to give 200oIII
as a mixture of two diastereomers. Whereas acidic hydroly-
sis of 200oIII gave a mixture of vinylic isomers 20o and 25o
in a 9:1 ratio, basic hydrolysis led to the mono-carbamoyl-
ated cyclic urea isomers 21o and 26o where the location of
the N-carbamate was not established (Scheme 11).

2.4. Biological results

Enzyme assays on compounds described in this paper were

not conducted. Instead, herbicidal activity was measured at
difference concentrations of the compounds and the results
were recorded as GR50 values. The term of GR50 refers to
the concentration of the active compound that causes a 50%
growth inhibition. In our tests commercial herbicides gave
GR50 values of ,50 ppm, so compounds with activity in
this range were considered herbicidal. When compounds
described in this paper exhibited herbicidal activity, reversal
tests were carried out by treating the plants with biotin. If
the herbicidal activity of a compound was reversed by
biotin, it was deemed likely that the compound was active
because it disrupted biotin biosynthesis.

Initial herbicidal activity tests were carried out on
Arabidopsis. Compounds active against Arabidopsis where
tested further tested on Lemna, Back Mexican Sweet Corn
Cells (BMS), and Barnyard grass.

In conclusion, the growth inhibitory activities (GR50) of a
selected number of compounds are listed in Table 2. The
most active compound found was desmethyl-KAPA 4a.
Other KAPA analogs where the terminal Me group was
replaced by bulkier substituents such as Et, i-Pr and HOCH2

showed moderate activity, whereas the thio-derivatives
(HSCH2, MeSCH2 and Me2CH2CH2) as well as that derived

Scheme 9. Attempted pyrolysis of a DTB-sulfoxide derivative.

Scheme 10. Pyrolysis of a di-Cbz-DAPA sulfoxide derivative.
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from threonine (MeCHOH) were considerably weaker
inhibitors. DAPA and DTB analogs replacing the Me by
H or Et also showed moderate activity. When comparing
free acids to their respective more lipophilic Me esters, the
latter where found to be more active. Subsequent reports
will describe the inhibitory activity of isosters involving
additional structural modifications based on the natural
vitamers.

3. Experimental

3.1. Biology—methods and materials

3.1.1. Arabidopsis test. Arabidopsis thaliana was grown in
12-well titer plates under sterile conditions on 0.8% agar
medium containing nutrient solution as described by
Somerville and Ogren.14 Concentrated treatment solutions
were filter sterilized and were added to the agar solution
while it was still in a liquid state (45 8C). Three mL aliquots
of the agar solution were pipetted into the wells. Con-
centrated treatment solutions were filter sterilized and were
added to the agar solution while it was still in a liquid state
(45 8C). When the agar had solidified and cooled, seeds
were sown on the surface. The plates were placed in a 26 8C

incubator under continuous fluorescent lighting with an
intensity of 55 mE m22 s21. The plants were rated after
three weeks against the controls for growth inhibition due
to the inhibitor treatment. These ratings were used to
determine the GR50 value, which is the concentration that
resulted in a 50% growth reduction.

To obtain more tissue for biotin determinations, seven-day
old Arabidopsis seedlings grown on media without the
inhibitor were watered over the foliage with different
concentrations of the tested inhibitor in 8 mM phosphate
buffer, at a pH 6.5 value. Plants were harvested at 0, 7 and
14 days after treatment and were weighed and extracted for
total biotin determination.

3.2. Chemistry—general

1H NMR spectra 200 and 300-MHz were obtained on
Bruker AC-200 and AM-300 spectrometers, respectively.
Chemical shifts are expressed in ppm downfield from Me4Si
used as internal standard. When D2O was used as solvent, its
own peak was used as internal standard for 1H NMR, while
additional MeOH was used as an internal standard for 13C
NMR. The values are given in d scale. Mass spectra were
obtained on a Varian Mat 731 spectrometer (CI¼chemical

Scheme 11. Attempted formation of 9-vinyl-DTB.
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ionization). HRMS were obtained on a VG AutoSpec E
spectrometer. Progress of the reactions was monitored by
TLC on silica gel (Merck, Art. 5554) or alumina (Riedel-de
Haen, Art. 37349). Flash chromatography was carried out
on silica gel (Merck, Art. 9385). Commercially available
chemicals were used without further purification.

3.3. N-Boc protection of amino acids 1

Method A.15To a stirred solution of an amino acid
(0.03 mol) and NaOH (0.03 mol) in water (4 mL) and tert-
BuOH (6 mL) was added di-tert-butyl dicarbonate
(0.03 mol). The mixture was stirred overnight at room

Table 2. Growth inhibitory activity (GR50) of selected isosters of the biotin vitamers

Compounds Structure GR50 (ppm) Compounds Structure GR50 (ppm)

4a29 8 18b6 40

4c30 43 18c .780

4d 37 18d .780

4g .780 20a31 53

4i .780 200c 76

40i 250 200g .780

4j .780 21a26 35

40j 120 21c27 35

4p 100 21g .780

40p 53 21i 46

4r20 250 220g .780

40r20 100 220i 44

18a 53
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temperature, water (15 mL) was then added and the aqueous
phase was washed with hexane (3£50 mL). The aqueous
phase was acidified with KHSO4 (to pH¼2.5), extracted
with EtOAc (4£50 mL). The combined organic layers were
dried (MgSO4), filtered and evaporated to afford the desired
N-Boc protected amino acid.

Method B.16 A suspension of a KAPA.HCl methyl ester
derivative (1 mmol), NaHCO3 (3 mmol), and di-tert-butyl
dicarbonate (1 mmol) in dry MeOH (10 mL), was sonicated
at room temperature for 6 h. The resulting mixture was
filtered and evaporated to dryness. The residue was
dissolved in ether (20 mL) and 1 N HCl (20 mL). The
aqueous layer was washed with ether (3£15 mL). The
combined organic layer was washed with 5% NaHCO3

(2£20 mL), and brine (2£20 mL). The organic phase was
dried (MgSO4), filtered and evaporated to give the desired
N-Boc product.

Method C.17 To a solution of L-cystine (4 mmol), NaOH
(8 mmol) in 15 mL water at 0 8C, was slowly added DMF
(15 mL). The mixture was brought to room temperature
and di-tert-butyl dicarbonate (8 mmol) was added in one
portion. The pH was maintained at ,9 by adding NaOH for
3 h and stirring at room temperature was continued over-
night. To the cloudy mixture, water (50 mL) was added and
was washed with EtOAc (2£50 mL). To the aqueous
solution obtained, EtOAc was added (50 mL). The mixture
was cooled to 0 8C and HCl 1 N was added until pH 3 was
obtained. The organic phase was separated and washed with
water (6£20 mL). The organic phase was dried (MgSO4),
filtered and evaporated to give the desired product.

Method D. A mixture of the amino acid ester derivative
(1 mmol) and Et3N (1 mmol) in dry CH2Cl2 (10 mL) was
stirred at room temperature for 10 min. Di-tert-butyl
dicarbonate (1 mmol) was added and the reaction mixture
was stirred at room temperature for 18 h. The resulting
mixture was washed with water (3£25 mL). The organic
layer was dried (MgSO4), filtered and evaporated to dryness,
to afford the desired product.

3.4. 2-(3-Formyl-2,2-dimethyl-thiazolidine-4-carbonyl)-
heptanedioic acid 7-ethyl ester 1-methyl ester (90)

C-Alkylation of 80 with ethyl 5-iodovalerate (53% yield).
Note: due to large amounts of O-alkylation products, only
one equivalent of K2CO3 in 2-butanone (bp 73 8C) was
used. 1H NMR (CDCl3) d 1.23 (t, J¼7 Hz, 3H, CH2Me),
1.38 (m, 2H, CH2CH2CH2CO2), 1.63 (superimposed, 5H,
MeC and CH2(CH2)3CO2), 1.81 (superimposed, 5H, MeC
and CH2CH2CO2), 2.30 (t, J¼7.5 Hz, 2H, CH2CO2), 3.23
(ABq of d, JAB¼13.8 Hz, JAX¼5 Hz, JBX¼4.8 Hz, 2H,
SCH2), 3.74 and 3.75 (two s, 3H, OMe), 3.75 and 3.93 (two
t, J¼7 Hz, 1H, COCHCO2), 4.12 (q, J¼7 Hz, 2H, CH2Me),
4.92 (td, J¼7, 1 Hz, 1H, CHNH), 8.20 (d, J¼1 Hz, 1H,
COH).

3.5. General procedure for the preparation of methyl
esters, using a diazomethane derivative, trimethylsilyl
diazomethane18

A 2 M solution of TMS-diazomethane in hexane (0.65 mL,

1.3 mmol) was added dropwise to a solution of an N-pro-
tected amino acid (1 mmol) in hexane (5 mL) and
anhydrous MeOH (2 mL). The mixture was stirred at
room temperature overnight, and became cloudy. The
solvent was evaporated and the residue was dissolved in
CHCl3 and was washed with 5% NaHCO3. The aqueous
layer was extracted with CHCl3 (2£) and the combined
organic layers were dried (MgSO4), filtered and evaporated,
to give the esters. Although it was not required to wash the
product with 5% NaHCO3, this was found convenient to
obtain the product without a trace of the starting acid.

3.6. Conversion of N-protected amino acid derivatives to
the corresponding b-keto esters

To a solution of an N-protected amino acid (1 mmol) in dry
THF (10 mL) under N2, CDI (1.2 mmol) was added portion
wise. The mixture was stirred at room temperature for 1 h,
then MgCl2 (1 mmol) and monomethyl malonate K salt
(1 mmol) were added at once. The mixture was stirred at
35 8C overnight. The resulting slurry was filtered and the
filtrate was evaporated. The residue was dissolved in EtOAc
(20 mL) and 1 N HCl (20 mL). The aqueous phase was
extracted with EtOAc (3£20 mL). The organic layers were
washed with 5% NaHCO3 (2£20 mL), brine (20 mL). The
organic layer was dried (MgSO4) and evaporated to give the
desired product.

3.6.1. 4-tert-Butoxycarbonylamino-3-oxo-hexanoic acid
methyl ester (20cI). From N-Boc-dl-2-aminobutyric acid,
10cI (60% yield). 1H NMR (CDCl3) d 0.93 (d, J¼7.5 Hz,
3H, CH2Me), 1.45 (s, 9H, Me3C), 1.61 (m, 1H, CH2Me),
1.95 (m, 1H, CH2Me), 3.57 (ABq, J¼15 Hz, 2H, CH2CO),
3.75 (s, 3H, OMe), 4.32 (m, 1H, CHNH), 5.16 (m, 1H, NH);
13C NMR (CDCl3) d 9.5 (CH2Me), 24.1 (CH2Me), 28.3
(Me3C), 46.1 (CH2CO), 52.4 (OMe), 60.8 (CHNH), 80.1
(C), 155.4 (HNCO2), 167.2 (CO2Me), 201.9 (CO); MS (EI)
m/e 260 (MHþ, 34), 204 (MHþ2C4H8, 100), 186 (MHþ2
t-BuOH, 17), 160 (MHþ2Boc, 68); HRMS (DCI, CH4)
calcd for C12H22NO5 (MHþ) 260.1497 found 260.1420.

3.6.2. 3-(3-Formyl-2,2-dimethyl-thiazolidin-4-yl)-3-oxo-
propionic acid methyl ester (80). From 2,2-dimethyl-
thiazolidine-4-carboxylic acid hydrochloride, 7 (76%
yield). Note: dry DMF (ca. 0.5 mL) was added to the
mixture, to allow better solubility of the starting acid. The
product was obtained as a single isomer, derived from
the major rotamer of the starting material. 1H NMR (CDCl3)
d 1.84 (s, 6H, Me2C), 3.30 (ABq of d, JAB¼12.2 Hz, JAX¼
7 Hz, JBX¼6 Hz, 2H, CH2S), 3.70 (ABq, JAB¼16.1 Hz, 2H,
CH2CO), 3.75 (s, 3H, OMe), 5.04 (ddd, J¼7, 6, 1 Hz, 1H,
CH2CH), 8.29 (d, J¼1 Hz, 1H, CHO). 13C NMR (CDCl3) d
30.1 (CH2S), 30.9 (MeC), 31.5 (MeC), 46.9 (CH2CO), 52.3
(OMe), 68.1 (CHCH2), 70.3 (Me2C), 158.90 (CON), 167.3
(CO2), 198.6 (COCH). MS (CI/NH3) m/e 263 (MNH4

þ, 100),
246 (MHþ, 37).

3.7. C-Alkylation of b-keto esters using K2CO3
6

To a solution of a b-keto ester derivative (1 mmol) in dry
acetone (20 mL) and anhydrous K2CO3 (4 mmol) or dry
2-butanone (MEK) (20 mL) and K2CO3 (1 mmol), was
added an alkyl iodide (1 mmol). The resulting suspension
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was refluxed under nitrogen for 6–18 h, cooled and filtered.
The salts were washed with acetone. The filtrate was
evaporated and the residue was flash chromatographed on
a silica gel column (hexane/EtOAc 2:1 or 3:1), to give
the desired C-alkylated product, containing mixtures of
diastereomers.

3.7.1. 2-tert-Butoxycarbonylaminoacetyl-heptanedioic
acid 7-ethyl ester 1-methyl ester (30aI). From 20aI (55%
yield). 1H NMR (CDCl3) d 1.25 (t, J¼7 Hz, 3H, OCH2Me),
1.45 (s, 9H, Me3C), 1.50–1.78 (m, 4H, CHCH2CH2CH2),
1.90 (m, 2H, CHCH2CH2CH2), 2.30 (t, J¼7 Hz, 2H,
CH2CO2Et), 3.50 (t, J¼7 Hz, 1H, CHCO2Me), 3.73 (s,
3H, OMe), 4.15 (m, superimposed, 4H, CH2NH, OCH2Me),
5.20 (m, 1H, NH); 13C NMR (CDCl3) d 14.2 (OCH2Me),
24.4 (CH2CH2CO2), 25.1 (CHCH2), 26.8 (CHCH2CH2),
28.3 (Me3C), 33.9 (CH2CO2), 50.1 (CH2NH), 52.6 (OMe),
55.9 (CHCO2Me), 60.3 (OCH2Me), 80.0 (C), 155.5
(HNCO2), 169.4 (CO2Me), 173.2 (CO2Et), 200.9 (CO);
MS (CI, i-Bu) m/e 360 (MHþ, 1), 304 (MHþ2C4H8, 13),
256 (MHþ2Boc, 100); HRMS (DCI, CH4) calcd for
C17H30NO7 (MHþ) 360.2022 found 360.1995.

3.8. Preparation of KAPA·HCl derivatives (hydrolysis
and decarboxylation of compounds 3)6

A suspension of a C-alkylated ester 3 (1 mmol) in 4 N HCl
(2 mL) was refluxed for 2 h. Gas evolution was observed.
The resulting dark yellow solution was evaporated under
high vacuum. If the color of the resulting product darkened,
the residue was dissolved in distilled water (minimum
amount) and was treated with charcoal, filtered and the
filtrate was evaporated under high vacuum to give a solid
residue. Recrystallization was carried out from EtOH–
ether, or ether–HCl, to give the desired HCl salt.

3.8.1. 8-Amino-7-oxo-octanoic acid hydrochloride (4a).19

Hydrolysis and decarboxylation of 30aI, isolated as a
white solid mp 129–131 8C (84% yield). 1H NMR (D2O)
d 1.40 (m, 2H, CH2CH2CH2CO2), 1.70 (m, 4H, CH2CH2-
CH2CH2CO2), 2.40 (t, J¼7 Hz, 2H, CH2CO2), 2.70
(t, J¼7 Hz, 2H, CH2CO), 4.18 (s, 2H, CH2N); 13C NMR
(D2O) d 22.9 (CH2CH2CO2), 24.6 (CH2CH2COCH), 28.2
(CH2CH2CH2CO), 34.4 (CH2CO2), 39.9 (CH2COCH), 47.7
(CH2N), 180.0 (CO2), 206.9 (CO); MS (CI, NH3) m/e 174
(MHþ, 100); HRMS (DCI, CH4) calcd for C8H16NO3

(MHþ) 174.1130 found 174.1140.

3.8.2. 8-Amino-9-methyl-7-oxo-decanoic acid hydro-
chloride (4d). From 30dI (95% yield). 1H NMR (D2O) d
0.86 (d, J¼7 Hz, 3H, Me), 1.11 (d, J¼7 Hz, 3H, Me), 1.33
(m, 2H, CH2(CH2)2CO2), 1.60 (m, 4H, CH2CH2CH2CH2-
CO2), 2.37 (t, J¼7.5 Hz, 2H, CH2CO2), 2.55 (m, 2H,
CHMe2), 2.68 (m, 2H, superimposed, CH2CO), 4.24 (d,
J¼3.5 Hz, 1H, CHN); 13C NMR (D2O) d 15.8 (Me), 19.0
(Me), 22.8 (CH2(CH2)3CO2), 24.6 (CH2CH2CO2), 28.6
(CHMe2), 34.4 (CH2CO2), 39.7 (CH2CO), 64.7 (CHCO),
177.7 (CO2), 209.6 (CO); MS (DCI, NH3) m/e 216 (MHþ,
100); HRMS (DCI, CH4) calcd for C13H26NO3 (MHþ)
244.1912 found 244.1918.

3.8.3. 8-Amino-9-hydroxy-7-oxo-decanoic acid hydro-
chloride (4r). Hydrolysis and decarboxylation of 170b (96%

yield). 1H NMR (D2O) d 1.32 (m and d, superimposed,
J¼6.6 Hz, 5H, Me, CH2CH2CH2CO2), 1.49–1.66 (m, 4H,
CH2CH2CH2CH2CO2), 2.34 (t, J¼7.3 Hz, 2H, CH2CO2),
2.70 (dt, J¼2.5, 7.2 Hz, 2H, CH2CO), 4.22 (d, J¼2.5 Hz,
1H, CHN), 4.60 (dq, J¼2.5, 6.6 Hz, 1H, CHMe); 13C NMR
(D2O) d 19.68 (Me), 22.79 (CH2CH2CO2), 24.43 (CH2-
CH2CO), 28.06 (CH2(CH2)2CO2), 34.06 (CH2CO2), 39.33
(CH2CO), 64.44 (CHMe), 64.89 (CHN), 179.18 (CO2),
207.53 (CO); MS (CI, NH3) m/e 218 (MHþ, 18), 200
(MHþ2H2O, 12), 174 (MHþ2CO2, 15); HRMS (DCI, CH4)
calcd for C10H20NO4 (MHþ) 218.1392 found 218.1390.

3.8.4. 8-Amino-9-hydroxy-7-oxo-nonanenitrile hydro-
chloride (14p). From 130qI. The reaction mixture was
washed with EtOAc (2£10 mL) and then the aqueous
solution was evaporated to afford the product (60% yield).
1H NMR (D2O) d 1.40 (m, 2H, CH2(CH2)2CN), 1.61 (m,
4H, CH2CH2CH2CH2CN), 2.44 (t, J¼7 Hz, 2H, CH2CN),
2.70 (t, J¼7 Hz, 2H, CH2CO), 4.05 (dd, J¼3.4, 12.8 Hz, 1H,
CH2OH), 4.17 (dd, J¼4, 12.8 Hz, 1H, CH2OH), 4.35 (t,
J¼3.7 Hz, 1H, CHCH2); 13C NMR (D2O) d 16.8 (CH2CN),
22.3 (CH2CH2CN), 24.7 (CH2CH2CO), 27.8 (CH2(CH2)2-

CN), 38.9 (CH2CO), 59.4 (CH2OH), 61.3 (CHN), 122.7
(CN), 207.1 (CO).

3.9. Formation of methyl esters of amino acids 4

Method A. Concentrated HCl (1.12 mL) was added to a
solution of a KAPA derivative (1 mmol) in 2,2-dimethoxy-
propane (15 mL). The mixture was stirred at room
temperature overnight. The solvent was evaporated and
the residue was dissolved in a small amount of MeOH.
Addition of dry ether resulted in crystallization. The crystals
were filtered and washed with ether to give hydrochloride
salt.

Method B. A solution of a KAPA·HCl derivative (1 mmol)
in MeOH·HCl (8 mL) was stirred at room temperature
overnight. Evaporation under vacuum gave the hydro-
chloride salt.

Method C. To a solution of a KAPA derivative (1 mmol) in
dry MeOH (10 mL) at 0 8C was dropwise added AcCl
(3 mL).20 The resulting mixture was stirred at room
temperature overnight. Evaporation yielded the hydro-
chloride salt.

3.9.1. 8-Amino-7-oxo-octanoic acid methyl ester hydro-
chloride (50a). Esterification of DMK·HCl 4a (quantitative
yield). 1H NMR (D2O) d 1.30 (m, 2H, CH2CH2CH2CO2),
1.60 (m, 4H, CH2CH2CH2CH2CO2), 2.40 (t, J¼7.3 Hz, 2H,
CH2CO2), 2.60 (t, J¼7.4 Hz, 2H, CH2CO), 3.70 (s, 3H,
OMe), 4.05 (s, 2H, CH2N); 13C NMR (D2O) d 22.8
(CH2CH2CO2), 24.5 (CH2CH2CO), 28.2 (CH2CH2CH2-
CO2), 34.0 (CH2CO2), 39.9 (CH2CO), 52.7 (OMe), 58.1
(CH2N), 178.0 (CO2Me), 209.8 (CO); MS (CI, i-Bu) m/e
187 (MHþ2HCl); HRMS (DCI, CH4) calcd for C9H18NO3

(MHþ) 188.1286 found 188.1260.

3.9.2. 8-Acetylamino-10-methylsulfanyl-7-oxo-decanoic
acid methyl ester (50gIV). N-Acetylation of 40g—CDI
(0.22 g, 1.3 mmol) was added to a solution of AcOH
(0.08 g, 1.3 mmol) in dry THF (10 mL) under N2. The
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mixture was stirred at room temperature for 1 h and was
transferred via a cannula to a flask containing 40g (0.35 g,
1.16 mmol). The mixture was stirred at room temperature
under N2 overnight and was evaporated. The residue was
partitioned between 1 N HCl and EtOAc and the aqueous
layer was extracted with EtOAc (4£). The combined
organic layers were washed with 5% NaHCO3 (2£), brine,
dried (MgSO4), filtered and evaporated to give 50gIV as an
oil, 57% yield). 1H NMR (CDCl3) d1.34 (m, 2H,
CH2(CH2)2CO2), 1.64 (m, 4H, CH2(CH2)3CO2), 2.04 (s,
3H, MeCO), 2.10 (s, 3H, SMe), 2.27 (m, 2H, SCH2CH2),
2.32 (t, J¼7.4 Hz, 2H, CH2CO2), 2.50 (superimposed, m,
4H, CH2S and CHCOCH2), 3.67 (s, 3H, OMe), 4.74 (td,
J¼7.5, 4.5 Hz, 1H, CH), 6.30 (brd, J¼6.2 Hz, 1H, NH). MS
(CI/i-Bu) m/e 304 (MHþ, 100), 272 (MHþ2MeOH, 51),
229 (MHþ2MeSCH2CH2, 71), 146 (91), 104 (67); HRMS
(CI/CH4) calcd for C14H26NO4S (MHþ), 304.06436 found
304.04163.

3.9.3. 2-(4-Cyanobutyl)-malonic acid dimethyl ester
(11).21 Dimethyl malonate (0.02 mol, 2.64 g) in MeOH
(5 mL) was added to an ice-cold solution obtained by
addition of NaH (60% in oil, 0.02 mol, 0.98 g) to dry MeOH
(20 mL). The mixture was stirred for a few minuets at room
temperature and then 5-bromovaleronitrile (0.02 mol,
3.25 g) dissolved in MeOH (5 mL) was added followed by
addition of a catalytic amount of KI. The mixture was
refluxed for 48 h, filtered and evaporated. The inorganic
salts were dissolved in water (20 mL) and were washed with
EtOAc (3£20 mL). The organic phase was dried (MgSO4),
filtered and evaporated and the residue was flash chromato-
graphed (hexane/EtOAc 2:1), to give the C-alkylated
product 30% yield. 1H NMR (CDCl3) d 1.47 (quintet,
J¼7 Hz, 2H, CH2(CH2)3CN), 1.70 (quintet, J¼7 Hz, 2H,
CH2(CH2)2CN), 1.93 (q, J¼7.5 Hz, 2H, CH2CH2CN), 2.37
(t, J¼7 Hz, 2H, CH2CN), 3.37 (t, J¼7.4 Hz, 1H, CH), 3.74
(s, 6H, OMe); 13C NMR (CDCl3) d16.7 (CH2CN), 24.8
(CH2CH2CN), 26.1 (CHCH2), 51.1 (OMe), 52.3 (CH),
119.1 (CN), 169.3 (CO2Me); MS (CI, NH3) m/e 231
(MNH4

þ, 100), 214 (MHþ, 6); HRMS (DCI, CH4) calcd for
C10H16NO4 (MHþ) 214.1079 found 214.1074.

3.9.4. 2-(4-Cyanobutyl)-malonic acid monomethyl ester
potassium salt (12). KOH (1 mmol) in MeOH (5 mL) was
added to a stirred solution of 11 (1 mmol) in MeOH (2 mL).
The mixture was stirred overnight, and was then evaporated
to dryness to give the product in quantitative yield. 1H NMR
(CDCl3) d 1.45 (m, 2H, CH2(CH2)2CN), 1.63 (m, 2H,
CH2(CH2)3CN), 1.88 (m, 2H, CH2CH2CN), 2.41 (t, J¼
6.7 Hz, 2H, CH2CN), 3.18 (t, J¼6.2 Hz, 1H, CH), 3.71
(s, 3H, OMe); 13C NMR (CDCl3) d16.9 (CH2CN), 25.0
(CH2CH2CN), 27.0 (CHCH2CH2), 29.1 (CHCH2), 52.0
(OMe), 55.5 (CH), 120.6 (CN), 174.2 (CO2

2), 174.7
(CO2Me); MS (CI, NH3) m/e 173 (MNH4

þ2CO2K, 100),
214 (MHþ, 6).

3.10. Acylation of N-Boc-amino acids with 12

To a solution of an N-Boc-amino acid (0.84 mmol) in dry
THF (5 mL), CDI (1 mmol) was added portion wise and the
obtained mixture was stirred at room temperature for 1 h.
MgCl2 (0.84 mmol) and 12 (0.84 mmol) were then added
and the resulting mixture was stirred under reflux overnight.

The obtained suspension was filtered, evaporated, and the
crude residue was purified by flash chromatography
(hexane/EtOAc usually 2:1).

3.10.1. 2-(2-tert-Butoxycarbonylamino-propionyl)-6-
cyano-hexanoic acid methyl ester (130b). From 1bI and
12 The product was obtained as a mixture of two
diastereomers, 23% yield). 1H NMR (CDCl3) d 1.34 (two
d, J¼7.2 Hz, 3H, Me), 1.44–1.45 (two s, 9H, t-Bu), 1.44 (m,
2H, CH2(CH2)2CN), 1.67 (quintet, J¼7.4 Hz, 2H, CH2CH),
1.89 (quintet, J¼7.4 Hz, 2H, CH2CH2CN), 2.36 (t, J¼7 Hz,
2H, CH2CN), 3.73 (s and m, superimposed, 4H, OMe,
CHCO2), 4.39 (m, 1H, CHMe), 5.11 (bt, J¼7.6 Hz, 1H,
NH); 13C NMR (CDCl3) d16.7 and 16.8 (CHMe), 17.4
(CH2CN), 25.0 and 25.1(CH2CH2CN), 26.3 and 26.4
(CHCH2CH2), 28.2 (Me3C), 27.6 and 27.9 (CHCH2), 52.4
(CHCO2), 52.46 and 52.52 (OMe), 54.9 (CHMe), 80.01 (C),
119.2 (CN), 155.0 (CO2NH), 169.4 (CO2Me), 204.4 (CO);
MS (CI, NH3) m/e 344 (MNH4

þ, 100), 327 (MHþ, 10.9),
288 (MNH4

þ2C4H8, 74), 271 (MHþ2C4H8, 7), 227
(MHþ2Boc, 11); HRMS (DCI, CH4) calcd for
C16H27N2O5 (MHþ) 327.1920 found 327.1840.

3.10.2. 2-[2-tert-Butoxycarbonylamino-3-(tetrahydro-
pyran-2-yloxy)-propyl]-6-cyano-hexanoic acid methyl
ester (130qI). From 1q and 12. The product was obtained
as a mixture of two diastereomers, 18% yield). 1H NMR
(CDCl3) d 1.46 (s, 9H, Me3C), 1.46–1.94 (m, 12H, (CH2)

3CH and (CH2)3CH2CN), 2.35 (t J¼7 Hz, 2H, CH2CN),
3.60 (m, 2H, CH2CHN), 3.70 and 3.71 and 3.73 and 3.74
(four s, 3H, OMe), 3.85 (m, 3H, CH2OCH and CHCOO),
4.59 (m, 2H, CHNH and OCHO), 5.63–5.38 (m, 1H, NH);
13C NMR (CDCl3) d 16.9 (CH2CN), 19.3 and 19.6 and 19.7
(CH2CH2CH), 25.2 (CH2CH2CN), 26.4 and 26.5 and 26.8
and 26.9 (CH2CH2O and CH2(CH2)2CN), 27.2 and 27.5
(CH2(CH2)3CN), 28.3 (Me3C), 30.3 and 30.4 and 30.5
(CH2CHO), 52.4 and 52.6 (OMe), 54.8 and 55.0 and 55.2
and 55.4 (CHCO2), 59.0 and 59.4 and 59.7 and 60.4
(CHNH), 62.3 and 62.8 and 63.0 (CH2OCH), 67.1 and 67.7
and 68.9 (CH2O), 80.1 and 80.3 (C), 99.2 and 99.5 and 99.9
(OCHO), 119.3 (CN), 155.4 (NHCO2), 169.2 and 169.3
(CO2OMe), 202.2 and 203.5 (CO); MS (CI, NH3) m/e 444
(MNH4

þ, 100), 427 (MHþ, 6), 388 (MNH4
þ2C4H8, 21),

360 (MNH4
þ2C5H8O, 85), 343 (MNH4

þ2HBoc, 32).

3.10.3. 2-(2-tert-Butoxycarbonylamino-3-hydroxy-
butyryl)-6-cyano-hexanoic acid methyl ester (130r). In
the course of the workup of the previous reaction, the THP
protective group was removed. The product was obtained as
a mixture of two diastereomers, 12% yield. 1H NMR
(CDCl3) d 1.25 (d, J¼6.3 Hz, 3H, CHMe), 1.47 (s, 9H,
Me3C), 1.70 (m, 4H, (CH2)2(CH2)2CN), 1.92 (m, 2H,
CH2CH2CN), 2.36 (t J¼7 Hz, 2H, CH2CN), 3.37 (t, J¼
7.4 Hz, 1H, CHMe), 3.73 (m, 1H CHCO2), 3.75 (s, 3H,
OMe), 4.31 (m, 1H, CHNH), 5.33 (m, 1H, NH); 13C NMR
(CDCl3) d 16.9 (CH2CN), 19.9 (CHMe), 25.1 (CH2(CH2)3-
CN), 26.4 (CH2(CH2)2CN), 28.0 (CH2CH2CN), 28.3 (Me3C),
51.3 (CHCO2), 52.6 (OMe), 68.2 (CHMe), 80.2 (C), 119.3
(CN), 169.5 (NHCO2), 171.9 (CO2OMe), 205.0 (CO).

3.11. Oximation of KAPA·HCl analogs22

To a solution of NH2OH·HCl (1.5 mmol) in dry pyridine
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(0.75 mL) was added to an ice-cold solution of a KAPA·HCl
derivative (1 mmol) in dry pyridine (0.75 mL). The mixture
was stirred at room temperature for 24 h and was then
evaporated to dryness. The residue was dissolved in distilled
water (3 mL) and was basified with 0.5 N NaOH to pH¼8.
This solution was extracted with CH2Cl2 (6£5 mL). The
aqueous phase was evaporated yielding the desired product.

3.11.1. 8-Amino-7-hydroxyimino-octanoic acid hydro-
chloride (18a). Oximation of 4a (98% yield). 1H NMR
(D2O) d 1.32–1.36 (m, 2H, CH2CH2CH2CO2), 1.55 (m, 4H,
CH2CH2CH2CH2CO2), 2.20 (t, J¼7.3 Hz, 2H, CH2CO2),
2.41 (t, J¼7.5 Hz, 2H, CH2CNOH), 3.80 (s, 2H, CH2N); 13C
NMR (D2O) d 24.8 (CH2CH2CO2), 25.8 (CH2CH2CNOH),
26.2 (CH2CNOH), 29.0 (CH2CH2CH2CO2), 37.4 (CH2CO2),
41.2 (CH2N), 158.0 (CNOH), 183.6 (CO2); MS (CI, NH3)
m/e 206 (MNH4

þ, 2), 189 (MHþ, 48).

3.11.2. 8-Amino-7-hydroxyimino-10-methyl-undecanoic
acid hydrochloride (18e). Hydrolysis and decarboxylation
of 3e followed by in situ oximation (34% yield). 1H NMR
(D2O) d 0.98 (m, 7H, CHMe2), 1.40 (m, 2H, CH2CHMe2),
1.72 (m, 8H, (CH2)4CO2), 2.22 (t, J¼7.3 Hz, 2H, CH2CO2),
4.05 (m, 1H, CHNH3

þ); MS (CI, NH3) m/e 245 (MHþ, 67),
159 (MHþ2C5H11N, 100).

3.12. Preparation of DAPA derivatives 20 via catalytic
reduction of KAPA oximes analogs 186

A solution of the oxime analog (1 mmol) and 4 N HCl
(2 mL) in absolute MeOH (10 mL) was hydrogenated in a
Parr apparatus at 65 psi/40 8C/48 h over 10% PtO2 (30 mg).
The mixture was filtered through celite and washed with
MeOH. The solvent was evaporated yielding the diamine
product.

3.12.1. 7,8-Diamino-octanoic acid methyl ester dihydro-
chloride (200a). Catalytic reduction of 180a (87% yield). 1H
NMR (D2O) d 1.43 (m, 4H, CH2CH2CH2CH2CO2), 1.62
(m, 2H, CH2CH2CH), 1.75 (m, 2H, CH2CH2CO2), 2.41 (t,
J¼7.3 Hz, 2H, CH2CO2), 3.33 (d, J¼6.2 Hz, 2H, CH2N),
3.63 (m, 1H, CH2N), 3.68 (s, 3H, OMe); 13C NMR (D2O) d
24.3 and 24.4 (CH2CH2CH2CH2CO2), 28.3 (CH2CH2CH2-
CO2), 30.4 (CH2CH), 34.3 (CH2CO2), 41.3 (CH2N), 50.0
(CHN), 52.7 (OMe), 178.1 (CO2Me); MS (DCI, NH3) m/e
189 (MHþ, 100).

3.12.2. 7,8-Diamino-decanoic acid methyl ester dihydro-
chloride (200c). Catalytic reduction of 180c (90% yield). 1H
NMR (D2O) d 1.08 (t, J¼7.5 Hz, 3H, Me), 1.42 (m, 4H,
(CH2)(CH2)2CO2), 1.77 (m, 6H, CH2Me, CH2(CH2)2CH2-
CH2CO2), 2.42 (t, J¼7.3 Hz, 2H, CH2CO2), 3.70 (m and s,
superimposed, 5H, two CHN and OMe); 13C NMR (D2O)
d 9.7 (Me), 20.6 (CH2Me), 24.3 (CH2CH2CO2), 24.8
(NCHCH2CH2), 28.5 (CH2(CH2)3CO2), 34.1 (CH2CO2),
52.9 (NHCH(CH2)2), 179.2 (CO2Me); MS (DCI, NH3) m/e
217 (MHþ, 100), 203 (MHþ, 87); HRMS (DCI, CH4) calcd
for C11H25N2O2 (MHþ) 217.1916 found 217.1910.

3.12.3. 7,8-Diamino-9-methyl-octanoic acid methyl ester
dihydrochloride (200d). Catalytic reduction of 180d (92%
yield). 1H NMR (D2O) d 1.10 (m, 3H, CHMe2), 1.46 (m, 4H,
CH2(CH2)2CH2CH2CO2), 2.17 (m, 1H, CHMe2), 2.43 (t,

J¼7 Hz, 2H, CH2CO2), 3.42 (m, 1H, CHCHMe2), 3.70 (s,
3H, OMe), 3.82 (m, 1H, CHN); 13C NMR (D2O) d 17.0
(Me), 17.5 (Me), 19.6 (CH2Me2), 24.4 (CH2(CH2)3CO2),
24.6 (CH2CH2CO2), 27.8 (CH2(CH2)2CO2), 28.2 (CH2-
(CH2)4CO2Me), 34.1 (CH2CO2), 51.6 (CH(CH2)5), 52.3
(CHCHMe2), 58.9 (OMe), 179.2 (CO2Me); MS (DCI, NH3)
m/e 231 (MHþ, 100); HRMS (DCI, CH4) calcd for
C12H27N2O2 (MHþ) 231.2072 found 231.2110.

3.13. Preparation of DAPA derivatives 20 via sodium
cyanoborohydride reductive amination of ketones 523

To a solution of an N-Boc-KAPA derivative methyl ester
(1 mmol) in dry MeOH (10 mL), NH4OAc (10 mmol) was
added. The solution obtained was stirred at room tempera-
ture for 10 min, then NaBH3CN (3.7 mmol) was added in
one portion and the resulting mixture was stirred at room
temperature for 48 h. The reaction was quenched with 1 N
HCl (20 mL). The solvent was evaporated and the crude
residue was dissolved in water. KOH was added till a basic
solution was obtained. The aqueous phase was extracted
with CH2Cl2 (3£20 mL). The combined organic layer was
washed with brine (2£10 mL), dried (MgSO4), filtered and
evaporated to give the compound.

3.13.1. 7-Amino-8-tert-butoxycarbonylamino-octanoic
acid methyl ester (190aI). Reductive amination of 50aI
(74% yield). 1H NMR (CDCl3) d 1.33 (m, 4H, (CH2)2-
(CH2)2CO2), 1.44 (s, 9H, Me3C), 1.62 (m, 4H, CH2(CH2)2-
CH2CH2CO), 1.78 (m, 2H, NH2), 2.31 (t, J¼7.5 Hz, 2H,
CH2CO2), 2.86 (m, 2H, CH2NH), 3.26 (m, 1H, CH), 3.67 (s,
3H, OMe), 4.98 (m, 1H, NH); 13C NMR (CDCl3) d 24.8
(CH2(CH2)3CO2), 25.7 (CH2CH2CO2), 28.4 (Me3C), 29.2
(CH2(CH2)2CO2), 34.0 (CH2CO2), 35.5 (CHCH2CH2),
47.0 (CH2NH), 51.3 (OMe), 51.5 (CH), 79.3 (C), 156.3
(CO2NH), 174.2 (CO2Me); MS (CI, NH3) m/e 289 (MHþ,
100), 233 (MHþ2C4H8, 18), 189 (MHþ2Boc, 4); HRMS
(DCI, CH4) calcd for C14H29N2O4 (MHþ) 289.2127 found
289.2140.

3.14. Acid cleavage the N-Boc protecting group

To a suspension of an N-Boc-amino compound (1 mmol) in
ether (5 mL), a solution of 1 N HCl–ether (3 mL) was
added. The mixture was stirred at room temperature
overnight. The solvent was evaporated to give the diamine
dihydrochloride product. In some cases, a solution of HCl in
EtOAc (prepared from a mixture of EtOAc, EtOH and AcCl
was used.16

3.14.1. 7,8-Diamino-9-methylsulfanyl-nonanoic acid
methyl ester dihydrochloride (200i). From 50iI by
reductive amination and hydrolysis (50% yield). 1H NMR
(D2O) d 1.40 (m, 4H, (CH2)2(CH2)2CO2), 1.60 (m, 4H,
CH2(CH2)4CO2), 2.23 (s, 3H, SMe), 2.42 (t, J¼7.4 Hz, 2H,
CH2CO2), 2.93 (ABq of d, JAB¼16 Hz, JAX¼9.5 Hz,
JBX¼5.5 Hz, 2H, CH2S), 3.70 (s, 3H, OMe), 3.80 (m, 2H,
two CH’s). 13C NMR (D2O) d 15.4 (SMe), 24.4 (CH2CH2-
CO2), 24.8 and 24.9 (two CH2CH2CHN), 27.4 (CH2(CH2)2-
CO2), 28.3 and 28.5 (two CH2CHN), 31.6 and 32.7 (two
CH2S), 34.0 (CH2CO2), 51.4 (OMe), 51.9 and 52.6 (two
CHCH2S), 52.7 and 52.8 (two CHCHCH2S), 175.0 (CO2).
MS (CI/NH3) m/e 249 (MHþ22HCl, 100).
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3.15. DTB and derivatives—imidazolone formation

Method A.24 A mixture of a DAPA·2HCl Me ester derivative
(1 mmol) and Et3N (0.2 g, 2 mmol) in dry CH2Cl2 (10 mL)
was stirred in an ice bath for 30 min. A solution of CDI
(0.2 g, 1.2 mmol) in dry CH2Cl2 (5 mL) was added and the
mixture was stirred at room temperature overnight. The
mixture was evaporated and the residue was partitioned
between 1 N HCl and EtOAc. The aqueous layer was
extracted with EtOAc (4£) and the combined organic layers
were washed with 5% NaHCO3 (2£), brine, dried (MgSO4),
filtered and evaporated to give the product, in the form of
two diastereomers.

Method B.25 An aqueous solution (10 mL) of NaOH (0.4 g,
10 mmol) and a DAPA·2HCl derivative (1 mmol) was
stirred at room temperature for 10 min. A solution of
triphosgene (0.3 g, 1 mmol) in dioxane (10 mL) was added.
The mixture became hot and the pH dropped from ,10 to
,8. The resulting mixture was stirred at room temperature
for 2 days and was then evaporated. Trituration of the
residue with MeOH, filtration and evaporation afforded the
product. Note: both the free acid and the ester could be used
as substrates. The product was either the pure acid or a
mixture of acid and ester. In the case of a mixture, the
product was dissolved in 4 N HCl and stirred at room
temperature overnight, to afford, after evaporation, the free
acid.

3.15.1. 6-(2-Oxo-imidazolidin-4-yl)-hexanoic acid
(21a).26 From 200a, method A (97% yield). 1H NMR
(CD3OD) d 1.4 (m, 4H, (CH2)2(CH2)2CO2), 1.64 (m, 4H,
CH2(CH2)2CH2CH2CO2), 2.32 (m, 2H, CH2CO2), 3.07 (m,
1H, CHN), 3.80 (m, 2H, CH2N); 13C NMR (D2O) d 24.6 and
26.2 (CH2(CH2)2CO2 and CH2(CH2)3CO2), 29.0 (CH2CH2-
CO2), 35.1 (CH2CO2), 38.0 (CH2(CH2)4CO2), 46.6 (CH2N),
53.3 (CHN), 163.7 (NCON), 184.1 (CO2); MS (CI, i-Bu)
m/e 201 (MHþ, 100); HRMS (DCI, CH4) calcd for
C9H17N2O2 (MHþ) 201.1239 found 201.1200.

3.15.2. 6-(5-Ethyl-2-oxo-imidazolidin-4-yl)-hexanoic
acid (21c).27 Cyclization of 200c, method A (97% yield).
1H NMR (D2O) d 0.89 (t, J¼7 Hz, 4H, Me), 1.33 (m, 4H,
CH2CH2(CH2)2CO2), 1.52 (m, 6H, CH2(CH2)2CH2CH2CO2

and CH2Me), 2.16 (t, J¼7 Hz, 2H, CH2CO2), 3.41 (m, 1H,
CHCH2Me), 3.73 (m, 2H, CH(CH2)5); 13C NMR (D2O)
d 9.1 (Me), 24.6 (CH2(CH2)3CO2), 26.3 (CH2CH2CO2),
28.4 (CH2(CH2)2CO2), 29.1 (CH2CO2), 35.4 (CH2Me),
38.1 (CH2(CH2)4CO2), 58.3 (CH2CHN), 60.1 (CHN),
165.5 (NCON), 175.2 (CO2); MS (CI, NH3) m/e 243
(MHþ, 42), 211 (MHþ2MeOH, 31); HRMS (DCI,
CH4) calcd for C11H21N2O2 (MHþ) 229.1552 found
229.1570.

3.16. General procedure for the preparation of
imadizolidinethiones

A mixture of a DAPA·2HCl methyl ester derivative 200

(1 mmol) and Et3N (0.2 g, 2 mmol) in dry CH2Cl2 (10 mL)
was stirred at ca. 0 8C for 30 min. A solution of N,N0-
thiocarbonyldiimidazole (0.21 g, 1.2 mmol) in dry CH2Cl2
(10 mL) was added and the mixture was stirred at room
temperature overnight. The resulting mixture was evapo-

rated to dryness and the residue partitioned between 1 N
HCl and EtOAc. The aqueous layer was extracted with
EtOAc (4 times) and the combined organic layers were
washed with 5% NaHCO3 (twice) and brine (once), dried
(MgSO4), filtered and evaporated to give the desired
cyclized product, as a mixture of two diastereomers.

3.17. 5-(5-Methyl-2-thioxo-imidazolidin-4-yl)-pentanoic
acid methyl ester (220b)

From 200b, as a viscous yellow oil (84% yield). MS (CI/
NH3) m/e 245 (MHþ, 100), 213 (MHþ2MeOH, 4); HRMS
(CI/CH4) calcd for C11H21N2O2S (MHþ), 245.13238 found
245.06617.

3.17.1. 5-(5-Methyl-2-thioxo-imidazolidin-4-yl)-penta-
noic acid (22b). Hydrolysis of 220b, yellow solid (quanti-
tative yield). 1H NMR (D2O) d cis diastereomer 1.33 (m,
4H, CH2CH2CH2CH2CO2), 1.41 (d, J¼6.5 Hz, 3H, Me),
1.57 (m, 4H, CH2CH2CH2CH2CH2CO2), 2.35 (m, 2H,
CH2CO2), 4.12 (m, 1H, CHCH2), 4.08 (q, J¼6.5 Hz, 1H,
CHMe). trans diastereomer 1.19 (d, J¼6.6 Hz, 3H, Me),
1.33 (m, 4H, CH2CH2CH2CH2CO2), 1.57 (m, 4H, CH2-
CH2CH2CH2CH2CO2), 2.35 (m, 2H, CH2CO2), 3.72 (m,
1H, CHCH2), 4.40 (q, J¼6.8 Hz, 1H, CHMe). MS (CI/NH3)
m/e 231 (MHþ, 100); HRMS (CI/CH4) calcd for
C10H19N2O2S (MHþ), 231.11672 found 231.09542; (Mþ),
230.10890 found 230.09407.

3.17.2. 5-(5-Methylsulfanylmethyl-2-thioxo-imidazolin-
4-yl)-pentanoic acid (22i). From 200I, tan crystals (82%
yield). 1H NMR (CDCl3) d 1.38 (m, 4H, CH2CH2CH2CH2-
CO2), 1.64 (m, 4H, CH2CH2CH2CH2CH2CO2), 2.14 and
2.15 (two s, 3H, SMe), 2.20 (m, 1H, CH2S), 2.33 (t, J¼
7.3 Hz, 2H, CH2CO2), 2.65 (m, 1H, CH2S), 3.68 (s, 3H,
OMe), 3.70 (m, 1H, CH), 4.03 (m, 1H, CH), 6.60–6.90
(several m, 2H, two NH’s). 13C NMR (CDCl3) d 15.7 and
15.9 (two SMe), 24.63 and 24.9 (two CH2CH2CO2), 25.8
and 26.2 (two CH2CH2CH2CH2CO2), 28.7 and 28.8 (two
CH2CH2CH2CO2), 29.7 (CH2CH2CH2CH2CH2CO2), 33.8
and 34.0 (two CH2CO2), 35.1 and 38.9 (two CH2S), 51.5
(OMe), 58.4 and 59.9 (two CHCH2S), 61.7 and 62.6 (two
CHCHCH2S), 173.9 (CO2), 182.3 (CS). MS (CI/NH3) m/e
291 (MHþ, 100), 259 (MHþ2MeOH, 4); HRMS (CI/CH4)
calcd for C12H23N2O2S2 (MHþ), 291.12010 found
291.08042.

3.17.3. 5-[5-(2-Methylsulfanyl-ethyl)-2-thioxo-imidazoli-
din-4-yl]-pentanoic acid (22g). From 200g, yellow powder
(quantitative yield). 1H NMR (CDCl3) d 1.36 (m, 4H,
CH2CH2CH2CH2CO2), 1.64 (m, 4H, CH2CH2CH2CH2CH2-
CO2), 1.88 (m, 1H, CH2CH2S), 2.11 (s, 3H, SMe), 2.32 (t,
J¼7.3 Hz, 2H, CH2CO2), 2.59 (t, J¼7 Hz, 2H, CH2S), 2.65
(m, 1H, CH2CH2S), 3.67 (s, 3H, OMe), 3.75 (m, 1H, CH),
4.03 (m, 1H, CH), 7.00–7.40 (several m, 2H, two NH’s).
13C NMR (CDCl3) d 15.5 (SMe), 24.7 (CH2CH2CO2),
25.0 (CH2CH2CH2CH2CO2), 28.8 (CH2CH2CH2CO2), 28.9
(CH2CH2CH2CH2CH2CO2), 30.3 (CH2CH2S), 31.2
(CH2S), 33.9 (CH2CO2), 51.5 (OMe), 59.3 and 60.3 (two
CHCH2CH2S), 62.1 and 63.0 (two CHCHCH2CH2S), 174.0
(CO2), 181.8 (CS). MS (CI/NH3) m/e 305 (MHþ, 100),
273 (MHþ2MeOH, 11); HRMS (CI/CH4) calcd for
C13H25N2O2S2 (MHþ), 305.13575 found 305.07004.
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3.18. General procedure for the preparation of N-Cbz
amino acid methyl ester derivatives

Benzyl chloroformate (0.16 mL, 1.1 mmol) was added
dropwise, during 30 min to an ice-cooled turbid mixture
of the amino acid hydrochloride Me ester (1 mmol) and
NaHCO3 (0.4 g, 5 mmol) in EtOAc (3 mL)/H2O (2 mL).
The mixture was stirred at room temperature for 3 h and was
then decanted. The organic layer was washed with 1 N HCl
(2£), H2O (2£), dried (MgSO4), filtered and evaporated to
give the product.

3.18.1. 7,8-Bis-benzyloxycarbonylamino-10-methylsulfa-
nyl-decanoic acid methyl ester (200gII). Compound 200gII
was obtained as a viscous oil from 200g (63% yield). Note:
two equivalents of benzyl chloroformate were used. 1H
NMR (CDCl3) d 1.33 (m, 4H, CH2CH2CH2CH2CO2), 1.60
(m, 4H, CH2(CH2)2CH2CO), 1.75 (m, 2H, CH2CH2S), 2.07
(s, 3H, SMe), 2.28 (t, J¼7.2 Hz, 2H, CH2CO2), 2.54 (m, 2H,
CH2S), 3.66 (s, 3H, OMe), 3.78 (m, 2H, two CH’s), 4.70–
5.00 (several m, 2H, two NH’s), 5.08 (two s, 4H, CH2Ar),
7.32 (two m, 10H, Ar). MS (CI/NH3) m/e 548 (MNH4

þ, 67),
531 (MHþ, 100), 456 (MNH4

þ2CH2Ph, 5), 440 (MHþ2
CH2Ph, 4), 397 (MHþ2CO2CH2Ph, 12); HRMS (CI/CH4)
calcd for C28H39N2O6S (MHþ), 531.25228 found
531.25697.

3.18.2. 7,8-Bis-methoxycarbonylamino-10-methylsulfa-
nyl-decanoic acid methyl ester (200gIII). From 200g.
Et3N (0.2 g, 2 mmol) was added to a suspension of 200g
(0.26 g, 1 mmol) in dry CH2Cl2 (5 mL). The mixture was
stirred vigorously until it became homogenous and was
further stirred at room temperature for 10 min. Dimethyl
dicarbonate (0.26 g, 2 mmol) was added and the mixture
was stirred at room temperature for 3.5 h. The resulting
mixture was evaporated to dryness and the residue was
partitioned between 1 N HCl and EtOAc. The aqueous layer
was extracted with EtOAc (4£) and the combined organic
layers were dried (MgSO4), filtered and evaporated to give
200gIII (98% yield). 1H NMR (CDCl3) d 1.35 (m, 4H,
CH(CH2)2(CH2)2CO2), 1.63 (m, 4H, CHCH2(CH2)2CH2),
2.11 (m, 1H, CH2CH2S), 2.10–2.12 (several s, 3H, SMe),
2.29 (m, 1H, CH2CH2S), 2.27 and 2.30 (two t, J¼7.5, 7 Hz,
2H, CH2CO2), 2.55 (m, 1H, CH2S), 2.68 (t, J¼6.9 Hz, 1H,
CH2S), 3.65–3.76 (several s, 9H, CH2CO2Me and two
NCO2Me), 3.75–4.02 (several m, 2H, two CH’s), 4.70–
5.25 (several m, 2H, two NH’s). MS (CI/NH3) m/e 396
(MNH4

þ, 86), 379 (MHþ, 100), 364 (MHþ2MeOH, 10),
347 (MHþ2two MeOH, 45).

3.18.3. 7,8-Bis-benzyloxycarbonylamino-10-methanesul-
finyl-decanoic acid methyl ester (200hII). Periodate
oxidation10e of 200gII (93% yield). Notes: (a) due to the
insolubility of 200gII in MeOH and H2O, the starting
material was suspended in MeOH, while CH2Cl2 was added
until complete dissolution and only then was the aqueous
solution of NaIO4 added (b) partial NMR spectrum of 200hII
compared to that of 200gII. 1H NMR (CDCl3) d 2.49 (s, 3H,
SMe) compared to 2.07 (s, 3H, SMe), and 2.71 (m, 2H,
CH2S) compared to 2.54 (m, 2H, CH2S). MS (DCI/NH3)
m/e 564 (MNH4

þ, 29), 547 (MHþ, 100), 456 (MHþ2CH2Ph,
12), 439 (MHþ2OCH2Ph, 61), 412 (MHþ2CO2CH2Ph,
13), 395 (MHþ2CO2CH2Ph–O, 44), 321 (MHþ2CO2-

CH2Ph–CH2Ph, 2), 305 (MHþ2CO2CH2Ph–OCH2Ph,
96); HRMS (CI/CH4) calcd for C28H39N2O7S (MHþ),
547.24780 found 547.23947.

3.18.4. 10-Methanesulfinyl-7,8-bis-methoxycarbonyl-
amino-decanoic acid methyl ester (200hIII). Periodate
oxidation10e of 200gIII (93% yield). Note: partial NMR
spectrum of 200hIII compared to that of 200gIII. 1H NMR
(CDCl3) d 2.58–2.67 (s, 3H, SMe) compared to 2.10–2.13
(s, 3H, SMe) and 2.79 (m, 2H, CH2S), as compared to 2.55
and 2.68 (two m, 2H, CH2S. MS (DCI/NH3) m/e 412
(MNH4

þ, 33), 395 (MHþ, 100), 363 (MHþ2MeOH, 17);
HRMS (CI/CH4) calcd for C16H31N2O7S (MHþ),
395.18520 found 395.17896.

3.19. Pyrolysis of sulfoxides to vinyl derivatives

Method A.10a A mixture of the sulfoxide (1 mmol) and
CaCO3 (0.4 g, 4 mmol) in o-dichlorobenzene (5 mL) was
stirred at room temperature for 1 h. The mixture was
transferred to a pre-heated oil bath (ca. 174 8C). The
pyrolysis was monitored by tlc (hexane/EtOAc 4:1,
spraying with phosphomolybdic acid). The reaction was
complete after 2 h and the product was obtained by in very
poor yield flash chromatography.

Method B.10b The sulfoxide were distilled in a Kugelrohr
apparatus at elevated temperatures (.200 8C) and high
vacuum, and were usually obtained as oils that solidified at
room temperature. Substrates containing labile Boc groups,
or acidic hydrogens (e.g. b-keto esters) could not be
pyrolyzed, due to decomposition of the substrate and
product. Method B was usually followed, due to better yield.

3.19.1. 8-Acetylamino-7-oxo-dec-8-enoic acid methyl
ester (230IV). Undesired isomer obtained as from 50hIV
when pyrolyzed at 220 8C and 1 Torr (70% yield). 1H NMR
(CDCl3) d1.34 (m, 2H, CH2CH2CH2CO2), 1.64 (m, 4H,
CH2CH2CH2CH2CO2), 1.85 (d, J¼7.1 Hz, 3H, MeCH),
2.14 (s, 3H, MeCO), 2.32 (t, J¼7.4 Hz, 2H, CH2CO2), 2.70
(dd, J¼8, 6.7 Hz, 2H, CHCOCH2), 3.67 (s, 3H, OMe), 6.67
(q, J¼7.1 Hz, 1H, CH), 7.25 (brs, 1H, NH). 13C NMR
(CDCl3) d15.6 (MeCH), 24.2 (MeCO), 24.7 (CH2CH2CO2),
25.0 (CH2(CH2)2CO2), 28.7 (CH2CH2CH2CO2), 33.8
(CH2CO2), 36.3 (CH2COCH), 132.6 (CH), 134.5 (CNH),
173.7 (CON), 174.0 (CO2), 197.4 (CH2COCH). MS (EI)
m/e 255 (Mþ, 18), 224 (Mþ2MeOH, 2), 213 (Mþ2
MeCO2, 100), 196 (Mþ2C2H4O2, 4), 182 (Mþ2MeOH–
MeCO2, 48), 153 (Mþ2MeCO2–C2H4O2, 20).

3.19.2. 7,8-Bis-methoxycarbonylamino-dec-9-enoic acid
methyl ester (200oIII). From 200hIII, at 240 8C and 2 Torr
(41% yield). 1H NMR (CDCl3) d 1.35 (m, 4H, (CH2)2-
(CH2)2CO2), 1.62 (m, 4H, CH2(CH2)2CH2CH2CO), 2.32
(m, 2H, CH2CO2), 3.41 and 3.68 (two m, 1H, NCHCH2),
3.67 (s, 9H, three OMe’s), 3.68 and 4.21 (two m, 1H,
CHCHCHCH2CH2), 4.50–5.00 (several m, 2H, two NH’s),
5.22 and 5.30 (two m, 2H, CH2vCH), 5.80 (m, 1H,
CH2vCH). 13C NMR (CDCl3) d 23.0–35.0 (chain CH2’s),
51.5 (CH2CO2Me), 52.3 and 53.4 (two NCO2Me), 56.3 and
57.2 (two¼CHCH), 59.0 and 61.7 (two NCHCH2), 117.4
and 118.4 (two¼CH), 134.1 and 137.3 (two CH2CHN),
155.0 (CON), 174.0 (CO2). MS (CI/NH3) m/e 348 (MNH4

þ,
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100), 331 (MHþ, 96), 316 (MNH4
þ2MeOH, 16), 299

(MHþ2MeOH, 41).

Note: experimental procedures for the following com-
pounds may be obtained directly from the corresponding
authors.

4-[(tert-Butyloxycarbonyl)amino]-5-(methylthio)-3-oxo-
pentanoic acid methyl ester (20iI).

4-[(tert-Butyloxycarbonyl)amino]-5-(tert-butyloxycarbo-
nyl)thio]-3-oxopentanoic acid methyl ester (20kI).

4-Benzyloxycarbonylamino-5-benzyloxycarbonylsulfanyl-
3-oxo-pentanoic acid methyl ester (20lII).

5-Benzylsulfanyl-4-tert-butoxycarbonylamino-3-oxo-pen-
tanoic acid methyl ester (20mI).

4-Acetylamino-5-acetylsulfanyl-3-oxo-pentanoic acid
methyl ester (20nIV).

4-tert-Butoxycarbonylamino-3-oxo-5-(tetrahydro-pyran-2-
yloxy)-pentanoic acid methyl ester (20qI).

4-tert-Butoxycarbonylamino-3-oxo-5-(tetrahydro-pyran-2-
yloxy)-hexanoic acid methyl ester (20sI).

4-Methoxycarbonylacetyl-oxazolidine-3-carboxylic acid
tert-butyl ester (160p).

4-Methoxycarbonylacetyl-5-methyl-oxazolidine-3-carb-
oxylic acid tert-butyl ester (160r).

2-(2-tert-Butoxycarbonylamino-propionyl)-heptanedioic
acid 7-ethyl ester 1-methyl ester (30bI).

2-(2-tert-Butoxycarbonylamino-butyryl)-heptanedioic acid
7-ethyl ester 1-methyl ester (30cI).

2-(2-tert-Butoxycarbonylamino-3-methyl-butyryl)-hep-
tanedioic acid 7-ethyl ester 1 methyl ester (30dI).

2-(2-tert-Butoxycarbonylamino-4-methyl-pentanoyl)-hep-
tanedioic acid 7-ethyl ester 1-methyl ester (30eI).

2-(2-tert-Butoxycarbonylamino-3-methyl-pentanoyl)-hep-
tanedioic acid 7-ethyl ester 1-methyl ester (30fI).

2-(2-tert-Butoxycarbonylamino-4-methylsulfanyl-butyryl)-
heptanedioic acid 7-ethyl ester 1-methyl ester (30gI).

2-(2-tert-Butoxycarbonylamino-4-methanesulfinyl-butyr-
yl)-heptanedioic acid 7-ethyl ester 1-methyl ester (30hI).

Ethyl 8-[(tert-butyloxycarbonyl)amino]-6-(methoxycarbo-
nyl)-9-(methylthio)-7-oxononanoate (30iI).

2-(3-tert-Butoxycarbonyl-oxazolidine-4-carbonyl)-hep-
tanedioic acid 7-ethyl ester 1-methyl ester (170p).

2-(3-tert-Butoxycarbonyl-5-methyl-oxazolidine-4-carbo-
nyl)-heptanedioic acid 7-ethyl ester 1-methyl ester (170r).

8-Amino-7-oxo-decanoic acid hydrochloride (4c).

8-Amino-10-methylsulfanyl-7-oxo-decanoic acid hydro-
chloride (4g).

8-Amino-10-methanesulfinyl-7-oxo-decanoic acid hydro-
chloride (4h).

8-Amino-9-methylsulfanyl-7-oxo-nonanoic acid hydro-
chloride (4i).

8-Amino-9-mercapto-7-oxo-nonanoic acid hydrochloride (4j).

8-Amino-9-hydroxy-7-oxo-nonanoic acid hydrochloride
(4p).

8-Amino-9-hydroxy-7-oxo-decanenitrile hydrochloride
(14r).

8-Amino-9-hydroxy-7-oxo-nonanoic acid methyl ester
hydrochloride (50p).

8-Amino-9-hydroxy-7-oxo-decanoic acid methyl ester
hydrochloride (50r).

8-Amino-10-methylsulfanyl-7-oxo-decanoic acid methyl
ester hydrochloride (50g).

8-Amino-9-methylsulfanyl-7-oxo-nonanoic acid methyl
ester hydrochloride (50I).

8-Amino-9-mercapto-7-oxo-nonanoic acid methyl ester
hydrochloride (50j).

8-tert-Butoxycarbonylamino-7-oxo-octanoic acid methyl
ester (50aI).

8-(tert-Butoxycarbonylamino)-9-hydroxy-7-oxo-decanoic
acid methyl ester (50qI).

8-tert-Butoxycarbonylamino-10-methylsulfanyl-7-oxo-
decanoic acid methyl ester (50gI).

8-tert-Butoxycarbonylamino-10-methanesulfinyl-7-oxo-
decanoic acid methyl ester (50hI).

8-tert-Butoxycarbonylamino-9-methylsulfanyl-7-oxo-non-
anoic acid methyl ester (50iI).

8-Amino-7-hydroxyimino-octanoic acid methyl ester
hydrochloride (180a).

8-Amino-7-hydroxyimino-octanoic acid hydrochloride
(18c).

8-Amino-9-methyl-7-hydroxyimino-decanoic acid hydro-
chloride (18d).

8-Amino-7-hydroxyimino-9-methyl-undecanoic acid hydro-
chloride (18f).

8-Amino-7-hydroxyimino-9-mercapto-nonanoic acid hydro-
chloride (18j).
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8-Amino-7-hydroxyimino-9-mercapto-nonanoic acid
methyl ester hydrochloride (180j).

7-Amino-8-tert-butyloxycarbonylamino-9-hydroxy-decanoic
acid methyl ester (190rI).

7,8-Diamino-9-hydroxy-decanoic acid methyl ester dihydro-
chloride (200r).

7,8-Diamino-dec-9-enoic acid dihydrochloride (20o).

7,8-Diamino-10-methylsulfanyl-decanoic acid methyl ester
dihydrochloride (200g).

6-(2-Oxo-imidazolidin-4-yl)-hexanoic acid methyl ester
(210a).

6-[5-(2-Methylsulfanyl-ethyl)-2-oxo-imidazolidin-4-yl]-
hexanoic acid (21g).

6-(5-Methylsulfanylmethyl-2-oxo-imidazolidin-4-yl)-hexa-
noic acid (21i).

6-[5-(2-Methanesulfinyl-ethyl)-2-oxo-imidazolidin-4-yl]-
hexanoic acid (21h).
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Abstract—Reaction of 3-methoxycarbonyl-2-methyl- or 3-dimethoxyphosphoryl-2-methyl-substituted 4-oxo-4H-chromones 1 with
N-methylhydrazine resulted in the formation of isomeric, highly substituted pyrazoles 4 (major products) and 5 (minor products).
Intramolecular transesterification of 4 and 5 under basic conditions led, respectively, to tricyclic derivatives 7 and 8. The structures of
pyrazoles 4a (dimethyl 2-methyl-4-oxo-4H-chromen-3-yl-phosphonate) and 4b (methyl 4-oxo-2-methyl-4H-chromene-3-carboxylate) were
confirmed by X-ray crystallography. Pyrazoles 4a and 4b were used as ligands (L) in the formation of ML2Cl2 complexes with platinum(II)
or palladium(II) metal ions (M). Potassium tetrachloroplatinate(II), used as the metal ion reagent, gave both trans-[Pt(4a)2Cl2] and cis-
[Pt(4a)2Cl2], complexes with ligand 4a, and only cis-[Pt(4b)2Cl2] isomer with ligand 4b. Palladium complexes were obtained by the reaction
of bis(benzonitrile)dichloropalladium(II) with the test ligands. trans-[Pd(4a)2Cl2] and trans-[Pd(4b)2Cl2] were the exclusive products of
these reactions. The structures of all the complexes were confirmed by IR, 1H NMR and FAB MS spectral analysis, elemental analysis and
Kurnakov tests.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

cis-Platin [diamminedichloroplatinum, cis-PtCl2(NH3)2] is
known as a DNA-modifying agent with strong anticancer
potency.1 Despite its wide application as a therapeutic
agent in chemotherapy, cis-platin is associated with
many serious side effects, such as nephrotoxicity,
othotoxicity, allergy etc.2 Thus, various platinum(II)
and palladium(II) complexes with nitrogen-containing
ligands are the subject of intensive biological evaluation
in the search for less toxic and more selective antic-
ancer therapeutics.3,4 Among them, the class of
pyrazole-containing complexes have been reported to
possess antitumor activity comparable to that of cis-
platin.5 In addition, considerable interest in the pyrazole
nucleus has been stimulated by promising pharmaco-
logical, agrochemical and analytical applications of
pyrazole-containing derivatives.6 – 9 Recently, substituted
pyrazoles have been used as analytical reagents in the
complexation of transition metal ions.10 – 13

Chromone (benzo-g-pyrone) derivatives form another class
of biologically important compounds.14 These compounds
exhibit a wide spectrum of biologically relevant properties
including anticonvulsant,15 antimicrobial16 and antitumor
activities.17 New chromone derivatives containing a phos-
phorus atom have been considered as bioisosteric analogues
of natural chromones.18,19 For many years the synthesis of
phosphonic derivatives of benzo-g-pyrone has been a
subject of interest in several laboratories.20 – 23 However,
the biological activity of these compounds has not been
investigated.

Thus, recently our research has been focused on the
synthesis and pharmacological properties of phosphonic
derivatives of chromones of general formulae 1 and 2.24

These compounds exhibit noticeable antibacterial, cytotoxic
and alkylating activity. In terms of their chemistry, we
carried out a detailed investigation of the transformation of
dimethyl 2-methyl-4-oxo-4H-chromen-3-yl-phosphonates 1
[R¼H or CH3, R1¼CH3, R2¼P(O)(OCH3)2] into 2-metho-
xy-3-[1-(alkylamino)ethylidene]-2,3-dihydro-2,4-dioxo-
2l5-benzo[e][1,2]oxaphosphinanes 2 (R¼H or CH3,
R1¼CH3).25,26 The reaction involves the action of various
primary amines [NH2CH3, NH2CH2Ph or NH2(CH2)2OH]
on the chromone system leading to the opening of the
g-pyrone ring, followed by spontaneous cyclisation of
the intermediate enamino ketones 3 [R3¼CH3, CH2Ph or

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.044
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(CH2)2OH] into cyclic phosphonic isosteres of coumarin 2
(Scheme 1).

An analogous reaction of chromone itself with hydrazine
hydrate led to 3- and/or 5-o-hydroxyphenylpyrazoles 4 or 5
(R1, R2 and R3¼H), and not the hydrazone 6, as proposed in
the early fifties.27 – 29 Additional support comes from
publications of Takagi30 and Nawrot-Modranka and
Kostka,31,32 in which reaction of C3–Me, Ph or NO2

substituted chromones with N-methylhydrazine leads to
both isomeric products 4 and 5 (R1¼H, CH3 or C2H5,
R2¼CH3, Ph or NO2; R3¼CH3). It was assumed that the
molar ratio of the isomeric products 4 and 5 depends on the
amount of nucleophilic reagent used.

In the present work, we demonstrate that the reaction of
phosphonic chromone 1a [R¼H, R1¼CH3, R2¼
P(O)(OCH3)2], as well as its C-3 methoxycarbonyl analogue
1b (R2¼COOCH3) with N-methylhydrazine leads to the
substituted pyrazoles 4 and 5 and to the products of their
intramolecular esterification—compounds 7 and 8. Pyra-
zoles 4a and 4b were used as ligands (L) in the formation of
ML2Cl2 complexes with platinum(II) or palladium(II) metal
ions (M). The structures of the ligands and the resulting
complexes were determined by their spectral and elemental
analysis.

2. Results

2.1. Chemistry

2.1.1. Synthesis of ligands. An NMR scale reaction of 1a
with an equimolar amount of N-methylhydrazine was
carried out in methanol. The progress of the conversion of
1a was monitored by 31P NMR spectroscopy and by thin
layer chromatography (TLC). In the 31P NMR spectrum
(Fig. 1a), obtained within the first 15 min of the reaction, the
signals of two new products at 19.57 (4a) and 18.34 ppm

Scheme 1.

Figure 1. 31P NMR analysis of the reaction products of chromone 1a with 1 equiv. of N-methylhydrazine in methanol. The spectra were measured after 0.25
(a), 2 (b), 24 (c) and 48 h (d) of reaction time. Spectrum e was collected 24 h after addition of a second equivalent of N-methylhydrazine to the reaction mixture
represented by spectrum d.
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(5a) were observed, in addition to the signal of the substrate
1a at 18.57 ppm. The intensity of these signals gradually
increased until only traces of substrate were left (48 h,
Fig. 1d). The ratio of the products was 4:1, with the major
reaction product associated with the downfield resonance.
Interestingly, after 24 h two additional minute signals could
be seen in NMR spectrum (Fig. 1c). The ratio of these
additional signals at 10.92 and 9.81 ppm was also 4:1.
Careful chromatographic analysis allowed us to relate the
mobility of these four products and their chemical shifts in
the 31P NMR spectra. No significant increase in the content
of the two minor products was observed in the next 24 h
(Fig. 1d); while addition of a second equivalent of
N-methylhydrazine to the reaction mixture dramatically
improved the yield of these products, giving rise to a higher
intensity of the upfield signals. All four products were
present after 15 min when the reaction was carried out in the
absence of solvent or when a twofold molar excess of
N-methylhydrazine in methanol was used. Similar ratios of
both pairs of signals (ca. 4:1) were observed throughout
these experiments (as in Fig. 1e).

The reaction of chromone 1a with an equimolar amount of
N-methylhydrazine, performed on a larger scale without
any solvent, gave three isolated products. The major
product (64% yield, d 19.57 ppm) was isolated from the
reaction mixture by addition of acetone, while the two
other products, giving rise to signals at 10.92 and
9.81 ppm, respectively, were separated chromatographi-
cally from the remaining mixture. The major reaction
product was shown to be the 5-(2-hydroxyphenyl)-1,3-
dimethyl-4-phosphonyl-substituted pyrazole 4a
(Scheme 2). Unexpectedly, no isomeric 3-(2-hydroxy-
phenyl)-1,5-dimethyl-4-phosphonyl-substituted pyrazole

5a (giving 31P NMR signal at 18.34 ppm) was obtained.
Instead, compound 8a was isolated in 20% yield.
Probably 5a, formed in the first step of the reaction,
was unstable under the chromatographic conditions and
underwent intramolecular cyclisation giving rise to 8a.
The third reaction product, identified as 7a and
originating from an analogous cyclisation of 4a, was
obtained in the lowest yield (16%). The ratio of isolated
products 8a to 7a (5:4) was much higher than present in
31P NMR spectrum (1:4, Fig. 1e).

A multimilligram reaction of 1b with one equivalent of
N-methylhydrazine gave a similar mixture of products 4b
(64%), 7b (16%) and 8b (20%). No isomeric product 5b was
isolated, although it was seen during TLC analysis of the
crude reaction mixture. Compounds 7b and 8b were
previously obtained by Collota et al.33 as by-products of
the reaction of 3-acetyl-4-hydroxycoumarin with N-methyl-
hydrazine in the presence of acetic acid but were not fully
characterised. The reported melting points (194–196 and
210–212 8C) are in agreement with those obtained for our
compounds 7b and 8b (192–194 and 208–209 8C, respec-
tively).

As expected, compound 4b was readily transformed into
tricyclic product 7b on treatment with an equimolar amount
of N-methylhydrazine. Thus, we conclude that both pairs of
parent products 4a,5a and 4b,5b undergo intramolecular
transesterification in the presence of N-methylhydrazine to
give two pairs of products 7a,8a and 7b,8b, respectively.
Moreover, products 5a and 5b are unstable under the
isolation acidic conditions (silica gel) and are easily
transformed into the stable tricyclic products 8a and 8b,
respectively.

Scheme 2. Reaction of the phosphonic chromone 1a and its C-3 methoxycarbonyl analogue 1b with N-methylhydrazine.
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2.1.2. Synthesis of Pt(II) and Pd(II) complexes. Potassium
tetrachloroplatinate(II) and bis(benzonitrile)dichloropalla-
dium(II) were used as metal ion reagents. Synthesis of the
platinum complexes of ligand 4a was carried out in aqueous
acetone at 60 8C for 6 h. Cooling the reaction mixture to
ambient temperature, followed by slow removal of part of
the solvent afforded a dark-brown precipitate which was
filtered off. The remaining yellow solution was cooled in an
ice bath and left for 24 h in 212 8C. The resulting yellow
solid was filtered off. Both complexes were analysed by
their IR spectra and a Kurnakov test.34 The first compound,
which has a melting point above 350 8C was identified as
trans-[Pt(4a)2Cl2] 9a and the remaining solid, with mp
153–156 8C, was identified as the cis-[Pt(4a)2Cl2] isomer
10a (Fig. 2).

An analogous synthesis of the platinum complexes of ligand
4b was carried out in aqueous ethanol for 72 h at room
temperature. In this reaction only one complex was
obtained. It was identified as cis-[Pt(4b)2Cl2] 10b.

Palladium complexes of ligands 4a and 4b were synthesized
by addition of a dichloromethane solution of ligand to a
solution of bis(benzonitrile)dichloropalladium(II) in the
same solvent at RT in 24 h. Only one complex was isolated
from each reaction. Spectral analysis of the resulting
complexes showed that exclusively the trans isomers, 11a
and 11b were formed (Fig. 3).

We also tested the most available chromone analogue
ligand 8b for its potential to form a palladium complex.
Thus an analogous reaction with bis(benzonitrile)dichlor-
opalladium(II) in dichloromethane was performed with
this ligand. The resulting solid, mp 334 8C, was identified
by FAB MS spectrometry and elemental analysis as the
complex [Pd(8b)2Cl2]. Its poor solubility in most of
the suitable solvents did not allow us to obtain 1H NMR
spectrum. However, careful infrared data analysis
enabled us to deduce that it is the trans-isomer 12b, since
palladium(II) metal ion form predominantly trans-complexes,

Figure 2. The structures of the platinum(II) complexes of the highly
substituted pyrazoles 4a and 4b.

Figure 3. The structures of the palladium(II) complexes of the highly substituted pyrazoles 4a, 4b and 8b.
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characterised by a sharp Pd–Cl band in the range of ca.
350 cm21. In contrast, cis-complexes exhibit broad or double
IR band in the range of ca. 330 cm21.35

2.2. Structural studies

2.2.1. X-ray crystallographic study of ligands 4a and 4b.
X-ray structure investigations were undertaken for the two
major ligands 4a and 4b. The structure of 4a shows the
pyrazole ring substituted by methyl groups at positions 1
and 3, a dimethyl phosphonate moiety at C-4 and a
hydroxyphenyl group at position 5. The pyrazole and
phenyl rings are planar. The geometry around the P atom is
best described as between a distorted tetrahedron and a
trigonal pyramid with a P1–C4 elongated bond (Table 1).
An intermolecular hydrogen bond between O52–H52 and
O1i [symmetry code: (i) x21, y, z] is observed (Table 2).

Table 1. Selected geometric parameters of the crystal structures of 4a and 4b

Environment of P atom Geometric parameters for pyrazole ring

4a (Å) 4a (Å) 4b (Å)

P1–O1 1.464(2) N1–N2 1.356(2) N1–N2 1.358(2)
P1–O2 1.567(2) N2–C3 1.321(2) N2–C3 1.327(3)
P1–O3 1.556(1) C3–C4 1.420(2) C3–C4 1.416(3)
P1–C4 1.757(2) C4–C5 1.393(2) C4–C5 1.394(3)
O1–P1–O3 114.7(1) C5–N1 1.347(2) C5–N1 1.351(2)
O1–P1–O2 107.5(1) N1–N2–C3 105.5(1) N1–N2–C3 106.2(2)
O3–P1–O2 107.6(1) N2–C3–C4 110.8(2) N2–C3–C4 110.0(2)
O1–P1–C4 115.6(1) C3–C4–C5 104.9(2) C3–C4–C5 105.8(2)
O3–P1–C4 103.1(1) C4–C5–N1 106.0(2) C4–C5–N1 105.8(2)
O2–P1–C4 108.0(1) C5–N1–N2 112.8(1) C5–N1–N2 112.3(2)

Table 2. Hydrogen bonding geometry for structure 4a and 4b

D–H (Å) H· · ·A (Å) D· · ·A (Å) ,D–H· · ·A (deg)

Structure 4a
O52–H52· · ·O1i 0.82(4) 1.87(4) 2.688(2) 175(3)
Structure 4b
O51–H51· · ·N2ii 0.98(2) 1.80(2) 2.763(2) 167(2)

Symmetry code: (i) x21, y, z; (ii) x þ 1
2
; 2y þ 1

2
þ 1; 2z.

Figure 4. X-ray structure of 4a (a) single molecule and (b) crystal lattice.

Figure 5. X-ray structure of 4b (a) single molecule and (b) crystal lattice.
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Thus the molecules form chains running along the a axis
(Fig. 4b).

The structure of molecule 4b (Fig. 5a) shows a pyrazole ring
substituted with methyl groups at positions 1 and 5, a
methoxycarbonyl group at C-4 and a hydroxyphenyl group
at position 3. The pyrazole and phenyl rings are planar. The
dihedral angle between the pyrazole ring and the phenyl ring
is 69.07(7)8. In the crystal lattice the molecules are linked
by an intermolecular hydrogen bond O51–H51· · ·N2ii

[symmetry code: (ii) x þ 1
2
; 2y þ 1

2
þ 1; 2z] (Table 2

and Fig. 5b).

All intra-molecular bond distances and angles are in a good
agreement with expected values.36

2.2.2. Spectral characteristics of Pt(II) and Pd(II)
complexes. The assignments of the most important IR
spectra bands for the ligands 4a and 4b and the platinum(II)
and palladium(II) complexes 9–12 are listed in Tables 3
and 4.

The IR spectrum of ligand 4a (Table 3) shows a large

number of absorption bands in the range 1700–1000 cm21

assigned to different vibration modes of the pyrazole ring
and phosphonate function. The band at 1600 cm21, assigned
to the CvN vibration, shifts to higher energy in the IR
spectra of complexes 9a–11a, giving rise to the bands at
1614 and 1618 cm21 for the Pt and Pd complexes,
respectively. The same tendency in the shift of CvN
vibration to higher energy is seen for complexes 10b–12b
(Table 4). This phenomenon indicates that the nitrogen atom
participates in the coordination of the metal ion.37 The other
characteristic bands of the pyrazole ring of the free ligand
shift to higher frequencies upon complexation confirming
coordination of the heterocyclic N atoms.

The two new bands at about 400 cm21 in both Pt and Pd
complexes may correspond to the metal-nitrogen vibrations
involving the N-atoms of the pyrazole ring.38 The absorp-
tion observed in the low-energy region at 310–350 cm21 is
assigned to the M2Cl stretching vibration.39

The selected chemical shifts assigned in the 1H NMR
spectra of pyrazole 4a and 4b and their P(II) and Pd(II)
complexes 10 and 11 are shown in Table 5. The spectra are
quite similar, however, in the metal complexes, all the
signals are shifted downfield.8 The differences between
the chemical shifts of protons in the ligands and in the
corresponding complexes are shown as Dd (in ppm).

Apart from the remarkable values of Dd for the OH groups
the biggest differences in the chemical shifts of complexes
9a, 10a, 11a and 11b and their parent ligands are observed
for the methyl group attached to the nitrogen atom adjacent
to the coordinating center. In the spectrum of complex 10b
the most significant shift is observed for the methyl ester
group.

3. Discussion

In the present work we describe the synthesis of several
novel, highly substituted pyrazole derivatives as well as
their complexes with Pt(II) and Pd(II) metal ions. Isomeric
pyrazoles 4a,b and 5a,b, containing phosphonic or
carboxylic acid residues, were obtained by means of the
reaction of phosphonic chromone 1a or its C-3 methoxy-
carbonyl analogue 1b, with N-methylhydrazine (Scheme 2).
The reaction proceeded according to the general mechanism
described for the reaction of chromones with nitrogen
nucleophiles,40,41 including hydrazines.31,32,42,43 Attack of
a nitrogen nucleophile at C-2 of the chromone led to the
opening of the g-pyrone ring. When an alkylamine was used
as the nucleophilic agent an enamino ketone derivative (as
e.g., 3) was formed.25 Further reactions could occur when
the initial product contained other reactive groups (as for
example reaction of 1a with methylamine which resulted
in the formation of the cyclic phosphonic isostere 2 (R1,
R3¼CH3) of coumarin). An analogous reaction of chromone
1 (R, R1, R2¼H) with N-methylhydrazine led to both
isomeric products 4 and 5 (R1, R2¼H and R3¼CH3) and not
to the hydrazone 6, as initially proposed.27 – 29 It was also
suggested that the molar ratio of the isomeric products 4 and
5 (R1, R2¼H and R3¼CH3) depends on the amount of
nucleophilic reagent used such a reaction.31

In our experiments, the progress of the reaction of chromone
derivative 1a with N-methylhydrazine (1:1 molar ratio) in

Table 3. IR frequencies for pyrazole derivative 4a and for complexes 9a,
10a and 11a

n (cm21) OH –NvC– PvO P–O–C M2N– M2Cl

4a 3131 1594 1213 1049 — —
9a 3449 1637 1228 1038 422 326
10a 3475 1614 1223 1036 487 332
11a 3443 1618 1238 1044 421 354

Table 4. IR frequencies for pyrazole derivatives 4b and 8b and for their
complexes 10b–12b

1 OH –CvO –NvC– C–O–C M2N– M2Cl

4b 3081 1721 1611 1097 — —
10b 3478 1722 1615 1098 480 330
11b 3342 1714 1614 1124 414 354
8b — 1737 1592 — — —
12b — 1755 1619 — 420 354

Table 5. 1H and 31P NMR (DMSO-d6) characteristics of pyrazole 4a and 4b
and their complexes with Pt(II) and Pd(II) metal ions (chemical shifts are
given in ppm). Dd corresponds to the difference in chemical shifts of
protons in the ligands and in the corresponding complexes

C–CH3 OCH3 O–CH3 N–CH3 OH 31P NMR

4a 2.283 3.363 3.436 3.494 9.986 19.57
9a 2.425 3.523 3.701 3.889 10.145 17.89
Dd 0.142 0.160 0.238 0.395 0.159 1.68
10a 2.385 3.465 3.537 3.780 12.04 18.07
Dd 0.102 0.102 0.101 0.286 2.100 1.50
11a 2.210 3.461 3.513 3.682 10.210 18.30
Dd 0.073 0.098 0.077 0.186 0.224 1.27
4b 2.352 — 3.508 3.355 9.821 —
10b 2.368 — 3.612 3.394 9.954 —
Dd 0.016 — 0.104 0.039 0.133 —
11b 2.348 — 3.504 3.366 9.802 —
Dd 0.004 — 0.004 0.009 0.019 —
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methanol was monitored by 31P NMR spectroscopy. The 31P
NMR spectra monitored after 0.25, 2, 24 and 48 h of the
reaction showed the presence of the signals of the two new
products identified as 4a and 5a (Fig. 1a–d, respectively).
Both products were formed in a ratio of 4:1, independently
of the reaction time. Thus, according to the general
mechanism, we assume that, in the first step, C-2 of the
chromone is attacked by the nitrogen nucleophile resulting
in opening of the g-pyrone ring. Both nitrogen atoms of
N-methylhydrazine may be considered as nucleophiles.
Their participation in this reaction is governed by their
relative nucleophilicity and their steric accessibility. No
pKa value for N-1 of N-methylhydrazine has been reported
while the value for N-2 was determined as 7.87.44 It seems
that N-1 should be a better nucleophile due to the presence
of the electron donating adjacent methyl group. On the other
hand, the presence of the methyl group causes steric
hindrance which makes N-1 a less effective nucleophile.
Thus, two opening products are formed - a major product,
resulting from nucleophilic attack of the sterically more
accessible N-2, and a minor product, arising from
participation of the less sterically accessible although the
more basic N-1 (Scheme 3). Both intermediate hydrazines
undergo subsequent spontaneous cyclisation with the
carbonyl group of the opened g-pyrone system leading to
the major product 4b and minor product 5b, respectively. As
determined by integration of 31P NMR spectra the ratio of
products 4b to 5b is 4:1, and is similar to the ratio of
products obtained in the reaction carried out without any
solvent. Two other products, 7a and 8a, are the products of
intramolecular transesterification of the parent pyrazoles 4a
and 5a, respectively.

The proposed earlier mechanism of nucleophilic opening of
chromone ring, by which 4a can be formed exclusively,
while its isomer, compound 5a can be obtained by the
reaction of the intermediate major enamine ketone with an
additional N-methylhydrazine followed by cyclisation of the
respective hydrazone,31 does not explain our data. Our
proposed mechanism for the formation of the isomeric

pyrazoles is outlined in Scheme 3. An analogous mecha-
nism is proposed for the formation of isomeric pyrazoles 4b
and 5b and their intramolecular transesterification products
7b and 8b.

The structures of the 9a, 10a,b and 11a,b metal complexes
were confirmed by spectral (IR, 1H NMR and FAB MS) and
elemental analysis. DMSO-d6 was the solvent of choice in
proton NMR experiments because of the very limited
solubility of all complexes in other solvents. For complex
12b it was impossible to obtain good 1H NMR spectrum due
to its very poor solubility, even in DMSO. We should point
out that DMSO replaces chlorine atoms in cis-and trans-
platin45,46 and thus the data obtained in our measurements
may not be unequivocally attributed to structures 9, 10 and
11 but possibly to their DMSO analogues.

4. Conclusions

Several highly substituted pyrazole ligands were obtained
by the reaction of dimethyl 2-methyl-4-oxo-4H-chromen-3-
yl-phosphonate and 2-methyl-4-oxo-4H-chromene-3-car-
boxylic acid methyl ester with N-methylhydrazine. Selected
compounds were used as ligands for the synthesis of novel
ML2Cl2 type platinum(II) and palladium(II) complexes. The
structures of the ligands and the metal complexes were
confirmed by spectral and elemental analyses. The struc-
tures of ligands 4a and 4b were confirmed by X-ray
analysis. The biological activities of the palladium(II) and
platinum(II) complexes will be reported in due course.

5. Experimental

5.1. General

The melting points were determined using an Electro-
thermal 1A9100 apparatus and they are uncorrected. The
IR spectra were recorded on a Pey-Unicam 200G

Scheme 3. Proposed mechanism of the formation of isomeric pyrazoles 4 and 5.
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Spectrophotometer in KBr or CsI. The 1H NMR spectra
were registered at 300 MHz on a Varian Mercury spectro-
meter. 31P NMR spectra were recorded on a Varian 75 MHz
spectrometer. Positive chemical shift values are assigned to
compounds resonating downfield of phosphoric acid. The
MS data were obtained on a LKB 2091 mass spectrometer
(70 eV ionisation energy) and the MS-FAB data were
determined on Finnigan Matt 95 mass spectrometer (NBA,
Csþ gun operating at 13 keV). Satisfactory elemental
analyses (^0.3% of the calculated values) were obtained
for the new compounds in the Microanalytical Laboratory
of the Department of Bioorganic Chemistry (Medical
University, Lodz) using a Perkin Elmer PE 2400 CHNS
analyser or in the Institute for Physical Chemistry,
University of Vienna, Austria. Dimethyl 2-methyl-4-oxo-
4H-chromen-3-yl-phosphonate (1a), was prepared accord-
ing to literature,20 methyl 2-methyl-4-oxo-4H-chromene-3-
carboxylate (1b) was prepared according to literature.47

5.2. Synthesis of compounds 4a, 7a and 8a

To the solution of chromone 1a 268 mg (1.0 mmol) in
methanol (5 mL) N-methylhydrazine, 9.2 mg (2.0 mmol)
solution in methanol (0.5 mL) was added. The mixture was
left overnight at room temperature. The mixture was
concentrated to dryness and then dry acetone was added.
Crude solid 4a was filtered off, dried, and recrystallized
from acetone. The remaining solution was evaporated to
dryness and chromatographed on a silica gel column. Pure
4a was eluted from the column with chloroform–acetone
5:1, v/v.

5.2.1. Dimethyl [5-(2-hydroxyphenyl)-1,3-dimethyl-1H-
pyrazol-4-yl]-phosphonate (4a). Yield: 189.6 mg (64%,
acetone), mp 176.9–179.2 8C, Rf¼0.19 (chloroform–
acetone, 5:1). IR (KBr): n¼3131 (OH); 1594 (NvC);
1213 (PvO); 1049 (P–O–C) cm21. 1H NMR (CDCl3)
d¼2.41 (s, 3H, CH3); 3.51 (d, 3H, OCH3, 3JPH¼11.7 Hz);
3.59 (s, 3H, N–CH3); 3.70 (d, 3H, OCH3, 3JPH¼11.7 Hz);
7.08–7.31 (m, 4H, arom.). 13C NMR (CDCl3) d¼13.89
(C–CH3); 36.91 (N–CH3); 52.57 (P–O–CH3, 2JPC¼
5.73 Hz); 102.85 (C–P, 1JPC¼221.6 Hz); 116.49; 117.16;
119.46; 131.2; 146.84; 151.1; 155.42. 31P NMR (CDCl3)
d¼19.57. MS (70 eV) m/z (%): 296 (100, Mþ), 279 (18.37),
233 (10.38), 201 (9.98), 187 (10.59), 115 (5.25). Anal.
found: C, 52.78; H, 5.84; N, 9.58; P, 10.61. Calcd for
C13H17N2O4P (296.26): C, 52.7; H, 5.78; N, 9.46; P,
10.45%.

5.2.2. 4-Methoxy-1,3-dimethyl-1,4-dihydro[1,2]benzoxa-
phosphinino[4,3-c]pyrazole-4-oxide (7a). Yield: 42.3 mg
(16%), mp 103.0–104.7 8C, Rf¼0.38 (chloroform–acetone,
5: 1). IR (KBr): n¼3360 (OH); 1250 (PvO); 1028 (P–O–
C) cm21. 1H NMR (CDCl3): d¼2.48 (d, 3H, C–CH3,
JPC¼1.19 Hz); 3.80 (d, 3H, OCH3, 3JPC¼11.9 Hz); 4.22 (s,
3H, N–CH3); 7.30–7.86 (m, 4H, arom.). 13C NMR
(CDCl3): d 13.2 (C–CH3); 37.3 (N–CH3); 53.0 (P–O–
CH3, 2JPC¼6.6 Hz); 104.0 (P–C, 1JPC¼212.7 Hz); 115.9;
121.21; 126.92; 148.73; 149.9; 150.6. 31 P NMR (CDCl3): d
10.86. MS (70 eV) m/z (%): 264(100, Mþ); 233(29);
132(8.7); 56(13.19). Anal. found: C, 54.46; H, 5.14; N,
10.53; P, 11.97. Calcd for C12H13N2O3P (264.21): C, 54.50;
H, 4.96; N, 10.60; P, 11.72%.

5.2.3. 4-Methoxy-2,3-dimethyl-2,4-dihydro[1,2]benzoxa-
phospinono[4,3-c]pyrazole-4-oxide (8a). Yield: 52.8 mg
(20%), mp 147.5–149.0 8C, Rf¼0.24 (chloroform–acetone
5:1). IR (KBr): n¼3375 (OH); 1259 (PvO); 1031 (P–O–
C) cm21. 1H NMR (DMSO-d6): d¼2.53 (s, 3H, C–CH3,
JPC¼3.9 Hz); 3.74 (d, 3H, OCH3, 3JPC¼12.0 Hz); 3.89
(s, 3H, N–CH3); 7.13–7.98 (m, 4H, arom.). 13C NMR
(CDCl3): d¼11.68 (C–CH3); 36.82 (N–CH3); 53.20 (P–
O–CH3, 2JPC¼6.58 Hz); 100.42 (P–C, 1JPC¼212.71 Hz);
117.46; 119.21; 124.21; 130.02; 143.33; 149.09; 151.02. 31P
NMR (CDCl3): d¼9.64. MS (70 eV) m/z (%): 264(100,
Mþ); 249(11); 233(21.52); 132(5.07); 56(13.19). Anal.
found: C, 54.56; H, 5.24; N, 10.43; P, 11.54. Calcd for
C12H13N2O3P (264.21): C, 54.55; H, 4.96; N, 10.60; P,
11.72%.

5.3. Reaction of 3-carboxylic derivatives of chromones
with N-methylhydrazine

To a solution of 1b (218.2 mg, 1.0 mmol) in methanol
(5 mL) a solution of N-methylhydrazine (9.2 mg, 2.0 mmol)
in methanol (0.5 mL) was added. The mixture was stirred at
room temperature and after 2 h the product 8b precipitated.
The solid was filtered off and than recrystallized from
methanol. The filtrate was left at room temperature over-
night. After this time the product 4b was filtered off, and
recrystallized from acetone. The filtrate was evaporated to
dryness and the residual solid was recrystallized from
methanol to give 7b as a crystalline white solid.

5.3.1. 5-(2-Hydroxyphenyl)-1,3-dimethyl-1H-pyrazole-4-
carboxylic acid methyl ester (4b). Yield: 169.1 mg (64%),
mp 182.5–183.5 8C, Rf¼0.29 (chloroform–acetone, 5:1).
IR (KBr): n¼3133 (OH); 1721 (CvO); 1611 (NvC); 1097
(C–O–C) cm21. 1H NMR (CDCl3): d¼2.47 (s, 3H, CH3);
3.62 (s, 3H, N–CH3); 3.72 (s, 3H, OCH3); 7.01–7.38 (m,
4H, arom.). 13C NMR (CDCl3): d¼14.40 (C–CH3); 37.23
(N–CH3); 51.71 (O–CH3); 111.18; 111.67; 118.16; 120.46;
131.29; 143.62; 150.50; 154.54; 165.55. MS (70 eV) m/z
(%): 247(100, Mþ); 215 (6.0). Anal. found: C, 63.48; H,
5.81; N, 11.43. Calcd for C13H14N2O3 (246.26): C, 63.40;
H, 5.73; N, 11.38%.

5.3.2. 1,3-Dimethyl-1H-chromeno[4,3-c]pyrazol-4-one
(7b). Yield: 34.3 mg (16%), mp 192.5–193.9 8C, Rf¼0.38
(chloroform–acetone, 5:1). IR (KBr): n¼1731 (CvO);
1612 (–NvC–); 1018 (C–O–C) cm21. 1H NMR (CDCl3):
d¼2.60 (s, 3H, CH3); 4.27 (s, 3H, N–CH3); 7.35–7.94 (m,
4H, arom.). 13C NMR (CDCl3): d¼13.11 (C–CH3); 39.89
(N–CH3); 112.62; 118.57; 122.28; 124.44; 130.97; 149.54;
158.25 (CvO). MS (70 eV) m/z (%): 215 (100, MþHþ);
203 (14.0); 117 (6.0); 93 (5.25). Anal. found: C, 67.33; H,
4.77; N, 13.35. Calcd for C12H10N2O2 (214.22): C, 67.28;
H, 4.70; N, 13.08%.

5.3.3. 1,5-Dimethyl-1H-chromeno[4,3-c]pyrazol-4-one
(8b). Yield: 42.8 mg (20%) mp 208–209 8C, Rf¼0.27
(chloroform–acetone, 5:1). IR (KBr): n¼1737 (CvO);
1592 (–NvC–) cm21. 1H NMR (CDCl3): d¼2.69 (s, 3H,
CH3); 3.96 (s, 3H, N–CH3); 7.25–8.01 (m, 4H, arom.). 13C
NMR (CDCl3): d¼11.02 (C–CH3); 37.12 (N–CH3);
115.22; 117.69; 118.16; 122.46; 124.42; 130.13; 162.30
(CvO). MS (70 eV) m/z (%): 215 (100, MþþHþ), 203
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(14.0); 117 (6.0); 93 (5.25). Anal. found: C, 67.13; H, 4.76;
N, 13.21. Calcd for C12H10N2O2 (214.22): C, 67.28; H,
4.70; N, 13.08%.

5.4. Syntheses of complexes trans-[Pt(4a)2Cl2] (9a) and
cis-[Pt(4a)2Cl2] (10a)

K2[PtCl4] (83.4 mg, 0.20 mmol) was dissolved in 3 mL of
acetone–water (1:1) mixture and the solution was slowly
added to solution of pyrazole 4a (118.5 mg, 0.40 mmol) in
acetone (5 mL). A pink solid started to precipitate at the end
of the addition. The suspension was heated to reflux at
115 8C with good stirring. After 6 h at reflux, a brown
powder precipitated was filtered off and dried to give
complex 9a. The remaining yellow solution was cooled
down in an ice bath and left for 24 h in the freezer (212 8C).
The yellow powder was filtered off, washed with cold water
and then with diethyl ether, to afford 10a.

5.4.1. trans-[Pt(4a)2Cl2] (9a). Yield: 12.0 mg (7%),
mp.350 8C. IR (CsI): n¼3449 (OH); 1637 (NvC); 1228
(PvO); 1038 (P–O–C); 422 (M2N); 326 (M2Cl) cm21.
1H NMR (DMSO-d6): d¼2.43 (s, 3H, CH3); 3.52 (d, 3H,
O–CH3, 3JPH¼11.9 Hz); 3.70 (d, 3H, O–CH3, 3JPH¼
11.9 Hz); 3.89 (s, 3H, N–CH3); 7.00–8.16 (m, 4H,
arom.), 10.15 (s, 1H, OH). 31P NMR (DMSO): d¼17.89.
MS-FAB m/z: 857. Anal. found: C, 36.66; H, 4.06; N, 6.39.
Calcd for C26H34N4O8P2Cl2Pt (858.51): C, 36.37; H, 3.99;
N, 6.53%.

5.4.2. cis-[Pt(4a)2Cl2] (10a). Yield: 138.0 mg (80%), mp
153–156 8C. IR (CsI): n¼3461 (OH); 1218.5 (PvO);
1038.4 (P–O–C); 585 (Pt–N); 426.8; 343 (Pt–Cl)
cm21.1H NMR (DMSO): d¼2.39 (s, 3H, CH3); 3.47 (d,
3H, O–CH3, 3JPH¼11.9 Hz); 3.54 (d, 3H, O–CH3, 3JPH¼
11.9 Hz); 3.78 (s, 3H, N–CH3); 6.96–7.84 (m, 4H, arom.),
12.04 (s, 1H, OH). 31P NMR (DMSO): d¼18.07. 13C NMR
(DMSO-d6): d¼14.07 (C–CH3); 37.09 (N–CH3); 52.75 (d,
P–O–CH3, 2JPC¼5.73 Hz); 103.05 (C–P, 1JPC¼221.6 Hz);
117.09; 117.36; 119.86; 131.43; 147.14; 151.61; 155.96.
MS-FAB m/z: 857. Anal. Found: C, 36.61; H, 4.11; N, 6.47.
Calcd for C26H34N4O8P2Cl2Pt (858.51): C, 36.37; H 3.99; N
6.53%.

5.5. Syntheses of cis-[Pt(4b)2Cl2] complex 10b

K2[PtCl4] (41.5 mg, 0.10 mmol) was dissolved in water
(5 mL) and ligand 4b (49.25 mg, 0.2 mmol), dissolved in
methanol (15 mL), added slowly dropwise. The mixture was
stirred for 48 h at room temperature, and then half of the
volume of methanol was removed under reduced pressure at
room temperature. A yellow solid started to precipitate at
the end of concentration. The solid was filtered off, washed
with water and then with diethyl ether and dried in vacuo to
give complex 10b.

5.5.1. cis-[Pt(4b)2Cl2] complex 10b. Yield: 25.8 mg
(34%)) mp 263 8C dec. IR (CsI): n¼3342 (OH); 1722
(CvO); 1615 (NvC); 1098 (C–O–C); 480 (M2N);
330 (M2Cl) cm21. 1H NMR (DMSO-d6): d¼2.37 (s,
3H, C–CH3); 3.39 (s, 3H, N–CH3); 3.61 (d, 3H, OCH3);
7.18–7.74 (m, 4H, arom.); 9.95 (s, 1H, OH). MS-FAB
m/z: 758.0. Anal. found: C, 41.40; H, 3.96; N, 7.43.

Calcd for C26H28N4O6Cl2Pt (758.49): C, 41.2; H, 3.72; N,
7.38%.

5.5.2. Syntheses of the complex trans-[Pd(4a)2Cl2] (11a).
Compound 4a (118.5 mg, 0.4 mmol) dissolved in dichloro-
methane (5 mL) was added to a solution of [Pd(C6H5CN)2-
Cl2] (76.7 mg, 0.2 mmol) in the same solvent (5 mL). The
reaction mixture was left with stirring at room temperature.
After 2 h a yellow powder precipitated from the reaction
mixture. The stirring was continued for the next 24 h. The
resulting solid was filtered off, washed with water and then
with diethyl ether and dried overnight in vacuo.

Yield: 124.7 mg (81%) mp 223 8C dec. IR (CsI): n¼3373
(OH); 1205 (PvO); 1020 (P–O–C); 573 (Pd–N); 382
(Pd–Cl) cm21. 1H NMR (DMSO): d¼2.98 (s, 3H, CH3);
3.43 (d, 3H, P–OCH3, 3JPH¼11.7 Hz); 3.59 (s, 3H,
N–CH3); 3.68 (d, 3H, POCH3, 3JPH¼11.7 Hz); 7.21–7.78
(m, 4H, arom.); 10.21 (sbroad, 1H, OH). 31P NMR (DMSO):
d¼18.3. MS-FAB m/z: 769.0. Anal. found: C, 40.34; H,
4.47; N, 7.41; P, 8.31. Calcd for C26H34N4O8P2Cl2Pd
(769.93): C, 40.56; H, 4.45; N, 7.2; P, 8.04%.

5.5.3. Synthesis of Pd(II) complex trans-[Pd(4b)2Cl2]
(11b). Compound 4b (123.1 mg, 0.5 mmol) dissolved in
dichloromethane (5 mL) was added to the solution of
[Pd(C6H5CN)2Cl2] (95.9 mg, 0.25 mmol) in the same
solvent (5 mL). The mixture was left with stirring at room
temperature. After 2 h, a yellow powder precipitated. The
stirring was continued for 24 h. The resulting precipitate
was filtered off, washed with water and then with diethyl
ether, and dried overnight in vacuo.

Yield: 138 mg (83%) mp 336 8C dec. IR (CsI): n¼3342
(OH); 1714 (CvO); 1614 (NvC); 1124 (C–O–C); 414
(M2N); 354 (M2Cl) cm21. 1H NMR (DMSO-d6): d¼2.35
(s, 3H, C–CH3); 3.37 (s, 3H, N–CH3); 3.50 (d, 3H, OCH3);
7.21–7.78 (m, 4H, arom.); 9.8 (s, 1H, OH). MS-FAB m/z:
669.0. Anal. found: C, 46.47; H, 4.97; N, 8.23. Calcd for
C26H28N4O6Cl2Pd (669.84): C, 46.61; H, 4.21; N, 8.36%.

5.5.4. Synthesis of Pd(II) complex 12b. Compound 8b
(150 mg, 0.7 mmol) dissolved in dichloromethane (5 mL)
was added to the solution of [Pd(C6H5CN)2Cl2] (134 mg,
0.35 mmol) in the same solvent (5 mL). The mixture was
left with stirring at room temperature. After 10 min a yellow
powder precipitated. The stirring was continued for 24 h.
The resulting precipitate was filtered off, washed with water
and then with ethyl ether, and dried overnight in vacuo.

Yield: 125 mg (59%), mp 334 8C dec. IR (CsI): n¼1755
(–CvO); 1619(–NvC–); 420 (Pd–N); 354 (Pd–Cl)
cm21. MS-FAB m/z (%): 604.5. Anal. found: C, 47.58; H,
3.57; N, 9.02. Calcd for C24H20N4O4Cl2Pd (605.75): C,
47.58; H, 3.32; N, 9.25%.

5.5.5. Crystal data for compound 4a,48 (Fig. 4).
C13H17N2O4P, Mr¼296.26, monoclinic, space group
P21/n, a¼8.555(1) b¼14.270(1) c¼12.242(1) Å b¼
103.01(1)8, V¼1456.1(2) Å3, Z¼4, Dx¼1.351 Mg m23,
F(000)¼624, T¼293 K m(Cu Ka)¼1.819 mm21, colorless
crystal of dimensions 0.2£0.3£0.4 mm, cell dimension from
80 reflections in the range u¼39.85–39.978. The intensities

E. Budzisz et al. / Tetrahedron 60 (2004) 1749–1759 1757



were collected on a KUMA KM4 diffractometer using
graphite-monochromatic Cu Ka radiation, l¼1.54178 Å, v
scans. The intensities were corrected for absorption49 effect
with Tmin¼0.51 and Tmax¼0.69 and Lorentz and polari-
zation effect. Intensities of 3 standard reflections checked
every 150 reflections: no decay, u range 4.83–67.128, 5250
measured reflections of which 2519 were unique
(Rint¼0.015). The structure was solved by direct methods
using SHELXS8650, which revealed the positions of non-H
atoms. All H-atoms were located in a difference Fourier
map. The structure was refined on F2 by full-matrix least-
squares methods using SHELX9751 none-H atoms refined
anisotropically, H-atoms fixed in calculated positions
excluding H52. The refinement was carried out on 212
parameters using 2413 observed reflections with I.2s(I)
gave R1¼0.044 wR2¼0.120 (w¼1/[s 2(Fo

2)þ(0.0742P)2],
where P¼(Fo

2þ2Fc
2)/3, S¼1.0068, max and min residual

electron density 0.511, 20.317 e Å23.

5.5.6. Crystal data for compound 4b,48 (Fig. 5).
C13H14N2O3, Mr¼246.26, orthorhombic, space group
P212121, a¼12.456(4) b¼14.4589(2) c¼7.084(5) Å, V¼
1287.2(10) Å3, Z¼4, Dx¼1.271 Mg m23, F(000)¼520,
T¼293 K, m(Cu Ka)¼0.76 – 1, colorless crystal of dimen-
sions 0.5£0.1£0.1 mm, AFC5S Rigaku four-circle dif-
fractometer, graphite-monochromatic Cu Ka radiation,
l¼1.54178 Å, v scans, cell constants from 25 reflections
in the range u¼22.51–28.788, intensities of 3 standard
reflections: 3 2 0, 2 21 21, 2 0 21 checked every 150
reflections, no decay, u range 4.67–67.488, 4866 measured
reflections of which 2268 were unique (Rint¼0.029). The
intensities were corrected for absorption49 effect with
Tmin¼0.737 and Tmax¼0.936. Structure solution by direct
methods using SHELXS86,50 and refined 170 parameters on
F2 by full-matrix least-square methods using SHELX97,51

none-H atoms refined anisotropically, H-atoms fixed in
calculated positions and refined using a riding model except
H51. Final R1¼0.0328 and wR2¼0.0756 (w¼exp(3s 2)/
[s 2(Fo

2)þ(0.0381P)2]), where P¼(Fo
2þ2Fc

2)/3, S¼0.854,
max and min residual electron density 0.12, 20.15 e Å23.
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Abstract—The stereochemistry of syn and anti-forms of bridged bicyclo[3.n.1]-2-ene, tricyclo[7.n.1.0]-2-ene (n¼1–3) and
bicyclo[4.3.1]dec-7-ene derivatives can be assigned from the 13C chemical shift difference of the double bond. Both syn-9-R-
bicyclo[3.3.1]non-2-enes and syn-13-R-tricyclo[7.3.1.02,7]tridec-2(7)-enes have a large shielding difference between sp2 carbons, while the
corresponding anti-forms have a smaller one. In contrast, 8-R-bicyclo[3.2.1]oct-2-enes and 12-R-tricyclo[7.2.1.02,7]dodec-2(7)-enes have an
inverse correlation. The reason of this specificity is the influence of the g-gauche effect on the chemical shift of C(2) atom. The GIAO theory
has been applied to investigate the 13C chemical shifts. The conformational equilibrium in the formamide group of 13-formylamino-
tricyclo[7.3.1.02,7]tridec-2(7)-enes has been studied.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Up to now, the determination of the relative stereochemistry
of molecules has been being a time consuming and
sometimes difficult task. This was solved, as a rule, by
X-ray crystallography analysis or NMR methods (1H–1H
and 1H – 13C coupling constants data, 1H – 1H NOE
measurements). The most common approach involves 1H
NMR through the angular dependence of the vicinal
coupling constant.1,2 However, often the coupling infor-
mation is not available because either the coupling does not
exist or the critical lines in the spectrum are masked by
superimposed signals. The use of long-range 1H–13C
coupling constants in definition of molecular configuration
is an increasingly active area, with numerous methods.
Recently developed J-based configuration analysis3 is well
suited to such measurements, but requires the protons of
interest to be sufficiently resolved, and numerous experi-
ments will be required if many nJC,H values are to be

determined. Therefore, application of conventional 1D 13C
NMR to solve stereochemical problems are sometimes more
useful.4,5 In recent years, efficient techniques for the
calculations of NMR parameters by ab initio methods
have been developed.6 The advantage of this approach is the
possibility to predict the spectral data in the absence of
experimental data. The stereochemistry of substituent
placement on a carbon framework is reflected in a, b, g
and d-substituent effects. Barfield and co-workers pre-
viously examined the capability of ab initio calculations to
predict substituent effects by using substituted butanes as
model systems.7

Traditionally, relative stereochemistry determination of
12-R-tricyclo[7.2.1.02,7]dodec-2(7)-ene and 13-R-tricyclo-
[7.3.1.02,7]tridec-2(7)-ene systems were carried out either
by chemical8 or by X-ray crystallography analysis.9,10

Our objective was to define a simple empirical rule for

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.045
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Scheme 1. 1,10,13,18,21,23: X¼H, Y¼H; 2: X¼H, Y¼NHCHO; 3: X¼NHCHO, Y¼H; 4,14: X¼H, Y¼NH2; 5,15: X¼NH2, Y¼H; 6: X¼H,
Y¼NCHC6H4OH; 7: X¼NCHC6H4OH, Y¼H; 8,11,16,19,22: X¼H, Y¼OH; 9,12,17,20: X¼OH, Y¼H.

* Corresponding author. E-mail address: olpatrus@chem.dvgu.ru

Keywords: 13C NMR; GIAO-SCF; Gauche effect; Bicyclo[3.2.1]octane; Bicyclo[3.3.1]nonane; Tricyclo[7.2.1.02,7]dodecane; Tricyclo[7.3.1.02,7]tridecane;
Bicyclo[3.1.1]heptane; Bicyclo[4.3.1]decane.



assigning relative stereochemistry of 13-R-tricyclo[7.3.1.02,7]-
tridec-2(7)-enes, 9-R-bicyclo[3.3.1]non-2-enes, 12-R-tricyclo-
[7.2.1.02,7]dodec-2(7)-enes and 8-R-bicyclo[3.2.1]oct-2-
enes by visual inspection of 13C NMR spectra. With this
purpose, we have analyzed 13C NMR spectra for com-
pounds 1–20 (Scheme 1).

2. Methodology

All ab initio calculations were performed using the Dalton
program package11 on Beowulf Linux cluster. All geome-
tries employed were fully optimized in the C1 symmetry at
the HF level of theory using the TZ basis set of Ahlrichs and
co-workers12 with two polarization functions. The resulting
geometries were characterized at the same levels of theory
by performing frequency calculations. The optimal struc-
tures were then used to calculate the absolute chemical
shielding using the GIAO13 method, as implemented in

Dalton. The calculated 13C NMR shielding values were
referenced to SiMe4 (s(C)¼195.11 ppm at the same
computational level).

3. Results and discussion

Skeletal 13C NMR chemical shifts for compounds 1–10,
13–21, 23 were calculated and the experimental spectra
(where available) are fully assigned (Tables 1 and 2). The
experimental assigned spectra for compounds 1, 18–20 was
used for validate computational method. Generally, with the
theoretical approach, one isolated molecule in vaccuo in its
equilibrium geometry is studied. Consequently, the experi-
mental counterparts to the calculated absolute shielding
values should be those measured in the gas phase
extrapolated to zero density and temperature. Because the
NMR experiments for studied compounds had to be carried
out to on samples in CDCl3 solutions, the following issues

Table 1. Skeletal 13C NMR chemical shifts (ppm) of tricyclo[7.3.1.02,7]tridec-2(7)-ene and bicyclo[3.3.1]non-2-ene derivatives

Compound 1C 2C 3C 4C 5C 6C 7C 8C 9C 10C 11C 12C 13C

1 Calculated 31.05 138.93 26.76 22.77 22.41 27.62 137.25 34.54 25.67 32.06 18.88 26.70 30.59
Experimentala 34.9 130.8 29.2 23.7 23.3 30.0 130.0 37.7 27.9 34.4 19.0 28.9 32.8

2Z Calculated 33.99 138.86 26.55 22.53 22.17 27.24 136.20 35.98 29.01 27.07 17.95 20.80 43.77
Experimentalb 38.05 129.88 27.87 23.08 22.99 29.27 129.05 38.25 31.05 28.70 17.46 22.23 48.08

2E Calculated 37.89 138.37 26.56 22.39 22.13 27.20 137.37 35.92 31.50 26.81 17.78 21.11 47.37
Experimentalb,c 40.35 130.07 27.51 — 22.94 29.21 — 38.36 32.78 — 17.35 21.86 51.88

3Z Calculated 36.44 135.12 27.07 22.62 22.41 27.47 139.16 31.24 29.90 31.09 17.80 27.08 44.65
Experimentalb 40.05 127.19 28.31 23.20 23.07 29.53 130.85 33.17 31.80 33.13 17.15 29.14 49.40

3E Calculated 38.03 135.71 27.04 22.55 22.14 27.33 138.36 30.88 33.27 31.79 17.59 27.21 49.00
Experimentalb,d 41.17 127.00 28.39 — 22.92 29.45 131.03 32.82 34.35 33.32 16.91 29.06 53.75

4 Rotamer 2sc, DEe¼3.75 5.41 20.82 3.95 3.37 3.32 4.05 20.24 5.38 5.04 3.84 2.69 3.02 7.01
Rotamer ap, DE¼0 24.87 93.39 18.03 15.31 15.11 18.44 92.29 24.10 20.90 17.40 12.57 13.65 31.31
Rotamer þsc, DE¼3.32 7.01 24.46 4.75 4.01 3.95 4.82 24.30 6.47 5.36 4.57 3.19 3.61 8.32
Weighted averagef 37.29 138.67 26.73 22.69 22.38 27.31 136.83 35.95 31.30 25.81 18.45 20.28 46.64
Experimental 41.55 129.88 28.89 23.23 23.15 29.33 129.64 39.03 33.89 26.90 17.92 21.21 50.80

5 Rotamer 2sc, DE¼0 19.58 63.38 12.93 10.71 10.54 12.86 64.43 14.46 14.78 51.34 8.46 12.79 22.92
Rotamer ap, DE¼4.36 3.05 10.77 2.21 1.86 1.81 2.21 11.09 2.56 2.55 2.55 1.47 2.17 3.96
Rotamer þsc, DE¼0.10 16.70 61.54 12.22 10.25 10.10 12.34 61.02 13.88 15.72 14.47 8.10 12.41 22.07
Weighted average 39.33 135.69 27.36 22.82 22.45 27.41 136.54 30.90 33.05 32.36 18.03 27.37 48.95
Experimental 43.35 126.94 28.86 23.41 23.25 29.50 129.40 32.86 35.19 34.06 17.30 29.57 53.11

6 Calculated 38.42 138.41 26.67 22.60 22.36 27.39 137.28 35.68 32.65 27.11 18.64 21.60 66.67
Experimentalb 41.46 130.10 28.32 23.25 23.17 29.46 129.31 38.36 34.25 28.79 18.28 22.72 69.16

7 Calculated 38.82 135.16 27.20 22.89 22.21 27.38 137.81 32.08 33.12 31.75 18.09 26.62 68.27
Experimentalb 41.87 126.64 29.37 23.42 23.28 29.61 130.42 34.13 34.57 33.30 17.56 27.89 70.61

8 Rotamer 2sc, DE¼0 19.11 67.34 13.19 11.14 10.99 13.45 68.02 17.49 14.67 12.67 9.01 10.30 31.54
Rotamer ap, DE¼5.03 2.37 8.93 1.73 1.46 1.44 1.76 8.88 2.32 1.99 1.67 1.15 1.33 4.13
Rotamer þsc, DE¼0.27 15.78 61.09 11.73 9.97 9.86 12.02 60.14 15.56 14.53 11.59 8.08 8.95 28.28
Weighted average 37.26 137.36 26.65 22.57 22.29 27.23 137.04 35.37 31.19 25.93 18.24 20.58 63.95
Experimental 41.15 129.83 28.86 23.12 23.12 29.25 128.54 38.47 33.61 27.21 17.87 21.64 70.49

9 Rotamer 2sc, DE¼6.06 2.56 9.42 1.89 1.60 1.56 1.91 9.50 2.20 2.36 2.17 1.25 1.84 4.63
Rotamer ap, DE¼0 31.05 109.31 21.92 18.33 18.08 22.18 111.43 24.73 25.73 25.28 14.35 21.56 52.48
Rotamer þsc, DE¼4.70 4.86 16.01 3.30 2.78 2.71 3.31 16.86 3.80 3.68 3.75 2.17 3.18 8.00
Weighted average 38.47 134.74 27.11 22.71 22.35 27.40 137.79 30.73 31.77 31.20 17.77 26.58 65.11
Experimental 42.81 126.45 29.25 23.31 23.14 29.59 130.60 32.93 34.43 33.03 16.96 28.30 72.41

10 Calculated 27.16 137.72 136.35 30.00 25.19 31.88 18.07 27.44 29.70
Experimentalg 29.6 130.5 129.4 32.4 27.2 34.2 18.2 29.2 31.8

11 Experimentalh 36.20 128.01 129.07 33.61 33.30 27.03 17.07 22.20 69.84
12 Experimentalh 37.68 125.97 130.30 28.14 34.16 32.91 16.23 28.98 71.58

a Data taken from Ref. 14.
b Data are identically published.9
c Signals of the C(4), C(7) and C(10) atoms are masked by superimposed signals of the more stable conformer.
d Signal of the C(4) atom is masked by superimposed signals of the more stable conformer.
e Values in kJ mol21, relative to the most stable rotamer.
f Weighted average for each carbon was calculated based on the sum of the GIAO predicted chemical shift values for each rotamers weighted by the

distribution coefficient.
g Data taken from Ref. 15.
h Data taken from Ref. 16.
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complicated comparison of the theoretical and experimental
data. Gas-to-liquid transition and solvatation effects gen-
erate a large shift in shieldings. In general, vibrational
motion perturbs chemical shifts,19 but for many cases, this
correction may be negligible.

It should be noted that the calculated chemical shifts for all
compounds tend, as a rule, to be underestimated for the
saturated carbons (0.13–7.4 ppm) and overestimated for the
olefinic carbons (6.95–9.06 ppm) than the observed ones. It
can be traced back to the neglect of electron correlation
contribution in the SCF approach. However, we find fairly
reasonable linear correlations (0.994,R 2,0.999) between

experimental assigned and theoretical chemical shifts for
compounds 1, 18–20 (Table 3). The correct order of shifts is
given with just one exception for C(1) atom in hydrocarbons
1 and 18, but its assignment can be easily corrected by NMR
experiments with J-modulated spin-echo sequence. That
procedure was used for correction of C(1) atom assignment
for hydrocarbons 10 and 13 also. We proceeded with our
work using the assumption that calculated intramolecular
chemical shift differences for the two olefinic carbons using
identical levels of theory and basis sets can greatly reduce
this type of systematic error, and achieve much higher
accuracy than chemical shifts calculated relative to a
standard.

Alcohols and amines introduce the problem of conforma-
tional mobility of substituent on a fixed bicyclic framework.
The observed chemical shifts at ambient temperature are
time-averaged values from weighted average of contri-
buting conformations. It has been recently shown that to
reproduce the experimental 13C NMR results for isomeric
2-norbornanols, the conformational-averaged values are
used in calculations of chemical shifts.20 The hydroxyl or
amino proton(s) can occupy three different positions
associated with the energy minima in rotation about

Table 2. Skeletal 13C NMR chemical shifts (ppm) of tricyclo[7.2.1.02,7]dodec-2(7)-ene and bicyclo[3.2.1]oct-2-ene derivatives, bicyclo[3.1.1]hept-2-ene and
bicyclo[4.3.1]dec-7-ene

Compound 1C 2C 3C 4C 5C 6C 7C 8C 9C 10C 11C 12C

13a Calculated 37.08 143.84 27.30 22.75 22.41 27.20 132.33 38.52 31.53 28.36 32.02 33.82
14a Rotamer 2sc, DEb¼5.34 3.88 13.36 2.51 2.08 2.06 2.48 12.11 3.60 3.75 2.38 2.66 5.11

Rotamer ap, DE¼0 34.31 114.01 21.69 18.05 17.83 21.52 105.20 30.58 30.13 21.55 23.82 42.96
Rotamer þsc, DE¼4.84 5.17 16.21 3.10 2.56 2.52 3.05 14.99 4.48 4.12 2.95 3.25 6.27
Weighted averagec 43.36 143.58 27.30 22.69 22.41 27.05 132.30 38.66 38.00 26.88 29.73 54.34

15 Rotamer 2sc, DE¼0 23.79 76.17 15.38 12.49 12.34 14.83 73.03 18.45 18.65 14.72 16.26 28.08
Rotamer ap, DE¼6.29 1.80 5.91 1.20 0.99 0.97 1.16 5.76 1.47 1.51 1.19 1.31 2.17
Rotamer þsc, DE¼0.71 16.76 57.85 11.38 9.35 9.23 11.12 53.96 13.89 14.71 11.26 12.12 21.18
Weighted average 42.35 139.93 27.96 22.83 22.54 27.11 132.75 34.01 34.87 27.17 29.69 51.43
Experimentald 45.9 131.4 30.0 23.2 23.1 29.2 125.0 36.4 37.0 29.6 32.0 55.4

16a Rotamer 2sc, DE¼0 22.02 69.75 13.44 11.13 10.98 13.28 65.71 18.90 17.97 13.11 14.65 35.26
Rotamer ap, DE¼5.49 2.30 7.70 1.47 1.21 1.20 1.44 7.14 2.09 2.02 1.37 1.53 3.89
Rotamer þsc, DE¼0.21 18.96 64.98 12.32 10.24 10.12 12.20 59.76 17.27 17.93 12.11 13.40 32.47
Weighted average 43.28 142.43 27.23 22.58 22.30 26.92 132.61 38.26 37.92 26.59 29.58 71.62

17 Rotamer 2sc, DE¼7.86 1.49 5.15 1.03 0.85 0.83 1.00 4.92 1.27 1.30 0.97 1.05 2.51
Rotamer ap, DE¼0 36.27 123.72 24.62 20.15 19.92 24.12 119.14 29.83 29.59 22.95 24.81 59.45
Rotamer þsc, DE¼6.14 3.16 10.16 2.08 1.71 1.68 2.02 10.10 2.54 2.48 1.93 2.14 5.02
Weighted average 40.92 139.03 27.73 22.71 22.43 27.14 134.16 33.64 33.37 25.85 28.00 66.98
Experimental 44.96 130.95 29.80 23.19 23.02 29.26 126.55 36.40 35.90 28.26 30.16 74.38

18 Calculated 32.76 142.21 131.58 34.49 31.15 28.43 33.38 33.30
Experimentale 35.6 134.7 123.8 37.5 33.6 30.6 35.5 35.5

19 Rotamer 2sc, DE¼0 20.84 72.15 68.42 17.76 18.76 13.79 16.04 36.75
Rotamer ap, DE¼5.72 1.97 7.23 6.75 1.79 1.92 1.31 1.52 3.68
Rotamer þsc, DE¼0.44 16.27 61.01 56.47 14.70 16.99 11.57 13.30 30.68
Weighted average 39.08 140.39 131.64 34.25 37.67 26.67 30.86 71.11
Experimentale 42.3 132.6 124.2 37.5 40.7 28.3 32.6 78.1

20 Rotamer 2sc, DE¼8.27 1.13 4.29 4.13 0.95 1.09 0.82 0.93 2.10
Rotamer ap, DE¼0 32.30 121.65 118.44 26.30 29.06 25.89 29.31 58.52
Rotamer þsc, DE¼5.81 3.22 11.39 11.45 2.57 2.80 2.20 2.55 5.64
Weighted average 36.65 137.33 134.02 29.82 32.95 28.91 32.79 66.26
Experimentale,f 39.8 129.9 126.6 31.5 35.7 28.4 32.2 73.5

21a Calculated 29.71 145.91 130.34 31.59 30.59 31.87 31.87
23a Calculated 25.73 33.13 24.67 27.35 32.13 30.64 139.23 133.46 31.40 28.52

a Experimental data are absent.
b Values in kJ mol21, relative to the most stable rotamer.
c Weighted average for each carbon was calculated based on the sum of the GIAO predicted chemical shift values for each rotamers weighted by the

distribution coefficient.
d Data taken from Ref. 10.
e Data taken from Ref. 17.
f Ref. 18.

Table 3. Correlation parameters (slope, intercept and R 2 factor) between
experimental assigned and theoretical chemical shifts for compounds 1,
18–20a

Compound Slope Intercept R 2 factor

1 1.0917 24.675 0.9988
18 1.1060 26.120 0.9998
19 1.1078 26.410 0.9995
20 1.1081 24.908 0.9937

a Data are plotted as d(GIAO)¼interceptþslope£d(exp).
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the C–O or C–N bond, shown as ap(antiplanar) and
^sc(synclinal) rotamers with respect to the relationship
between H–H or H-lone pair moieties (Scheme 2). The ab
initio energies of all rotamers were computed in order to
estimate the rotamer populations at 298 K based on the
Boltzmann’s equation. On the basis of the populations of
the rotamers, the weighted average chemical shifts were
obtained for compounds 4, 5, 8, 9, 14–17, 19, 20. The
conformational behavior of methyl-substituted hydrocarbon
chains does not depend on solvation, as has been
demonstrated by the analysis of 3JC,C coupling constants
for certain model compounds.21 It can thus be expected that
the energetic order of the rotamers does not change
significantly when going from the gas phase to a CDCl3
solution.

Experimental 13C NMR spectra of formylamines 2 and 3
have double sets of signals.9 The existence of an equilibrium
mixture of conformers with different amide group orien-
tations has been cited as a possible reason. Our calculations
show a ratio of conformers 3Z:3E¼7:1 for isomer 3 and a
ratio of conformers 2Z:2E¼3:1 for isomer 2. The experi-
mental 1H NMR spectra also show the presence of two
conformers in a ratio Z:E¼3:1 for both compounds. These

results are consistent with 3J coupling of formyl protons22,23

(Scheme 3). Vicinal constants for protons on adjacent
stereogenic centers typically fall in the range Janti(E).
Jsyn(Z).

24

Stereoisomeric pairs of 13-R-tricyclo[7.3.1.02,7]tridec-2(7)-
ene, 9-R-bicyclo[3.3.1]non-2-ene, 12-R-tricyclo[7.2.1.02,7]-
dodec-2(7)-ene and 8-R-bicyclo[3.2.1]oct-2-ene systems
show some distinctions in the chemical shifts of the
respective carbons. In particular, the carbon chemical shift
difference of the double bond (Dd(CvC)) is specific for each
isomer, without dependence on a substituent (Table 4). The
reason for this specificity is the influence of the g-gauche
effect on the 13C chemical shift of the C(2) atom.25,26 In

Scheme 2. 4,5: n¼2, R1þR2¼(CH2)4; 8,9: n¼2, R1þR2¼(CH2)4; 11,12: n¼2, R1¼R2¼H; 14,15: n¼1, R1þR2¼(CH2)4; 16,17: n¼2, R1þR2¼(CH2)4; 19,20:
n¼1, R1¼R2¼H.

Scheme 3.

Table 4. 13C NMR chemical shift differences (ppm) of the double bond for
various cyclic systems

Compounds Dd(CvC) anti-isomer Dd(CvC) syn-isomer

13-R-tricyclo[7.3.1.0 2,7]tridec-2(7)-ene
Hydrocarbon 0.8
Formylaminesa 0.83 3.66
Amines 0.24 2.46
Shiff bases 0.79 3.78
Alcohols 1.29 4.15

9-R-bicyclo[3.3.1]non-2-ene
Hydrocarbon 1.1
Alcohols 1.06 4.33

12-R-tricyclo[7.2.1.0 2,7]dodec-2(7)-en
Hydrocarbon 11.51b

Amines — 6.4
11.28b 7.18b

Alcohols — 4.4
9.82b 4.87b

8-R-bicyclo[3.2.1]oct-2-ene
Hydrocarbon 10.9
Alcohols 8.4 3.3

7-R-bicyclo[3.1.1]hept-2-ene
Hydrocarbon 15.57b

10-R-bicyclo[4.3.1]dec-7-ene
Hydrocarbon 5.77b

a Conformers 2Z and 3Z; paper8 contains incorrect Dd(CvC) values.
b Based on theoretical spectra.
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anti-forms the C(2) atom is under the influence of a small
g-anti effect, while in syn-forms the same atom experiences
a large upfield shift as a result of the g-gauche effect (Table
5). The g effect influences the corresponding aliphatic
carbons too, but the application of their signals as a
diagnostic sign is inconvenient because the assignment by
visual inspection of the experimental spectra is not
straightforward.

The relative configuration of tricyclo[7.3.1.02,7]tridec-2(7)-
enes 2–9 is established.8,9 For these compounds a smaller
Dd(CvC) value corresponds to the anti-forms, while the
syn-forms have a larger one (Table 4). The Dd(CvC) for
hydrocarbon 1 is relatively close to the same value for the
anti-forms (compounds 2, 4, 6, 8) and significantly farther
apart from it for the syn-forms (compounds 3, 5, 7, 9). This
finding is a characteristic feature. It is referred that a 2:3
mixture of isomeric bicyclo[3.3.1]non-2-en-9-ols has been
received.17 An assignment of 13C NMR spectra was made,
but a relative configuration of these products was not
specified. Our finding allows us to assign the major isomer
to the anti-form 11 and the minor to the syn-form 12
(Table 1).

The relative configuration of syn-amine 15 is established,10

but the anti-isomer was not isolated. Mathematically, the
g-substituent effect defined as a difference dC

R-X2dC
R-H, but

the experimental spectrum for hydrocarbon 13 is absent, so
a theoretical spectrum was calculated. Also we carried out
calculations of spectra for compounds 14–17. The g effect
values based on the theoretical spectra are presented in
Table 5. A larger Dd(CvC) value corresponds to the anti-
forms (compounds 14, 16) and only slightly different from it
for hydrocarbon 13, while a smaller value corresponds to the
syn-forms (compound 15). It is noteworthy that the
difference between the theoretical and experimental
Dd(CvC) values for 12-R-tricyclo[7.2.1.02,7]dodec-2(7)-ene
system does not exceed 0.8 ppm. Thus, obtained compound
17 we have assigned to the syn-form. This rule applies also
to alcohols 19 and 20.

The dispersion of Dd(CvC) values for the anti-forms of
13-R-tricyclo[7.3.1.02,7]tridec-2(7)-ene/9-R-bicyclo[3.3.1]-
non-2-ene systems is 0.24–1.29 ppm and for the syn-forms-
2.46–4.33 ppm. In the case of 12-R-tricyclo[7.2.1.02,7]-
dodec-2(7)-ene/8-R-bicyclo[3.2.1]oct-2-ene systems, dis-
persion of these values for the anti-forms is 8.4–11.3 ppm
and for the syn-forms-3.3–6.4 ppm. Formally, the relative
Dd(CvC) values for isomeric forms of mentioned systems
are inverted. This is due to the distinction between Dd(CvC)

values for corresponding unsaturated hydrocarbons. The
Dd(CvC) value for hydrocarbons 1 and 10 does not exceed
1.1 ppm and a large upfield g-gauche effect for the C(2)
atom of syn-isomers 3, 5, 7, 9, 12 leads to an increase of that
quantity. In the case of syn-isomers 15, 17 and 20, the same
effect leads to a decrease of initially large Dd(CvC) value
(ca. 11 ppm) for hydrocarbons 13 and 18. In contrast, the
anti-isomers for all systems showing Dd(CvC) close to these
values for corresponding hydrocarbons.

This finding can be extended to bicyclic systems 21 and 23.
For compound 23, the two most stable twist–chair
conformations of the seven-membered ring were taken
into account. Theoretical Dd(CvC) values for unsaturated
hydrocarbons 21 and 23 are 15.57 and 5.77 ppm, respec-
tively. For the anti-forms of 7-R-bicyclo[3.1.1]hept-2-ene
and 10-R-bicyclo[4.3.1]dec-7-ene systems, estimated
Dd(CvC) should be near the value of corresponding
hydrocarbon, while for the syn-forms it should be
considerably smaller due to the influence of the g-gauche
effect. Compounds 2127 and 2228 are known, but experi-
mental 13C NMR data were omitted.

4. Conclusions

The comparison of Dd(CvC) values for some stereoisomer
and respective hydrocarbon allows the syn-/anti-isomers to
be distinguished without recourse to the calculations. For
the anti-isomers of studied systems Dd(CvC) should be near
the value of respective hydrocarbon, and for the syn-isomers
it should be considerably different. Moreover, the relative
order of Dd(CvC) values is transferable within the same
bicyclic carbon framework, without dependence on a
substituent. The specificity of Dd(CvC) values for the two
stereoisomers with known relative configurations permit an
assignment of relative configuration for the stereoisomers

Table 5. g-Substituent effectsa on the skeletal carbon shieldings of various
cyclic systems

Compound g-anti g-gauche

13-R-tricyclo[7.3.1.0 2,7]tridec-2(7)-ene
2Z 20.92 C(2) 25.70 C(10)

0.55 C(8) 26.67 C(12)
3Z 21.27 C(10) 23.61 C(2)

0.24 C(12) 24.53 C(8)
4 20.92 C(2) 27.50 C(10)

1.33 C(8) 27.69 C(12)
5 20.34 C(10) 23.86 C(2)

0.67 C(12) 24.84 C(8)
6 20.70 C(2) 25.61 C(10)

0.66 C(8) 26.18 C(12)
7 21.10 C(10) 24.16 C(2)

21.01 C(12) 23.57 C(8)
8 20.97 C(2) 27.19 C(10)

0.77 C(8) 27.26 C(12)
9 21.37 C(10) 24.35 C(2)

20.60 C(12) 24.77 C(8)

9-R-bicyclo[3.3.1]non-2-ene
11 22.49 C(2) 27.17 C(6)

1.21 C(4) 27.00 C(8)
12 21.29 C(6) 24.53 C(2)

20.22 C(8) 24.26 C(4)

12-R-tricyclo[7.2.1.0 2,7]dodec-2(7)-enb

14 20.26 C(2) 21.48 C(10)
0.14 C(8) 22.29 C(11)

15 21.19 C(10) 23.91 C(2)
22.33 C(11) 24.51 C(8)

16 21.41 C(2) 21.77 C(10)
20.26 C(8) 22.44 C(11)

17 22.51 C(10) 24.81 C(2)
24.02 C(11) 24.88 C(8)

8-R-bicyclo[3.2.1]oct-2-ene
19 22.1 C(2) 22.3 C(6)

0 C(4) 22.9 C(7)
20 22.2 C(6) 24.8 C(2)

23.3 C(7) 26.0 C(4)

a DdX ¼ dR-X
C 2 dR-H

C where R-H¼unsaturated hydrocarbon (in ppm);
negative values indicate upfield shifts.

b Based on theoretical spectra.
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with another substituent at the bridged carbon, without
experimental spectra for corresponding hydrocarbon, even
if only one of the unknown isomers is available. Also it is
possible to suggest that this rule will be kept for any alkyl
substituents on the carbon–carbon double bond.

5. Experimental

The NMR spectra were obtained in the pulse Fourier
transform mode using Bruker WM 250 spectrometer
operating at 62.9 MHz (13C) and 250.1 MHz (1H). The
spectral data were recorded in a CDCl3 solution with solvent
or tetramethylsilane as an internal standard. For the
preparation of 4, 5, 8 and 9 see the literature.8,9 Alcohol
17 was obtained by LiAlH4 reduction of the appropriate
ketone on the analogy with synthesis of 9.8
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Abstract—Aryl imines, formed in situ from aldehydes and amines undergo smoothly nucleophilic addition with trimethylsilyl cyanide on
the surface of montmorillonite KSF clay under mild reaction conditions to afford the corresponding a-aminonitriles in excellent yields. The
solid acid can be recovered and recycled in subsequent reactions with a gradual decrease of activity.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

a-Aminonitriles are important intermediates for the syn-
thesis of a-amino acids1 and various nitrogen containing
heterocycles2 such as imidazoles and thiadiazoles, etc. They
are usually prepared by the nucleophilic addition of cyanide
anion to the imines.3 The classical Strecker reaction is
generally carried out with alkaline cyanides in aqueous
solution. Subsequently, several modifications of the
Strecker reaction have been reported using a variety of
cyanating agents such as a-trimethylsiloxynitriles, diethyl
phosphorocyanidate under various reaction conditions.4 The
use of trimethylsilyl cyanide is a safer and more effective
cyanide anion source for the nucleophilic addition reactions
of imines under mild conditions.5 However, many of these
methods involve the use of expensive reagents and extended
reaction times, harsh conditions and also require tedious
aqueous work-up leading to the generation of a large
amount of toxic waste.

Furthermore, many of these catalysts are deactivated or
some times decomposed by amines and water that exist
during imine formation. In order to circumvent some of the
problems associated with these procedures recently one-pot
procedures have been developed for this transformation.6 In
recent years, the use of solid acid catalysts such as clays,
ion-exchange resins and zeolites has received considerable
attention in different areas of organic synthesis.7 Especially,
clay catalysts make the reaction process convenient, cost-
effective, environmentally benign and act as Brønsted as
well as Lewis acids in their natural or ion-exchanged forms,

enabling them to function as efficient catalysts for various
transformations.8

Because of the distinct advantages of solid acids, they can
make a great contribution to green chemistry. Although,
clay has been used for cyanohydrin formation,9 there are
no examples of the use of clay as catalyst for the synthesis of
a-aminonitriles.

2. Results and discussion

In view of the emerging importance of the use of solid acids
as environmentally friendly and reusable catalysts,10 we
herein describe a simple and efficient protocol for the three
component-coupling reactions of aldehydes, amines and
trimethylsilyl cyanide to produce a-aminonitriles using a
heterogeneous solid acid catalyst, montmorillonite KSF
clay under mild reaction conditions (Scheme 1).

The treatment of benzaldehyde and aniline with TMSCN
in the presence of KSF clay afforded the corresponding
2-anilino-2-phenylacetonitrile in 90% yield. Similarly, a
variety of aldehydes were coupled with a range of amines
and trimethylsilyl cyanide in a one-pot operation by using
this procedure to produce a-aminonitriles in 85–94%
yields. These three-component coupling reactions pro-
ceeded efficiently at ambient temperature with high
selectivity. No cyanohydrin trimethylsilyl ethers (an adduct
between an aldehyde and trimethylsilyl cyanide) were

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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Table 1. Montmorillonite clay promoted synthesis of a-amino nitriles

Entry Aldehyde (1) Amine (2) Product (3)a Reaction time (h) Yield (%)b

(a) C6H5CHO C6H5NH2 3.5 90

(b) 4-MeOC6H4CHO C6H5NH2 3.0 92

(c) 3-PhOC6H4CHO C6H5NH2 2.5 89

(d) 4-ClC6H4CHO C6H5NH2 3.5 91

(e) C6H5CHO 4.5 87

(f) 2-EtOC6H4CHO 3.0 92

(g) C6H5CHO 2-MeC6H4NH2 4.0 94

(h) 4-FC6H4CHO 2-ClC6H4NH2 5.0 85

(i) C6H5CHO 3-MeOC6H4CH2NH2 4.5 89

(j) 3.5 91

(k) C6H5CHO 5.5 92

(l) C6H5NH2 5.0 89

(m) C6H5NH2 4.5 85

(n) C6H5NH2 5.5 87

(o) C6H5NH2 5.0 92

(p) C6H5NH2 5.5 89

(q) 4-MeC6H4CHO C6H5NH2 5.0 91

Ph¼phenyl.
a All products were characterized by 1H NMR IR and mass spectroscopy.
b Isolated and unoptimized yields after purification.
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obtained under these reaction conditions. This is because of
the rapid formation and activation of the imines by solid
acid clay. Both aromatic and aliphatic aldehydes afforded
excellent yields of products whereas ketones did not yield
any product under these reaction conditions. The reac-
tions are clean and highly selective affording exclusively
a-aminonitriles in high yields in a short reaction time. This
method is equally effective with aldehydes bearing electron-
withdrawing substituents in the aromatic ring. Furthermore,
acid sensitive aldehydes such as furfuraldehyde and
cinnamaldehyde worked well without any decomposition
or polymerization under these reaction conditions. This
method does not require any additives or stringent reaction
conditions to proceed. The reaction conditions are mild
enough to perform these reactions in the presence of either
acid or base sensitive substrates. Enolizable aldehydes such
as 2-phenylacetaldehyde and decanal also produced the
corresponding a-aminonitriles. The scope and generality of
this process is illustrated with respect to various amines and
aldehydes including aromatic, a,b-unsaturated, hetero-
cyclic and aliphatic aldehydes and the results are presented
in Table 1. Finally, the clay was recovered by filtration,
washed with methanol and recycled for use in subsequent
reactions (after activation at 120 8C for 4–5 h) with gradual
decrease in activity; for example, the reaction of benz-
aldehyde, aniline and trimethylsilyl cyanide under the
present reaction conditions afforded a-aminonitriles in 92,
87 and 82% yields over three cycles.

3. Conclusion

In summary, we describe a simple, convenient and practical
method for the synthesis of a-aminonitriles through a one-
pot three-component coupling of aldehydes, amines and
trimethylsilyl cyanide using heterogeneous solid acid KSF
clay. The simple experimental and product isolation
procedures combined with easy recovery and reuse of this
natural clay is expected to contribute to the development of
clean and environmentally friendly strategy for the
synthesis of a-aminonitriles.

4. Experimental

Melting points were recorded on Buchi R-535 apparatus and
are uncorrected. IR spectra were recorded on a Perkin–
Elmer FT-IR 240-c spectrophotometer using KBr optics. 1H
NMR spectra were recorded on Gemini-200 spectrometer in
CDCl3 using TMS as internal standard. Mass spectra were
recorded on a Finnigan MAT 1020 mass spectrometer
operating at 70 eV. KSF clay was purchased from Aldrich
Co.

4.1. General procedure for the preparation of
a-aminonitriles

A mixture of aldehyde (1 mmol), amine (1 mmol),
trimethylsilyl cyanide (1.2 mmol) and Mont. KSF clay
(1.0 g) in dichloromethane (10 mL) was stirred at ambient
temperature for an appropriate time (Table 1). After
completion of the reaction, as indicated by TLC, the
reaction mixture was filtered and washed with dichloro-

methane (2£10 mL). The combined organic layers were
dried over anhydrous Na2SO4, concentrated in vacuo and
purified by column chromatography on silica gel (Merck,
100–200 mesh, ethyl acetate–hexane, 1:9) to afford pure
a-aminonitrile. Solid clay portion was washed with
methanol, dried at 1208 under reduced pressure and could
be reused in subsequent reactions.

4.2. Spectroscopic data for products

4.2.1. Compound 3a. White crystalline solid, mp 73–
74 8C, IR (KBr): n 3369, 3021, 2954, 2236, 1603, 1505,
1464, 1313, 1142, 995, 751. 1H NMR (CDCl3): d 4.0 (d, 1H,
J¼8.1 Hz), 5.40 (d, 1H, J¼8.1 Hz), 6.75 (d, 2H, J¼8.0 Hz),
6.90 (t, 1H, J¼7.8 Hz), 7.25 (t, 2H, J¼7.8 Hz), 7.40–7.50
(m, 3H), 7.60–7.70 (m, 2H). 13C NMR (Proton decoupled,
CDCl3): d 50.7, 114.8, 118.9, 120.6, 127.8, 129.7,
130.0, 130.2, 134.5, 145.4. EIMS: m/z: 208 Mþ, 180, 116,
91, 77. HRMS calcd for C14H12N2: 208.10004. Found:
208.10105.

4.2.2. Compound 3b. White solid, mp 94–95 8C, IR (KBr):
n 3383, 3053, 2932, 2245, 1601, 1502, 1454, 1298, 1118,
1041, 925, 764. 1H NMR (CDCl3): d 3.80 (s, 3H), 3.90
(d, 1H, J¼8.1 Hz), 5.30 (d, 1H, J¼8.1 Hz), 6.75 (d, 2H, J¼
8.0 Hz), 6.80 (t, 1H, J¼7.9 Hz), 6.90 (d, 2H, J¼8.0 Hz),
7.25 (t, 2H, J¼7.9 Hz), 7.50 (d, 2H, J¼8.0 Hz). 13C NMR
(Proton decoupled, CDCl3): d 50.0, 55.8, 114.5, 115.0,
118.9, 120.5, 126.3, 129.0, 129.9, 145.1, 160.8. EIMS: m/z:
238 Mþ, 211, 181, 167, 141, 104, 77, 51, 40. HRMS calcd
for C15H14N2O: 238.11061. Found: 238.11129.

4.2.3. Compound 3c. Pale yellow solid, mp 64–65 8C, IR
(KBr): n 3424, 2924, 2854, 2231, 1603, 1514, 1460, 1270,
1153, 1034, 798. 1H NMR (CDCl3): d 4.02 (d, 1H, J¼
8.0 Hz), 5.38 (d, 1H, J¼8.0 Hz), 6.78 (d, 2H, J¼7.9 Hz),
6.90 (t, 1H, J¼7.8 Hz), 7.05–7.65 (m, 11H). 13C NMR
(Proton decoupled, CDCl3): d 49.7, 114.1, 117.2, 117.9,
119.1, 119.2, 120.2, 121.5, 123.8, 129.4, 129.8, 130.5,
130.7, 114.4, 156.2, 158.1. EIMS: m/z: 300 Mþ, 273, 210,
181, 167, 141, 104, 77. HRMS calcd for C20H16N2O:
300.12626. Found: 300.12593.

4.2.4. Compound 3d. White solid, mp 109–112 8C, IR
(KBr): n 3405, 2927, 2239, 1600, 1515, 1457, 1272, 1161,
1098, 791. 1H NMR (CDCl3): d 4.0 (d, 1H, J¼8.1 Hz), 5.39
(d, 1H, J¼8.1 Hz), 6.75 (d, 2H, J¼8.0 Hz), 6.90 (t, 1H,
J¼7.9 Hz), 7.15 (t, 2H, J¼7.9 Hz), 7.40 (d, 2H, J¼8.0 Hz),
7.60 (d, 2H, J¼8.0 Hz). 13C NMR (Proton decoupled,
CDCl3): d 49.5, 114.2, 117.8, 120.5, 128.5, 129.4, 129.5,
132.3, 135.5, 144.3. EIMS: m/z: 242 Mþ, 213, 149, 114, 91,
73, 59. HRMS calcd for C14H11ClN2: 242.06107. Found:
242.06152.

4.2.5. Compound 3e. Colorless oil, IR (KBr): n 3409, 2924,
2234, 1648, 1514, 1401, 1108, 1028, 919, 825, 751. 1H
NMR (CDCl3): d 1.80 (brs, 1H, NH), 3.95 (AB q, 2H, J¼
13.5 Hz), 4.70 (s, 1H), 6.78 (d, 1H, J¼8.0 Hz), 7.15 (t, 1H,
J¼7.8 Hz), 7.25–7.40 (m, 6H), 7.49–7.51 (m, 2H). 13C
NMR (Proton decoupled, CDCl3): d 51.7, 53.8, 119.2,
128.1, 128.9, 129.1, 129.5, 130.0, 135.2, 138.5, 143.5.
EIMS: m/z: 222 Mþ, 195, 141, 131, 116, 106, 91, 77, 51.
HRMS calcd for C15H14N2: 222.11569. Found: 222.11603.
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4.2.6. Compound 3f. Yellow liquid, IR (KBr): n 34481,
2981, 2895, 2225, 1638, 1598, 1494, 1248, 1118, 1043, 923,
754. 1H NMR (CDCl3): d 1.37 (t, 3H, J¼6.9 Hz), 1.80 (brs,
1H, NH), 3.90 (AB q, 2H, J¼13.5 Hz), 4.15 (q, 2H, J¼
6.9 Hz), 4.80 (s, 1H), 6.30 (m, 1H), 6.87 (d, 1H, J¼8.0 Hz),
7.0 (t, 1H, J¼7.8 Hz), 7.30–7.45 (m, 4H). 13C NMR (Proton
decoupled, CDCl3): d 14.5, 43.9, 48.9, 63.8, 108.0, 110.1,
111.8, 118.6, 120.6, 122.7, 128.6, 130.3, 142.2, 151.6,
155.9. EIMS: m/z: 256 Mþ, 227, 198, 173, 146, 120, 104,
95, 80, 52. HRMS calcd for C15H16N2O2: 256.12117.
Found: 256.12148.

4.2.7. Compound 3g. Pale yellow solid, mp 72–73 8C, IR
(KBr): n 3365, 2935, 2857, 2237, 1605, 1517, 1461, 1275,
1035, 791. 1H NMR (CDCl3): d 2.20 (s, 3H), 3.38 (brd, 1H,
NH, J¼8.1 Hz), 5.45 (d, 1H, J¼8.1 Hz), 6.80 (t, 2H, J¼
7.9 Hz), 7.10 (d, 1H, J¼8.0 Hz), 7.20 (d, 1H, J¼7.9 Hz),
7.40–7.50 (m, 3H), 7.50 (d, 2H, J¼8.0 Hz). 13C NMR
(Proton decoupled, CDCl3): d 17.8, 50.7, 112.2, 118.9,
120.4, 124.1, 127.7, 127.9, 129.8, 130.0, 131.3, 134.7,
143.4. EIMS: m/z: 222 Mþ, 194, 155, 141, 116, 106, 91, 73,
65, 45. HRMS calcd for C15H14N2: 222.11569. Found:
222.11607.

4.2.8. Compound 3h. White crystalline solid, mp 95–
97 8C, IR (KBr): n 3410, 2931, 2230, 1610, 1520, 1461,
1269, 1051, 790. 1H NMR (CDCl3): d 4.65 (d, 1H, J¼
8.1 Hz), 5.45 (d, 1H, J¼8.1 Hz), 6.90–6.95 (m, 2H), 7.15–
7.35 (m, 4H), 7.58–7.65 (m, 2H). EIMS: m/z: 260 Mþ, 234,
135, 100, 75. HRMS calcd for C14H10ClFN2: 260.05165.
Found: 260.05123.

4.2.9. Compound 3i. Yellow liquid, IR (KBr): n 3400,
2941, 2890, 2241, 1616, 1527, 1471, 1283, 1160, 1045, 789.
1H NMR (CDCl3): d 1.85 (brs, 1H, NH), 3.80 (s, 3H), 3.95
(AB q, 2H, J¼13.0 Hz), 4.70 (d, 1H, J¼13.0 Hz), 6.80–
6.95 (m, 3H), 7.25 (t, 1H, J¼7.9 Hz), 7.30–7.55 (m, 5H).
13C NMR (Proton decoupled, CDCl3): d 51.4, 53.6, 55.5,
96.5, 113.4, 114.2, 119.0, 120.9, 127.6, 129.3, 130.0, 135.3,
140.0, 160.2. EIMS: m/z: 252 Mþ, 225, 122, 91, 77. HRMS
calcd for C16H16N2O: 252.12626. Found: 252.12661.

4.2.10. Compound 3j. Pale yellow oil, IR (KBr): n 3398,
2927, 2860, 2230, 1609, 1530, 1495, 1275, 1159, 1054, 787.
1H NMR (CDCl3): d 1.45 (d, 3H, J¼6.9 Hz), 1.95 (brs, 1H,
NH), 3.10–3.20 (m, 1H), 3.58–3.60 (m, 1H), 3.80 (d, 1H,
J¼13.0 Hz), 4.05 (d, 1H, J¼13.0 Hz), 7.20–7.45 (m, 10H).
EIMS: m/z: 250 Mþ, 223, 145, 105, 91, 77, 51. HRMS calcd
for C17H18N2: 250.14699. Found: 250.14659.

4.2.11. Compound 3k. Yellow liquid, IR (KBr): n 3306,
2923, 2851, 2225, 1691, 1575, 1462, 1216, 1141, 1017, 940,
765. 1H NMR (CDCl3): d 1.80 (brs, 1H, NH), 4.0 (s, 2H),
4.78 (s, 1H), 6.20–6.40 (m, 2H), 7.30–7.55 (m, 6H). EIMS:
m/z: 212 Mþ, 186 105, 81, 77 51, 39. HRMS calcd for
C13H12N2O: 212.09496. Found: 212.09523.

4.2.12. Compound 3l. Light brown solid, mp 99–100 8C,
IR (KBr): n 3400, 2967, 2895, 2235, 1601, 1535, 1482,
1280, 1180, 1055, 791. 1H NMR (CDCl3): d 1.60 (d, 3H,
J¼6.9 Hz), 3.20–3.37 (m, 1H), 3.45–3.55 (m, 1H), 4.30–
4.45 (m, 1H)), 6.65 (d, 2H, J¼8.0 Hz), 6.85 (t, 1H, J¼
7.9 Hz), 7.20–7.45 (m, 7H). EIMS: m/z: 236 Mþ, 209, 131,

105, 77, 51. HRMS calcd for C16H16N2: 236.13134. Found:
236.13178.

4.2.13. Compound 3m. Pale yellow solid, mp 117–119 8C,
IR (KBr): n 3350, 2929, 2233, 1603, 1505, 1461, 1275,
1030, 976, 897, 746. 1H NMR (CDCl3): d 3.80 (d, 1H, J¼
8.1 Hz), 5.05 (m, 1H), 6.30 (dd, 1H, J¼6.9, 17.3 Hz), 6.78
(d, 1H, J¼8.0 Hz), 6.90 (t, 1H, J¼7.9 Hz), 7.08 (dd, 1H,
J¼1.7, 17.3 Hz), 7.25–7.45 (m, 8H). EIMS: m/z: 234 Mþ,
206, 128, 115, 77, 51. HRMS calcd for C16H14N2:
234.11569. Found: 234.11515.

4.2.14. Compound 3n. Pale yellow liquid, IR (KBr): n
3405, 2925, 2854, 2235, 1600, 1505, 1463, 1279, 1160,
1030, 791. 1H NMR (CDCl3): d 0.90 (t, 3H, J¼6.8 Hz),
1.20–1.40 (m, 12H), 1.50–1.65 (m, 2H), 1.80–1.90 (m,
2H), 3.80 (brs, NH), 4.05–4.15 (m, 1H), 6.60 (d, 2H, J¼
8.0 Hz), 6.80 (t, 1H, J¼7.9 Hz), 7.20 (t, 2H, J¼7.9 Hz). 13C
NMR (Proton decoupled, CDCl3): d 48.9, 112.7, 116.3,
116.6, 117.5, 120.4, 120.5, 127.9, 129.0, 129.1, 129.6,
140.4, 161.6, 164.9. EIMS: m/z: 258 Mþ, 185, 155, 135,
121, 77, 51. HRMS calcd for C17H26N2: 258.20959. Found:
258.20906.

4.2.15. Compound 3o. Brown solid, mp 93–94 8C, IR
(KBr): n 3364, 2924, 2855, 2233, 1599, 1499, 1406, 1271,
1239, 1127, 1035, 979, 866, 750. 1H NMR (CDCl3): d 3.90
(brs, 1H, NH), 5.60 (s, 1H), 6.0 (s, 2H), 6.70 (d, 2H, J¼
8.0 Hz), 6.90 (t, 1H, J¼7.9 Hz), 7.08 (m, 1H), 7.20–7.45
(m, 3H). EIMS: m/z: 331 Mþ, 305, 282, 249, 229, 199, 155,
141, 97, 69, 51, 39. HRMS calcd for C15H11BrN2O2:
330.00038. Found: 330.00108.

4.2.16. Compound 3p. Dark brown solid, mp 68–70 8C, IR
(KBr): n 3359, 2925, 2235, 1695, 1601, 1501, 1440, 1289,
1248, 1149, 1014, 880, 751. 1H NMR (CDCl3): d 4.05 (d,
1H, J¼8.1 Hz), 5.40 (d, 1H, J¼8.1 Hz), 6.40 (m, 1H), 6.55
(m, 1H), 6.80 (d, 2H, J¼8.0 Hz), 6.90 (t, 1H, J¼7.9 Hz),
7.25 (t, 2H, J¼7.9 Hz), 7.40 (m, 1H). EIMS: m/z: 198 Mþ,
169, 155, 141, 115, 106, 92, 77, 51. HRMS calcd for
C12H10N2O: 198.07931. Found: 198.07890.

4.2.17. Compound 3q. Yellow solid, mp 76–78 8C, IR
(KBr): n 3306, 2923, 2851, 2225, 1691, 1575, 1462, 1216,
1141, 1017, 940, 765. 1H NMR (CDCl3): d 2.40 (s, 3H),
3.90 (d, J¼8.1 Hz), 5.40 (d, J¼8.1 Hz), 6.78 (d, 2H, J¼
8.0 Hz), 6.90 (t, 1H, J¼7.8 Hz), 7.20–7.30 (m, 4H), 7.50 (d,
2H, J¼8.0 Hz), 7.50 (d, 2H, J¼8.0 Hz). EIMS: m/z: 222
Mþ, 194, 176, 131, 103, 91, 77 41. HRMS calcd for
C15H14N2: 222.11569. Found: 222.11508.
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Synthesis of photoaffinity probes of tautomycin
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Abstract—Two types of photoaffinity probe, which possesses a benzophenone or a diazirine photophore on the 2-position of tautomycin,
were prepared in order to prove the details of binding site to PP1. These photoaffinity probes were designed on the basis of the structure–
activity relationship; thus, the diacid moiety is indispensable. The selective introduction of photolabeling units on the 2-position of
tautomycin was achieved through the 2-oxime of tautomycin diacid.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Tautomycin (TTM, 1) was isolated in 1987,1 structurally
elucidated in 1990 by Isono (Scheme 1),2 and shows a
specific inhibitor of protein phosphatase (PP) 1 and 2A.3 It
has been reported that PP1 or PP2A were inhibited by
natural products such as okadaic acid, calyculin, and
microcystin–LR.4 Each of these three compounds inhibits
PP2A much more strongly than does PP1, which TTM
inhibits PP1 more selectively than PP2A.4 In 1995, the
X-ray crystallographic structure of the complex of PP1–
microcystin–LR provided the details of the interaction
between the protein and the toxin.5 The X-ray structures
were reported for PP1 complexes of okadaic acid (2001)6

and calyculin (2002).7 However, the X-ray structure of
PP1–TTM complex is not yet available, probably due to the
nature of TTM. Herein, we describe the synthesis of two

types of photoaffinity probe (4, 5, 6, and 7), which possesses
a benzophenone or a diazirine photophore on the 2-position
of TTM in order to study the binding site to PP1 (Scheme 2).
These photoaffinity probes were designed according to the
structure–activity relationship reported in the various
sources with natural and synthetic derivatives:8 – 11 (i)
Active inhibitor is not the anhydride (1a), but the
dicarboxylic acids form (1b).10a,11a (ii) The hydroxyl groups
at the C22 and the C03 are also indispensable for its
bioactivity.10b,11a (iii) The hydrophobic spiroketal moiety
contributes significantly to the selective inhibition of PP.10b

Thus, we have been introducing the photolabeling units into
the 2-position of TTM for the current studies.

Under mild alkaline conditions (CH3CN, 3% NaHCO3, pH
8), TTM (1) exists predominantly as the diacid form
(TTMDA, 1b), which is the active inhibitor. These two

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.053
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Scheme 1. Tautomycin (TTM) and tautomycin diacid (TTMDA).
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species (TTM and TTMDA) were separable with a short
column on HPLC (see Section 7).10a However, 1 exhibits an
unstable nature under alkaline conditions (MeOH, 20%
Cs2CO3, pH 9) to cause elimination of C22 hydroxy group
(3, Scheme 1).2 This mechanism is suggested to include a
trans-esterification before the elimination.10a Introduction
of photolabeling unit under such a basic condition should be
avoided. Therefore, the oxime linkage was selected as a
suitable one, because its coupling reaction with 1 could be
achieved at pH 6.12 However, the coupling reaction of 1a
with aminooxy compound 8 raise another serious problem:
thus, 8 reacted not only with one of the carbonyl groups, but
also with the anhydride moiety of 1 to give the product 9
(Scheme 3). To avoid these problems, we selected the diacid
1b, for the coupling reaction at pH 6.10a The reaction

mixture was immediately acidified with 0.01 N hydro-
chloric acid (HCl) at 0 8C. Under these conditions, The
aminooxy compound 8 rapidly receives protonation to
oxiammonium salt and loses the nucleophilicity. On the
other hand, the diacid moiety in the product 10 was
relatively slowly converted into the anhydride oximes 11,
which were separated by HPLC with, for example, MeOH
containing 0.1% TFA. During the acidification, the syn
oxime isomer isomerized to the corresponding anti oxime
isomer, the latter being is thermodynamically more stable.
When the reaction mixture is neutralized, it should be noted
that the aminooxy compound 8 recovered the nucleo-
philicity react with the anhydride moiety of 11. Therefore,
the short column is required to remove the oxiammonium
salt from the reaction mixture (see Section 7).

Scheme 2. Photoaffinity probes.

Scheme 3. The strategy for the introduction of photolabeling units.
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2. Synthesis of photolabeling unit bearing the diazirine
photophore

Synthesis of the photolabeling unit (19) is illustrated in
Scheme 4. According to the method by Hatanaka,13 we
synthesized 2-methoxy-4-(3-trifluoromethyl-3H-diazirin-3-
yl) benzaldehyde 13 in 34% overall yield from a
commercially available 3-bromoanisole 12. The oxidation
of 13 with n-tetrabutylammonium permanganate (nBu4-
MnO4)14 in pyridine was followed by activation of the
resulting carboxylic acid with N-hydroxysuccinimide in the
presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide hydrochloride (EDC·HCl) to provide the
activated ester 14. In order to insert a spacer between
TTMDA 1b and photolabeling function, 14 was first
connected with the ethylenediamine, to provide the amine
15. Secondly, 15 was connected with the activated ester
17 in the presence of triethylamine (Et3N) to furnish
the protected photolabeling unit 18. Finally the protective
t-butoxycarbonyl (Boc) group of 18 was removed with
TFA in CH2Cl2 to afford the aminooxy compound 19, which
was used in the coupling reaction with 1b without further
purification.

3. Synthesis of photoaffinity probe bearing the diazirine
photophore

The synthesis of the diazirine photoaffinity probe (4a, 5a) is
summarized in Scheme 5. The coupling reaction of 1b with
photolabeling unit (19) was carried out in 50% N,N0-
dimethylacetamide (DMA)/H2O at pH 6, which was
successively acidified with 0.01 N HCl to furnish the
corresponding E/Z regioisomeric mixture of the photo-
affinity probe (4a, 5a). No oxime was found on 20-ketone
under this condition presumably due to heavily steric
congestion around the 20-ketone. The reaction mixture was
separated by HPLC (ODS column, CH3CN/H2O) to give the
pure Z isomer 4a (1.3 mg, 6% in two steps), and the pure E
isomer 5a (6.8 mg, 31% in two steps). The Z or E oxime
configurations were determined from 1H NMR spectroscopy
on the basis of Karabatsos report, thus, the deshielding
effect (N–O group) or shielding effect (N lone pair) exerted
by the oxime moiety.15 In the Z isomer 4a the H-3 chemical
shift (d 3.35 ppm) was down-field by 0.98 ppm in
comparison with the corresponding H-3 chemical shift (d
2.37 ppm) for the E isomer 5a. On the other hand, the H-1 is
more shielded by 0.14 ppm in the Z isomer 4a (d 1.73 ppm)

Scheme 4. Synthesis of photolabeling unit bearing the diazirine photophore: (a) (i) nBu4NMnO4, pyridine, room temperature, 1 h; (ii) N-hydroxysuccinimide,
EDC·HCl, DMF, room temperature, 1 h, 74% in two steps; (b) ethylenediamine, MeOH, 0 8C, 7 min, 94%; (c) N-hydroxysuccinimide, EDC·HCl, DMF, room
temperature, 36 h, 78%; (d) Et3N, DMF, room temperature, 30 min, 84%; (e) TFA/CH2Cl2 (1:1), 0 8C, 30 min.

Scheme 5. Synthesis of photoaffinity probe bearing the diazirine photophore: (a) 50% DMA/H2O, pH 6, room temperature, 36.5 h, then 0.01 N HCl, pH 3,
room temperature, 4 h, Z/E (1:4), 37% (two steps).
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than the corresponding signal in the E isomer 5a (d
1.87 ppm).

4. Synthesis of photoaffinity probe bearing the
benzophenone photophore

The synthesis of the photoaffinity probe bearing the
benzophenone photophore (6a, 7a) is summarized in
Scheme 6. Treatment of 3-aminobenzophenone (20) with
the compound 16 in the presence of EDC·HCl furnished the
protected photolabeling unit 21. The Boc group was
removed with TFA/CH2Cl2 to provide the aminooxy
compound 22. The coupling reaction of 1b with photo-
labeling unit (22) was carried out under the similar
condition as above, to furnish the corresponding E/Z
regioisomeric mixture of the photoaffinity probe (6a, 7a).
The reaction mixture was separated by HPLC to give the
pure Z isomer 6a (1.6 mg, 10% in two steps), and the pure E
isomer 7a (6.0 mg, 37% in two steps).

The PP1g inhibitory activity of these photoaffinity probes
were measured by the firefly bioluminescence system,
which have already established in our laboratry.16 These
photoaffinity probes showed high inhibitory activity for PP1
in the range of Ki¼10–200 nM (1b: 4.5 nM).17

5. Photoreactive experiment

Photochemical reaction was examined with 4a; one of the
synthesized diazirine photoaffinity probes. A solution of 4a
(126 mM) in CH3CN was irradiated with UV lamp (365 nm,
FI-5L) at room temperature. The reaction was monitored in
the different photoirradiation time from 0 to 7 min by the

ESI (electrospray ionization)-Q-TOF (tandem quadrupole/
orthogonal-acceleration time-of-flight) MS. According to
the time, a peak increased at m/z 1137 corresponding to the
acetonitrile adduct structure being an equivalent of the
possible structure 23 [4a-N2þCH3CN]þ ion (Scheme 7).18

This result indicates involvement the carbene which would
react with PP1g by the irradiation of UV light for 7 min.

6. Conclusion

Two types of the photoaffinity probe (4a, 5a, 6a, and 7a),
which possesses a benzophenone or a diazirine photophore
on the 2-position of tautomycin, has been accomplished
through the selective reaction of the photolabeling units (19
and 22) with tautomycin diacid (1b). Further studies are in
progress in order to detect of modified protein and peptides
using matrix assisted laser desorption ionization (MALDI)-
TOF-MS as well as HPLC-ESI-Q-TOF-MS and MS/MS.

7. Experimental

7.1. General methods

Melting points were recorded on a Yanaco MP-S3 melting
point apparatus. Infrared spectra (IR) were recorded on a
JASCO FT/IR-8300 spectrophotometer and are reported in
wave number (cm21). Proton nuclear magnetic resonance
(1H NMR) spectra were recorded on a BRUKER AMX-600
(600 MHz), or an ARX-400 (400 MHz), and/or an Avance-
400 (400 MHz) spectrometers. Chemical shifts are reported
in perts per million (ppm) using tetramethylsilane
(d¼0.00 ppm) and dimethylslufoxide-d6 (d¼2.49 ppm) as
an internal standard. Data are reported as follows; chemical

Scheme 6. Synthesis of photoaffinity probe bearing the benzophenone photophore: (a) EDC·HCl, CH2Cl2, room temperature, 1 h, 72%; (b) TFA/CH2Cl2 (1:1),
0 8C, 3 h; (c) 50% DMA/H2O, pH 6, room temperature, 48 h, then 0.01 N HCl, pH 3, room temperature, 3 h, Z/E (1:4), 47% (two steps).

Scheme 7. Photochemical reaction of 4a.
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shift, multiplicity (s¼singlet, d¼doublet, t¼triplet, q¼
quartet, sext¼sextet, br¼broad, m¼multiplet), coupling
constant(s), and assignment, respectively. Carbon nuclear
magnetic resonance (13C NMR) spectra were recorded on a
BRUKER AMX-600 (150 MHz), an ARX-400 (100 MHz),
and/or an Avance-400 (100 MHz) spectrometers. Chemical
shifts are reported in ppm using CDCl3 (d¼77.0 ppm) and
dimethylslufoxide-d6 (d¼39.7 ppm) as an internal standard.
Data are reported as follows; chemical shift, multiplicity
(q¼quartet), coupling constant(s), and assignment, respect-
ively. Fluoro nuclear magnetic resonance (19F NMR)
spectra were recorded on an Avance-400 (376.5 MHz)
spectrometer. Chemical shifts are reported in ppm using
CFCl3 (d¼0.00 ppm) as an external standard. 2D NMR
(COSY, HMBC, HMQC, and HSQC) spectra were
measured at a BRUKER AMX-600 (600 MHz), or a
BRUKER ARX-400 (400 MHz) and/or an Avance-400
(400 MHz) spectrometers. Tautomycin and photoaffinity
probes numbering corresponding to the front page are
employed for assignment of 1H NMR. MS spectra were
measured utilizing a Q-TOF mass spectrometer (Micro-
mass, Manchester, UK) equipped with a Z-spray type ESI
source. HPLC analyses were performed with combination
of Jasco PU-980 pump, a Rheodyne model 7125 sample
injector, a Jasco VL-611 Variable loop injector, a Jasco UV-
970 UV/VIS detector, and a Jasco 807-IT integrator.
Elemental analyses were performed by Mr S. Kitamura in
Analytical Laboratory at Bioagricultural Sciences, Nagoya
University to whom the authors gratefully acknowledge.
Unless otherwise noted, the reaction flask was wrapped with
aluminium foil to protect from light, and non-aqueous
reactions were carried out under nitrogen or argon
atmosphere. Reactions were monitored by thin-layer
chromatography (TLC) carried out on 0.25 mm silica gel
coated glass plates 60F254 using UV light as visualizing
agent and 12molybdo(VI)phosphoric acid n-hydrate or
p-anisaldehyde solution and heated as developing agents.
Silica gel 60 (particle size 0.063–0.2 mm ASTM) was
used for open-column chromatography. Dry CH2Cl2 was
distilled from CaH2 under nitrogen atmosphere. Pyridine
and Et3N were dried over anhydrous KOH pellets. All other
commercially available reagents were used as received.

Tautomycin (1) was kindly provided by Dr. K. Isono
(ex-Riken Institute) and further purified by the procedure of
the method described previously with slight modification.19

7.1.1. Tautomycin diacid (TTMDA, 1b). TTM (1a, 24 mg,
30.4 mmol) was dissolved in 1.4 ml of 80% CH3CN/H2O,
and adjusted to pH 8 with aqueous NaHCO3 (28 mg/ml).
After being stirred for 5 h at room temperature, a major
compound was detected by HPLC (Develosil ODS-UG-5
(i.d. 4.6£250 mm), 85% CH3CN/H2O, 1.0 ml/min, UV
254 nm, and Tr¼2.4 min). The reaction mixture was
neutralized with 0.01 N HCl at 0 8C, concentrated and
then purified by HPLC (Develosil ODS-10/20 (i.d.
4.6£50 mm), 70% CH3CN/H2O, 1.0 ml/min, UV 254 nm,
and Tr¼0.6 min). The fraction was evaporated and lyo-
philized to give TTMDA (1b, 23 mg, 95%) as a white
powder.

7.1.2. 2-Methoxy-4-(3-trifluoromethyl-3H-diazirin-3-yl)-
benzoic acid 2,5-dioxopyrrolidin-1-yl ester (14). To a

solution of benzaldehyde 13 (0.75 g, 3.06 mmol) in pyridine
(2.0 ml) was added a solution of n-tetrabutylammonium
permanganate14 (1.66 g, 3.06 mmol) in pyridine (10.2 ml).
After being stirred for 1 h at room temperature, the reaction
mixture was diluted with water, acidified with 1 N HCl to
pH 3, and saturated aqueous NaHSO3 was added until all the
MnO2 precipitates dissolved. The colorless solution was
extracted with Et2O and the organic layer was combined,
washed with sat. CuSO4, water. The combined organic
phase was dried over Na2SO4 and then concentrated under
reduced pressure to afford the crude aromatic acid (0.77 g).
To a solution of the crude acid (352 mg, 1.35 mmol) in
DMF (10.0 ml) was added N-hydroxysuccinimide (164 mg,
1.42 mmol), a solution of EDC·HCl (286 mg, 1.49 mmol) in
DMF (24.0 ml) at room temperature. After being stirred for
1 h at room temperature, the solvent was evaporated in
vacuo. The reaction mixture was extracted with CH2Cl2
(£3) and the organic layer was combined, and washed with
water (£3) and brine. The combined organic phase was
dried over Na2SO4. After evaporation of the solvent, the
residue was purified by column chromatography (silica gel
8.0 g, ethyl acetate/hexane¼1:2, then 2:1) to give the
activated ester 14 (357 mg, 74% in two steps) as a yellow
oil.

7.1.3. Compound 14. IR (KBr) lmax 1774, 1740, 1297,
1274, 1194, 827 cm21. 1H NMR (CDCl3, 400 MHz) d 2.89
(4H, s, COCH2CH2CO), 3.93 (3H, s, 2-OCH3), 6.72 (1H, br
s, Ar-H), 6.87 (1H, br d, J¼8.4 Hz, Ar-H), 8.05 (1H, d,
J¼8.4 Hz, Ar-H). 13C NMR (CDCl3, 100 MHz) d 25.7, 28.5
(q, J¼40.7 Hz), 56.3, 110.0, 115.6, 118.2, 122.3 (q,
J¼273.1 Hz), 133.2, 136.9, 159.7, 160.4, 169.1. Anal.
Calcd for C14H10F3N3O5: C, 47.07; H, 2.82; N, 11.76.
Found: C, 47.07; H, 2.77; N, 11.63.

7.1.4. N-(2-Amino-ethyl)-2-methoxy-4-(3-trifluoro-
methyl-3H-diazirin-3-yl)-benzamide (15). To a solution
of the activated ester 14 (103 mg, 0.29 mmol) in MeOH
(85 ml) was added ethylenediamine (863 mg, 14.36 mmol)
at 0 8C. After being stirred for 7 min, the reaction mixture
was concentrated to one-tenth of its original volume. The
residue was purified by column chromatography (Silica Gel
60 N (spherical, neutral), 10 g, CH2Cl2/MeOH/i-PrNH2¼
20:1:0.3) to give the compound 15 (82 mg, 94%) as a yellow
oil.

7.1.5. Compound 15. IR (KBr) lmax 3386, 1647, 1613,
1541, 1260, 1154, 829 cm21. 1H NMR (CDCl3, 400 MHz) d
2.93 (2H, m, NH2CH2CH2NH), 3.52 (2H, m, NH2CH2CH2-
NH), 3.98 (3H, s, 2-OCH3), 6.71 (1H, d, J¼1.8 Hz, Ar-H),
6.90 (1H, br d, J¼8.4 Hz, Ar-H), 8.07 (1H, s, CONH), 8.21
(1H, d, J¼8.4 Hz, Ar-H). 13C NMR (CDCl3, 100 MHz) d
28.3 (q, J¼40.4 Hz), 41.3, 42.6, 56.0, 109.2, 119.1, 121.8 (q,
J¼273.1 Hz), 123.0, 132.7, 133.4, 157.3, 164.3. ESI-Q-
TOF-MS Calcd for C12H14F3N4O2

þ 303.1069 ([MþH]þ).
Found 303.1050.

7.1.6. 2-tert-Butoxycarbonylaminoxy-acetic acid 2,5-
dioxo-pyrrolidin-1-yl ester (17). To a solution of N-tert-
butoxycarbonyl-aminooxy acetic acid 16 (34 mg,
0.18 mmol) in DMF (0.7 ml) was added N-hydroxysuccini-
mide (25 mg, 0.22 mmol) and then a solution of EDC·HCl
(41 mg, 0.22 mmol) in DMF (2.0 ml) at room temperature.
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After being stirred for 36 h at room temperature, the solvent
was evaporated in vacuo. The residual mixture was
extracted with AcOEt (£3). The combined organic phase
was washed with water (£3), brine, and dried over Na2SO4.
After evaporation of the solvent, the residue was purified by
column chromatography (silica gel 1.5 g, ethyl acetate/
hexane¼1:1, then ethyl acetate) to give the activated ester
17 (40 mg, 78%) as a colorless oil.

7.1.7. Compound 17. IR (KBr) lmax 3280, 2983, 1741,
1371, 1253, 1208, 1163 cm21. 1H NMR (CDCl3, 400 MHz)
d 1.49 (9H, s, C(CH3)3), 2.88 (4H, s, COCH2CH2CO), 4.78
(2H, s, H-2), 7.80 (1H, s, CONH). 13C NMR (CDCl3,
100 MHz) d 25.3, 28.1, 70.8, 82.7, 156.3, 165.0, 168.7. ESI-
Q-TOF-MS calcd for C11H16N2NaO7

þ 311.0855
([MþNa]þ). Found 311.0913.

7.1.8. N-[2-(2-Aminooxy-acetylamino)-ethyl]-N-tert-
butoxycarbonyl-2-methoxy-4-(3-trifluoromethyl-3H-
diazirin-3-yl)-benzamide (18). A solution of compound 15
(23 mg, 0.08 mmol) in DMF (0.2 ml) was mixed with Et3N
(19 mg, 0.19 mmol) at 0 8C and a solution of compound 17
(32 mg, 0.12 mmol) in DMF (1.2 ml) at room temperature.
After being stirred for 30 min at room temperature, the
solution was evaporated in vacuo. The reaction mixture was
extracted with CH2Cl2 (£3). The combined organic phase
was washed with water (£3) and brine, dried over Na2SO4.
After evaporation of the solvent, the residue was purified by
column chromatography on silica gel (silica gel 1.0 g, ethyl
acetate/hexane¼1:1, then ethyl acetate) to give the pro-
tected photolabeling unit 18 (31 mg, 84%) as a colorless oil.

7.1.9. Compound 18. IR (KBr) lmax 3380, 1725, 1653,
1540, 1160, 851 cm21. 1H NMR (CDCl3, 600 MHz) d 1.43
(9H, s, C(CH3)3), 3.57 (2H, m, NHCH2CH2NH), 3.65 (2H,
m, NHCH2CH2NH), 3.98 (3H, s, OCH3), 4.32 (2H, s,
COCH2ONH), 6.70 (1H, br s, Ar-H), 6.89 (1H, br d,
J¼8.2 Hz, Ar-H), 8.20 (4H, m, Ar-H, amides-NH). 13C
NMR (CDCl3, 150 MHz) d 28.01, 28.33 (q, J¼40.5 Hz),
39.17, 39.96, 56.07, 76.08, 82.75, 109.24, 119.13, 121.83 (q,
J¼273.0 Hz), 122.50, 132.78, 133.76, 157.56, 157.60,
165.20, 169.58. Anal. Calcd for C19H24F3N5O4: C, 47.07;
H, 2.82; N, 11.76. Found: C, 47.07; H, 2.77; N, 11.63.

7.1.10. Photoaffinity probe bearing the diazirine photo-
phore (4a, 5a). To a solution of 18 (20.9 mg, 43.96 mmol)
in CH2Cl2 (1.2 ml) was slowly added TFA (1.2 ml) at 0 8C.
After being stirred for 30 min the reaction mixture was
evaporated. To remove of TFA, the residue was dissolved in
water and concentrated under reduced pressure to provide
the aminooxy compound 19, which was used in the coupling
reaction with 1b without purification.

To a solution of 1b (15.5 mg, 19.75 mmol) in 50% DMA/
H2O (2.0 ml) was added a solution of 19 in 50% DMA/H2O
(0.6 ml), which had preliminarily and carefully adjusted to
pH 6 with 0.1 N NaOH. The progress of reaction was
monitored by HPLC (Develosil ODS-UG-5 (i.d.
4.6£250 mm), 85% CH3CN/H2O, 1.0 ml/min, and UV
254 nm). After stirring magnetically for 36.5 h at room
temperature, the reaction mixture was poured into a cold
0.01 N HCl solution, and stirring for 4 h at room
temperature. The two regioisomeric (E and Z) oximes

were detected by HPLC (Develosil ODS-UG-5 (i.d.
4.6£250 mm), 85% CH3CN/H2O, 1.0 ml/min, UV
254 nm), the Z isomer was the earlier elute (Tr¼13 min)
and the E isomer was the later elute (Tr¼15 min). The
reaction mixture was separated by short column chroma-
tography on silica gel (Develosil ODS-10/20, CH3CN/
H2O¼1:1, then 3:1) to remove the oxiammonium salt. The
fractions were concentrated, and separated by HPLC
(Develosil ODS-UG-5 (i.d. 10.0£250 mm), 85% CH3CN,
4.0 ml/min, Tr¼14, 17 min) to give the pure Z isomer 4a
(1.3 mg, 6% in two steps) as a colorless oil, and the pure E
isomer 5a (6.8 mg, 31% in two steps) as a colorless oil. The
total yield was in the range of 30–51% on repeated runs.

7.1.11. Compound 4a. IR (KBr) lmsax 3854, 1767, 1647,
1540, 1259, 1162 cm21. 1H NMR (CDCl3, 400 MHz) d
0.80–1.72 (17H, m), 0.80 (3H, d, J¼6.7 Hz, 7-CH3), 0.88
(3H, d, J¼7.0 Hz, 13-CH3), 0.96 (3H, d, J¼6.0 Hz, 25-
CH3), 0.98 (3H, d, J¼6.0 Hz, H-26), 0.98 (3H, d, J¼6.5 Hz,
15-CH3), 1.04 (3H, d, J¼7.0 Hz, 3-CH3), 1.09 (3H, d,
J¼7.0 Hz, 19-CH3), 1.73 (3H, s, H-1), 1.82 (1H, m, H-13),
1.99 (1H, m, H-12b), 2.11 (1H, sext, J¼5.9 Hz, H-25), 2.26
(3H, d, J¼1.2 Hz, 50-CH3), 2.66 (1H, m, H-19), 2.67 (1H,
dd, J¼17.4, 4.2 Hz, H-21a), 2.77 (1H, dd, J¼16.2, 9.8 Hz,
H-20a), 2.92 (1H, dd, J¼16.4, 3.6 Hz, H-20b), 2.98 (1H, dd,
J¼17.5, 8.6 Hz, H-21b), 3.17 (1H, m, H-6), 3.23 (1H, dd,
J¼10.0, 2.2 Hz, H-14), 3.27 (1H, dd, J¼6.0, 2.0 Hz, H-23),
3.35 (1H, q, J¼7.2 Hz, H-3), 3.44 (3H, s, 23-OCH3), 3.49–
3.62 (4H, m, H-300, 400), 3.72 (1H, m, H-18), 3.99 (3H, s, 700-
OCH3), 4.36 (1H, m, H-22), 4.46 (2H, s, H-100), 4.60–4.65
(1H, br m, 30-OH), 5.09 (1H, dd, J¼6.2, 6.0 Hz, H-24), 5.20
(1H, m, H-30), 6.70 (1H, d, J¼1.2 Hz, H-800), 6.74 (1H, m,
CONHCH2), 6.89 (1H, ddd, J¼8.2, 1.0, 0.5 Hz, H-1000),
8.12 (1H, m, CH2NHCOAr), 8.17 (1H, d, J¼8.0 Hz, H-1100).
13C NMR (CDCl3, 100 MHz) d 10.1, 11.0, 13.6, 15.3, 16.8,
17.0, 17.9, 18.0, 19.4, 26.7, 27.2, 27.7, 28.1, 28.7, 29.4,
30.2, 30.7, 31.5, 32.3, 34.6, 34.9, 36.1, 39.0, 40.1, 40.9,
45.7, 52.4, 56.1, 59.1, 63.9, 66.5, 72.3, 74.1, 74.4, 75.0,
76.5, 80.7, 95.7, 109.3, 119.1, 122.4, 132.9, 133.9, 142.2,
142.9, 157.6, 164.8, 165.0, 165.1, 165.8, 169.5, 171.3,
215.2. 19F NMR (CDCl3, 376.5 MHz) d -64.83. ESI-Q-
TOF-MS Calcd for C55H81F3N5O16

þ 1124.5630 ([MþH]þ).
Found 1124.5548.

7.1.12. Compound 5a. IR (KBr) lmax 3417, 1768, 1653,
1540, 1258, 1160 cm21. 1H NMR (CDCl3, 400 MHz) d
0.75–1.85 (17H, m), 0.89 (3H, d, J¼6.8 Hz, 7-CH3), 0.87
(3H, d, J¼7.0 Hz, 13-CH3), 0.96 (3H, d, J¼5.0 Hz, 25-
CH3), 0.97 (3H, d, J¼5.0 Hz, H-26), 0.97 (3H, d, J¼6.5 Hz,
15-CH3), 1.02 (3H, d, J¼7.0 Hz, 3-CH3), 1.06 (3H, d,
J¼7.0 Hz, 19-CH3), 1.80–1.85 (1H, m, H-13), 1.87 (3H, s,
H-1), 1.95–2.00 (1H, m, H-12b), 2.11 (1H, m, H-25), 2.26
(3H, d, J¼1.4 Hz, 50-CH3), 2.37 (1H, q, J¼7.0 Hz, H-3),
2.68 (1H, dd, J¼8.0, 7.2 Hz, H-19), 2.72 (1H, dd, J¼17.4,
4.6 Hz, H-21a), 2.76 (1H, dd, J¼16.0, 9.8 Hz, H-20a), 2.90
(1H, dd, J¼16.0, 3.5 Hz, H-20b), 2.97 (1H, dd, J¼17.4,
8.0 Hz, H-21b), 3.16 (1H, td, J¼9.6, 1.2 Hz, H-6), 3.28 (1H,
dd, J¼5.4, 2.0 Hz, H-14), 3.30 (1H, d, J¼2.5 Hz, H-23),
3.40–3.64 (6H, m, H-300, 400, 18-OH, 22-OH), 3.44 (3H, s,
23-OCH3), 3.70 (1H, m, H-18), 3.99 (3H, s, 700-OCH3), 4.38
(1H, m, H-22), 4.45 (2H, s, H-100), 4.77 (1H, m, 30-OH), 5.09
(1H, t, J¼6.2 Hz, H-24), 5.20 (1H, m, H-30), 6.70 (1H, d,
J¼1.8 Hz, H-800), 6.91 (1H, dd, J¼8.4, 1.8 Hz, H-1000), 7.03
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(1H, t, J¼5.0 Hz, CONHCH2), 8.13 (1H, m, CH2NHCOAr),
8.16 (1H, d, J¼8.4 Hz, H-1100). 13C NMR (CDCl3,
100 MHz) d 10.1, 11.0, 11.3, 13.5, 16.8, 17.0, 17.2, 18.0,
19.4, 26.8, 27.2, 27.6, 28.1, 28.7, 29.4, 30.2, 30.3, 31.8,
35.0, 35.1, 36.1, 38.6, 39.7, 39.8, 41.0, 46.1, 52.5, 56.2,
59.1, 63.8, 66.4, 72.4, 73.4, 74.1, 74.8, 76.5, 80.7, 95.5,
109.3, 119.2, 121.9 (q, J¼273.0 Hz), 122.2, 133.0, 134.0,
142.3, 142.9, 157.6, 164.3, 164.8, 165.3, 165.9, 169.4,
171.6, 215.3. 19F NMR (CDCl3, 376.5 MHz) d -64.83.
ESI-Q-TOF-MS Calcd for C55H81F3N5O16

þ 1124.5630
([MþH]þ). Found 1124.5658.

7.1.13. 2-(N-tert-Butoxycarbonyl-aminooxy)-N-(3-ben-
zoyl-phenyl)-acetamide (21). To a solution of N-tert-
butoxycarbonyl-aminooxy acetic acid (16, 101 mg,
0.53 mmol) in CH2Cl2 was added 3-aminobenzophenone
(20, 219 mg, 1.06 mmol) and EDC·HCl (253 mg,
1.32 mmol). The mixture was stirred for 1 h at room
temperature, diluted with CH2Cl2 and washed with 5%
NaHCO3 aqueous solution. The organic layer was dried
over Na2SO4. After evaporation of the solvent, the residue
was purified by column chromatography (silica gel 2.0 g,
ethyl acetate/hexane¼1:3, then 1:1) to give 21 (140.0 mg,
72%) as a colorless solid.

7.1.14. Compound 21. Mp 129–130 8C (as white tiny
needles from ether-hexane). IR (KBr) lmax 3262, 2980,
2934, 1725, 1663, 1591, 1559, 1486, 1448, 1321, 1286,
1256, 1163, 1114, 721 cm21. 1H NMR (400 MHz, CDCl3) d
1.45 (9H, s, C(CH3)3), 4.43 (2H, s, COCH2O), 7.46 (1H, dd,
J¼8.0, 5.5 Hz, Ar-H), 7.48 (2H, ddd, J¼8.0, 5.5, 2.0 Hz,
Ar-H), 7.55–7.59 (2H, m, Ar-H), 7.82 (2H, m, Ar-H), 8.01
(1H, ddd, J¼8.0, 2.0, 1.0 Hz, Ar-H), 8.06 (1H, t, J¼2.0 Hz,
Ar-H), 8.10 (1H, s, CONH), 10.52 (1H, s, CH2ONH). 13C
NMR (100.6 MHz, CDCl3) d 28.0, 76.6, 83.6, 121.5, 123.8,
125.7, 128.2, 128.9, 130.0, 132.4, 137.4, 137.9, 138.2,
158.5, 167.5, 169.3. Anal. Calcd for C20H22N2O5: C, 64.85;
H, 5.99, N, 7.56. Found: C, 64.86; H, 5.95, N; 7.52.

7.1.15. Photoaffinity probe bearing the benzophenone
photophore (6a, 7a). To a solution of 21 (12.0 mg,
32.40 mmol) in CH2Cl2 (0.8 ml) was slowly added TFA
(0.8 ml) at 0 8C. After being stirred for 3 h, the reaction
mixture was evaporated. To remove TFA, the residue was
dissolved in water and concentrated under reduced pressure
to provide the aminooxy compound 22, which was used in
the coupling reaction with 1b without purification.

To a solution of 1b (12.7 mg, 16.08 mmol) in 50% DMA/
H2O (0.1 ml) was added a solution of 22 in 50% DMA/H2O
(0.8 ml). This mixture was carefully maintained at pH 6
with 0.1 N NaOH. The progress of reaction was monitored
by HPLC (Develosil ODS-UG-5 (i.d. 4.6£250 mm), 85%
CH3CN/H2O, 1.0 ml/min, and UV 254 nm). After stirring
magnetically for 48 h at room temperature, the reaction
mixture was poured into a cold 0.01 N HCl solution, and
stirring magnetically for 3 h at room temperature. The two
regioisomeric (E and Z) oximes were detected by HPLC
(Develosil ODS-UG-5 (i.d. 4.6£250 mm), 85% CH3CN/
H2O, 1.0 ml/min, and UV 254 nm), the Z isomer eluted at
12 min, while the E isomer eluted at 14 min. The reaction
mixture was separated by short column chromatography on
silica gel (Develosil ODS-10/20, CH3CN/H2O¼1:1, then

3:1) to remove the oxiammonium salt, the fractions were
concentrated, and separated by HPLC (Develosil ODS-UG-5
(i.d. 10.0£250 mm), 85% CH3CN/H2O, 4.0 ml/min, Tr¼15,
17 min) to give the pure Z isomer 6a (1.6 mg, 10% in two
steps) as a light yellow oil, and the pure E isomer 7a
(6.0 mg, 37% in two steps) as a light yellow oil. The total
yield was in the range of 30–56% on repeated runs. The Z or
E configurations for the above reported oximes were
assessed by 1H NMR spectroscopy. In the Z isomer 6a the
H-3 chemical shift (3.41 ppm) is down-field by 0.94 ppm in
comparison with the corresponding H-3 chemical shift
(2.47 ppm) for the E isomer 7a. Conversely, the H-1 is more
shielded (0.1 ppm) in the Z isomer 6a (1.83 ppm) than the
corresponding signal in the E isomer 7a (1.93 ppm).

7.1.16. Compound 6a. IR (KBr) lmax 3406, 2930, 1768,
1700, 1541, 1282, 1077, 987 cm21. 1H NMR (600 MHz,
CDCl3) d 0.79 (3H, d, J¼6.8 Hz, 7-CH3), 0.84–1.82 (19H,
m), 0.87 (3H, d, J¼7.0 Hz, 13-CH3), 0.97 (3H, d, J¼7.0 Hz,
25-CH3), 0.97 (3H, d, J¼7.0 Hz, H-26), 0.98 (3H, d,
J¼7.0 Hz, 15-CH3), 1.09 (3H, d, J¼7.1 Hz, 19-CH3), 1.11
(3H, d, J¼7.0 Hz, 3-CH3), 1.83 (3H, s, H-1), 1.99 (1H, tt,
J¼10.0, 4.2 Hz, H-12b), 2.12 (1H, m, H-25), 2.26 (3H, d,
J¼0.8 Hz, 50-CH3), 2.54 (1H, br s, 18-OH), 2.66 (1H, m,
H-19), 2.66 (1H, dd, J¼17.3, 4.1 Hz, H-21a), 2.77 (1H, dd,
J¼16.3, 9.8 Hz, H-20a), 2.92 (1H, dd, J¼16.3, 3.2 Hz,
H-20b), 2.98 (1H, dd, J¼17.5, 8.3 Hz, H-21b), 3.17 (1H, td,
J¼9.4, 2.5 Hz, H-6), 3.23 (1H, dd, J¼10.0, 2.1 Hz, H-14),
3.27 (1H, dd, J¼5.6, 2.0 Hz, H-23), 3.41 (1H, sext,
J¼7.0 Hz, H-3), 3.43 (3H, s, OCH3), 3.70 (1H, td, J¼8.0,
1.5 Hz, H-18), 4.36 (1H, m, H-22), 4.55 (1H, br s, 30-OH),
4.59 (2H, s, H-100), 5.09 (1H, t, J¼6.0 Hz, H-24), 5.21 (1H,
d, J¼9.1 Hz, H-30), 7.45 (1H, t, J¼7.9 Hz, H-700), 7.49 (1H,
t, J¼7.9 Hz, H-1200), 7.49 (1H, t, J¼7.9 Hz, H-1400), 7.51
(1H, t, J¼7.9 Hz, H-600), 7.60 (1H, t, J¼7.5 Hz, H-1300), 7.81
(1H, t, J¼6.4 Hz, H-1100), 7.81 (1H, t, J¼6.4 Hz, H-1500),
7.82 (1H, dd, J¼2.0, 1.4 Hz, H-400), 7.93 (1H, dd, J¼7.5,
1.9 Hz, H-800), 8.12 (1H, br s, CONHAr). 13C NMR
(150 MHz, CDCl3) d 10.2, 10.9, 13.7, 15.4, 16.9, 17.3,
18.0, 18.0, 19.4, 26.7, 27.3, 27.6, 28.0, 28.7, 29.5, 30.1,
30.8, 31.5, 32.5, 34.5, 34.9, 36.0, 41.0, 45.8, 52.4, 59.0,
63.9, 66.4, 72.6, 74.1, 74.4, 75.0, 76.4, 80.6, 95.7, 121.0,
123.9, 126.3, 128.3, 128.4, 129.0, 130.1, 130.1, 132.7,
137.2, 137.4, 138.4, 142.1, 143.0, 164.8, 165.8, 165.9,
168.9, 169.5, 196.2, 215.3. ESI-Q-TOF-MS calcd for
C56H79N2O15

þ 1019.5480 ([MþH]þ). Found 1019.5478.

7.1.17. Compound 7a. IR (KBr) lmax 3432, 2933, 1767,
1661, 1540, 1283, 1099, 918 cm21. 1H NMR (600 MHz,
CDCl3) d 0.77 (3H, d, J¼6.8 Hz, 7-CH3), 0.88–1.68 (19H,
m), 0.79 (3H, d, J¼7.0 Hz, 13-CH3), 0.96 (3H, d, J¼7.0 Hz,
25-CH3), 0.97 (3H, d, J¼7.1 Hz, H-26), 0.97 (3H, d,
J¼6.5 Hz, 15-CH3), 1.07 (3H, d, J¼7.0 Hz, 19-CH3), 1.09
(3H, d, J¼7.0 Hz, 3-CH3), 1.82 (1H, tt, J¼13.1, 5.5 Hz,
H-12b), 1.93 (3H, s, H-1), 2.11 (1H, m, H-25), 2.26 (3H, d,
J¼0.8 Hz, 50-CH3), 2.47 (1H, sext, J¼6.9 Hz, H-3), 2.69
(1H, m, H-19), 2.75 (1H, dd, J¼17.5, 4.8 Hz, H-21a), 2.76
(1H, dd, J¼16.3, 9.8 Hz, H-20a), 2.92 (1H, dd, J¼16.3,
3.1 Hz, H-20b), 2.97 (1H, dd, J¼17.5, 8.3 Hz, H-21b), 3.15
(1H, t, J¼9.8 Hz, H-6), 3.24 (1H, dd, J¼10.0, 2.2 Hz,
H-14), 3.26 (1H, br s, 18-OH), 3.28 (1H, dd, J¼5.6, 2.8 Hz,
H-23), 3.44 (3H, s, OCH3), 3.70 (1H, td, J¼8.0, 2.0 Hz,
H-18), 4.38 (1H, m, H-22), 4.55 (1H, d, J¼16.2 Hz, H-100a),
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4.57 (1H, d, J¼16.2 Hz, H-100b), 4.65 (1H, br s, 30-OH), 5.10
(1H, dd, J¼6.8, 6.0 Hz, H-24), 5.21 (1H, d, J¼9.1 Hz, H-30),
7.45 (1H, t, J¼7.9 Hz, H-700), 7.49 (1H, t, J¼7.9 Hz, H-1200),
7.49 (1H, t, J¼7.9 Hz, H-1400), 7.50 (1H, t, J¼7.9 Hz, H-600),
7.60 (1H, t, J¼7.5 Hz, H-1300), 7.80 (1H, m, H-1100), 7.80
(1H, m, H-1500), 7.80 (1H, m, H-400), 7.98 (1H, dd, J¼7.8,
1.9 Hz, H-800), 8.14 (1H, br s, CONHAr). 13C NMR
(150 MHz, CDCl3) d 10.1, 10.8, 11.5, 13.5, 16.8, 17.1,
18.0, 18.0, 19.4, 26.6, 27.1, 27.5, 28.0, 28.7, 29.3, 30.1,
30.1, 31.9, 35.0, 35.0, 36.0, 38.6, 41.0, 46.3, 52.3, 59.0,
63.8, 66.3, 72.6, 73.2, 74.2, 74.9, 76.4, 80.6, 95.5, 120.6,
123.5, 126.3, 128.3, 128.4, 129.0, 130.1, 130.1, 132.7,
137.2, 137.4, 138.4, 142.2, 142.9, 164.8, 165.5, 165.8,
169.3, 169.4, 196.1, 215.5. ESI-Q-TOF-MS calcd for
C56H79N2O15

þ 1019.5480 ([MþH]þ). Found 1019.5416.
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Abstract—Chiral diamines 1–7 were used in the enantioselective hydrosilylation of prochiral aromatic and aliphatic ketones. Some of these
ligands combine chiral backbones and chiral N,N0-a-phenylethyl substituents that give rise to synergistic effects between these two groups
and lead to catalysts that exhibit high enantioselectivity.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The catalytic reduction of prochiral ketones to secondary
alcohols with high enantioselectivity is an important goal in
synthetic organic chemistry. Among the most efficient
catalysts for this transformation are the ruthenium-BINAP
hydrogenation catalysts developed by Noyori1 and the chiral
oxazaborolidine complexes of Itsuno,2a Corey,2b and
others.2c A practical alternative to these methodologies is
the asymmetric hydrosilylation of ketones, which affords
secondary alcohols upon work-up. Several catalysts pro-
mote this reaction in an enantioselective fashion.3 In some
cases, polymethylhydrosiloxane (PMHS) has been used as
the hydrosilylating reagent.4 PMHS is a coproduct of the
silicone industry that is inexpensive and can be easily
handled in air. PMHS has been used with chiral ansa-
titanocene catalysts in the reduction of ketones with high
enantioselectivity by the Buchwald group.5a Additionally,
the use of copper hydride in the hydrosilylation of aryl

ketones has been reported by Lipschutz with excellent
results.5b,c

Recent work in the enantioselective hydrosilylation of ketones
by Mimoun and co-workers6 has demonstrated that an efficient
and enantioselective catalyst can be prepared from zinc
precursors such as diethylzinc and zinc carboxylates in
combination with homochiral diamine ligands and PMHS
Eq. (1). The active species in the reduction is proposed to be
L*ZnH2, where L* is the chiral bidentate ligand. From a
structure-enantioselectivity study, it was found that the ligands
with the stilbene diamine backbone afforded better enantios-
electivity than ligands derived from trans-1,2-diaminocyclo-
hexane. They also observed that the catalyst generated from
N,N0-ethylene bis(1-phenylethylamine) 1 (Chart 1), gave high
enantioselectivities. Their results demonstrated that ligands
with chiral backbones and achiral N,N0-dialkyl groups gave
similar results to ligands with achiral backbones and chiral
N,N0-dialkyl groups.6
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Inspired by these results, we thought it would be informative to
explore the structure-enantioselectivity relationship of ligands
bearing both chiral backbones and chiral N,N0-dialkyl groups
in the asymmetric hydrosilylation of ketones. We have,
therefore, synthesized a series of such diamines and found that
there is indeed a strong synergistic effect between these
moieties in the catalytic asymmetric reduction of ketones.

Chiral diamines 1–7 (Chart 1) were selected with two
considerations in mind: (1) The presence of C2-symmetry
was expected to confer a high degree of enantiotopic
differentiation.7 (2) Incorporation of the a-phenylethylamino
group was deemed attractive as chiral moieties, because they
have proven quite effective in asymmetric synthesis.8

2. Results and discussion

2.1. Synthesis of chiral diamines 1–7

Convenient procedures for the preparation of N,N0-ethylene
bis(1-phenylethylamine) 1 are available in the literature.9

Higher homolog 29b was prepared according to our
procedure.10 The synthesis of diamine 3 was prepared
from succinic acid as shown in Scheme 1.11

trans-Cyclohexane-1,2-diamines 4a and 4b, as well as
unsaturated analogs 5a and 5b and trans-cyclopentane
1,2-diamines 6a and 6b were prepared from the appropriate
epoxide precursors, via chiral aziridine intermediates A,
as outlined in Scheme 2.12b The major products were 4a,
5a and 6a, and the diastereomeric ratios were 2:1 in all
cases.

The separation of the diastereomeric pairs 4a/4b, 5a/5b, and
6a/6b was accomplished by flash chromatography [hexane–
EtOAc (12:1)]. The assignment of configuration of
cyclopentane diamines 6a (all S configurations) and 6b
[(S,R,R,S) isomer] was achieved by chemical correlation of
6a with the known10 trans-diamide (S,S)-8 (Scheme 3).
Likewise, the configuration of cyclohexene diamines 5a and
5b was possible via chemical correlation with 4a and 4b,
respectively, by simple hydrogenation of the double bond
(Scheme 4).

Chart 1.

Scheme 1. Reagents and conditions: (a) (S)-CH3CH(Ph)NH2/Et2O/rt/12 h. (b) (S)-CH3CH(Ph)NH2DCC/DMAP/CH2Cl2/rt/16 h. (c) LiAlH4/THF/reflux/48 h.
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Finally, the preparation of (R,R,R,R)-N,N0-di(a-phenyl-
ethyl)-1,2-diphenyl-1,2-ethylenediamine 714a was accom-
plished following the procedure described in the literature,
which involves the stereoselective addition of phenylmag-
nesium bromide to the chiral bis-imine,14b,c derived from
glyoxal and 2 equiv. of (R)-a-phenylethylamine.

3. Enantioselective reduction of aromatic and aliphatic
prochiral ketones

According to the general procedures described for the
enantioselective reduction of prochiral ketones,6 acetophe-
none was treated with 5 mol% of diethylzinc (1.0 M in
hexanes), and 5 mol% of the chiral ligand in toluene solvent
at ambient temperature in the presence of 2 equiv. of PMHS
for 24 h (method A) or 1.5 equiv. of (EtO)3SiH for 18 h
(method B). The results are collected in Table 1.

Examination of Table 1 indicates that highest enantioselec-
tion is achieved with chiral ligands 4a, 5a and 6a where the
a-phenylethylamino chiral groups are bonded to a fairly
rigid cycloalkane (or cycloalkene in the case of 5a)
framework. As can be appreciated in entries 4, 5, 7, 8, and
11 in Table 1, the use of ligands 4a, 5a and 6a (all
S-configuration) afforded consistently high enantioselectiv-
ities (80–84%). In contrast, ligands 4b, 5b and 6b [(S,R,R,S)
configuration] led to reduced carbinol products of low
enantiopurity (10–29%). These results demonstrate that the
stereogenic centers of phenylethyl groups are important in
the enantioselectivity determining step.15

Whereas ethylene diamine derivative 1 induces high
enantioselectivity in the reduction process (79% ee, entry
1 in Table 1), higher homologs 2 and 3 proved to be
inefficient ligands (5% ee and 17% ee, respectively). It has
been known since early studies by Knowles and co-
workers16 that chiral ligands with stereogenic centers
directly attached to the metal center can exhibit excellent
enantioselectivities. We believe that a key factor in the
control of enantioselectivity in the asymmetric hydrosilyla-
tion of ketones is the stereochemistry of coordination of the
amino groups to the zinc center. Upon coordination nitrogen
inversion ceases and the bound nitrogens become stereo-
genic centers. It is possible that the ligand 1 binds to the
metal with high diastereoselectivity and that the chiral
phenylethyl groups and stereogenic nitrogens contribute
constructively to the enantioselectivity of the catalyst. In
contrast, ligands 2 and 3, with longer, more flexible

Scheme 2. Reagents and conditions: (a) (S)-a-Phenylethylamine/LiClO4/CH3CN/reflux/18 h. (b) CH3SO2Cl/Et3N/CH2Cl2/rt/24 h. (c) (S)-a-
Phenylethylamine/LiClO4/CH3CN/reflux/50 h. (d) Flash chromatography [hexane–EtOAc (12:1)].

Scheme 3.

Scheme 4.
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backbones, may permit formation of diastereomeric cata-
lysts (Chart 2) that are less enantioselective. The magnitude
of the difference in enantioselectivity between the match
and mismatched diastereoisomers is surprisingly large,
being 101% (4a/4b), 92% (5a/5b), and 104% (6a/6b). We
believe these results indicate that the enantioselectivities of
the catalysts are highly sensitive to their chiral environ-
ments. It is also noteworthy that the mismatched ligands
resulted in much slower catalysts. Although catalysts
derived from 4a, 5a and 6a proceeds to at least 90% yield
in 24 h, those using catalysts prepared from 4b, 5b and 6b
did not exceed 50% in this time. It is also clear that the
difference in enantioselectivities between the catalysts
derived from (S,S,S,S)- and (R,S,S,R)-configured ligands
arises from a mismatched combination between the
stereogenic nitrogens and the phenylethyl groups. Amino
groups that become stereochemically fixed on coordination
have been shown to have a powerful impact on enantio-
selectivity in zinc(diamine)-based catalysts.17

It is also informative to compare the enantioselectivities of
our matched and mismatched ligands with a ligand that has
chirality in the diamine backbone and achiral N,N0-dialkyl
groups. In the reduction of acetophenone with matched
catalyst derived from 4a and mismatched catalyst derived
from 4b the enantioselectivities and configurations were
83% (R) and 18% (S), respectively. The previously reported

ligand (R,R)-N,N0-bis(1-naphthylenemethyl)-trans-1,2-
cyclohexanediamine gave 70% enantioselectivity with
acetophenone under the same conditions. These results
suggest that the synergistic effects of the chiral N,N0-a-
phenylethyl groups with the diamine backbone in 4a can
raise the level of enantioselectivity of the catalyst over that
of a similar catalysts bearing only achiral N,N0-dialkyl
groups. The poor stereoinduction achieved with ligand 7 (all
R-configured) show again that a proper combination of
stereogenic center on the a-phenylethylamino groups and
the ligand’s backbone is essential for good enantiofacial
differentiation in this system.

Since there is not a significant difference in the enantio-
selectivity of acetophenone reduction with diamines 4a, 5a
and 6a (Table 1), and 4a can be prepared more
economically, the use of diamine 4a in the enantioselective
reduction of other prochiral ketones with PMHS in the
presence of ZnEt2 has been explored (Table 2). Prochiral
ketones were treated with 2 mol% diethylzinc (1.0 M in
toluene), and 2 mol% of the chiral ligand in toluene solvent
at ambient temperature and in the presence of 2 equiv. of
PMHS for 24 h (method C). From Table 2, it can be seen
that with aryl alkyl ketones better enantioselectivities were
obtained with longer alkyl groups, that is, n-Pr.Et.Me
(Table 2 entries 1 and 2, Table 1 entry 5). The enantio-
selectivity with b-acetonaphthone gave similar results to

Table 1. Enantioselective reduction of acetophenone in the presence of diethylzinc and a chiral ligand

Entry Chiral ligand Reducing silylating agenta Reaction time (h) Yield (%) ee (%)b

1 1 PMHS 24 100 79 (R)c

2 2 PMHS 24 85 5 (R)
3 3 PMHS 24 20 17 (R)
4 4a (EtO)3SiH 18 100 80 (R)
5 4a PMHS 24 90 83 (R)
6 4b PMHS 24 40 18 (S)
7 5a (EtO)3SiH 18 99 84 (R)
8 5a PMHS 24 90 82 (R)
9 5b (EtO)3SiH 18 100 29 (R)
10 5b PMHS 24 40 10 (R)
11 6a PMHS 24 95 83 (R)
12 6b PMHS 24 50 21 (S)
13 7 PMHS 24 18 2 (R)

a Experiments were carried out using 1.0 equiv. of acetophenone and 2.0 equiv. of PMHS or 1.5 equiv. of (EtO)3SiH.
b The enantiomeric excess was determined by HPLC with a Chiralcel OD column.
c Mimoun et al.6 reported 75% ee in this reaction using 2 mol% zinc-ligand catalyst, in the presence of 1.1 equiv. of PMHS.

Chart 2.
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acetophenone (entry 3). However, the enantioselective
reduction of trifluoroacetophenone proceeded with low
selectivity due to the electronic effect of the trifluoromethyl
group (entry 4). Additionally, the reduction of prochiral
ketones with substituents on the aromatic ring was
performed. Enantioselectivity was significantly diminished
when p-MeO and p-NO2 group were present (entries 5 and
6). Nevertheless, p-Cl or m-CF3-acetophenones were very
good substrates, exhibiting (82–84% ee, entries 7 and 8). To
examine the effect of substrate unsaturation on the catalyst
enantioselectivity, we examined the use of 4-phenyl-2-
butanone and trans-4-phenyl-3-buten-2-one (entries 9 and
10). The saturated derivative gave low enantioselectivity
(15%). This is not surprising, given that the lone pair
environments of the substrate are so similar and the catalyst

cannot readily differentiate between them. On the other
hand, the unsaturated substrate give very good enantio-
selectivity (84%) indicating the importance of the double
bond in this asymmetric reduction.

In conclusion, chiral diamines 1–7 were used in the
enantioselective hydrosilylation of prochiral acetophenone.
Diamines 4a, 5a, and 6a combine chiral backbones and
chiral N,N0-a-phenylethyl substituents that give rise to
synergistic effect between these two groups and lead to
catalysts that exhibit high enantioselectivities. The enan-
tioselectivities of prochiral aromatic ketones in the presence
of 4a were found to range from poor with dialkyl ketones to
very good with acetophenone derivatives and a,b-unsatu-
rated ketones.

4. Experimental

4.1. General

Melting points were determined on a Fischer Jones
apparatus and are uncorrected. 1H NMR (200 MHz) and
13C NMR (50 MHz) spectra were measured on a Varian
Mercury spectrometer, with tetramethylsilane (TMS) as an
internal standard. Chemical shifts are given as d values
(ppm) and coupling constants J are given in Hz. Optical
rotations [a]D were measured at ambient temperature in
0.1 dm cells, using a Perkin–Elmer 241 spectrophotometer.
IR-FT spectra were recorded on a BioRad instrument. Mass
spectra were recorded on a Saturn Varian GC-mass
spectrometer. Microanalyses were performed by Galbraith
Laboratories, Inc., Knoxville, TN. All reagents were
purchased from Aldrich Chemical Co.

4.1.1. N,N0-Bis[(S)-a-phenylethyl]propane-1,3-diamine,
2. In a dry two-necked flask fitted with an addition funnel,
condenser, and magnetic stirrer was placed (S)-a-phenyl-
ethylamine (3.3 mL, 26 mmol) under a nitrogen atmos-
phere. The reaction flask was heated to 100 8C with stirring
followed by slow addition of 2.0 g (13.0 mmol) of freshly
prepared 1-mesylate-3-chloro-propane (prepared from 3-
chloro-propanol) over 2 h. Stirring of the mixture was
continued for 16 h at 100 8C, followed by cooling to 60 8C,
and addition of 2 mL of saturated aqueous KOH. The
resulting mixture was allowed to cool to ambient tempera-
ture and extracted with three 20 mL portions of CH2Cl2. The
combined organic layers were washed with brine and dried
over anh. Na2SO4, and concentrated in a rotary evaporator.
The excess (S)-a-phenylethylamine was removed by
vacuum distillation (40 8C/5 mm Hg) affording the desired
product as a colorless liquid 1.3 g (50% yield). [a]D¼264.6
(c¼1.1, CHCl3); [a]D¼266.3 (c¼0.55, CHCl3).9b 1H NMR
(CDCl3) d: 1.3 (m, 2H), 1.4 (d, 6H, J¼7 Hz), 2.1 (m, 2H),
3.7 (q, 1H, J¼7 Hz), 7.2–7.3 (m, 10H). 13C NMR (CDCl3)
d: 24.3, 30.3, 46.4, 58.4, 126.5, 126.7, 128.3, 145.7.

4.1.2. N,N0-Bis[(S)-a-phenylethyl]butane-1,4-diamine,
3.11 Succinic anhydride 0.7 g (7.0 mmol) was dissolved in
10 mL of diethyl ether at rt and a solution of (S)-a-
phenylethylamine (0.90 mL, 7.0 mmol) in 2 mL of diethyl
ether was added dropwise over 10 min with stirring. The
mixture was stirred overnight at rt. The product was purified

Table 2. Enantioselective reduction of prochiral ketones by PMHS in the
presence of ZnEt2 (2 mmol%) and diamine 4a (2 mmol%)a

Entry Ketones Yield (%) ee (%)

1 75 84 (R)b

2 80 89 (R)b

3 72 84 (R)b

4 95 19 (S)c

5 87 11 (R)c

6 80 68 (R)b

7 81 84 (R)c

8 95 82 (R)c

9 67 15 (R)b

10 70 84 (R)b

a Experiments were carried out using 1.0 equiv. of prochiral ketone and
2.0 equiv. of PMHS.

b The enantiomeric excess were determined by HPLC after purification on
silica gel (hexane–ethyl acetate, 10:1).

c The enantiomeric excess were determined by GC on a b-Dex column.
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by column chromatography [hexane–EtOAc (1:1)] and
isolated as a white solid (1.4 g, 95% yield), mp¼102–
103 8C, [a]D¼286.6 (c¼1.0, CH3OH). 1H NMR (CD3OD)
d: 1.4 (d, 3H, J¼6.6 Hz), 2.4 (m, 2H), 2.6 (m, 2H), 5.1 (q,
1H, J¼6.6 Hz), 6.4 (m, 1H), 7.3 (m, 5H), 10.5 (b, 1H). 13C
NMR (CD3OD) d: 21.8, 29.7, 30.7, 49.2, 126.1, 127.4,
126.7, 142.8, 171.5, 176.6.11a

To a stirred solution of N-(S)-a-phenylethylsuccinamidic
acid (0.44 mg, 2.1 mmol) in anhydrous CH2Cl2 (20 mL)
under nitrogen at 0 8C was added 4-dimethylaminopyridine
(10.3 g, 2.1 mmol), and 1,3-dicyclohexylcarbodiimide
(10.4 g, 2.1 mmol). Then, (S)-a-phenylethylamine
(0.27 mL, 2.1 mmol) was added. The reaction mixture was
stirred at rt over 16 h, and filtered to remove the white
precipitate. The filtrate was extracted with water and
CH2Cl2 (3£10 mL). The organic layer was dried over
anhydrous Na2SO4 and evaporated under reduced pressure.
The residue was purified by column chromatography
[hexane–EtOAc (4:1)]. (1S,10S)-N,N0-Bis-(a-phenylethyl)-
1,4-succinil-diamide was obtained as a colorless solid
(0.58 g, 80% yield), mp 206–207 8C, [a]D¼66.9 (c¼1.0,
CH3OH). 1H NMR (CD3OD) d: 1.4 (d, 6H, J¼7.0 Hz), 2.5
(m, 4H), 4.8 (q, 2H, J¼7.0 Hz), 7.2–7.3 (m, 10H). 13C
NMR (CD3OD) d: 21.4, 31.0, 48.9, 125.9, 126.8, 128.3,
144.0, 172.4. MS (m/z): 42, 77, 195, 120 (base peak), 160,
188, 204, 221, 281, 303, 324.11a

A solution of (1S,10S)-N,N0-bis-(a-phenylethyl)-1,4-succi-
nildiamide (0.23 g, 0.70 mmol) in THF (2 mL) was added
slowly to a vigorously stirred suspension of LiAlH4 (0.13 g,
3.5 mmol) in THF (10 mL). The resulting mixture was
refluxed over 48 h, and quenched by careful addition of an
aqueous 10% NaOH solution (10 mL). The mixture was
stirred vigorously for 30 min and filtered. The filtrate was
concentrated, dissolved in CH2Cl2 (20 mL), dried over
anhydrous Na2SO4, and evaporated under reduced pressure.
The residue was purified by column chromatography
[hexanes–EtOAc (1:1)]. N,N0-Bis[(S)-a-phenylethyl]bu-
tane-1,4-diamine, 3, was obtained as a colorless liquid
(0.19 g, 90% yield), [a]D¼267.5 (c¼1.0, CHCl3), (R,R),
[a]D

lit.¼þ60 (c¼1.1, CHCl3). 1H NMR (CDCl3) d: 1.2 (s, 2H),
1.6 (d, 6H, J¼6.6 Hz), 1.7 (m, 2H), 2.4 (m, 4H), 3.7 (q, 2H,
J¼6.6 Hz), 4.5 (b, 2H), 7.2–7.3 (m, 10H). 13C NMR (CDCl3)
d: 23.2, 27.0, 46.9, 58.2, 126.7, 127.3, 128.6, 143.8.11b

4.1.3. (1S,2S,10S,100S)- and (1R,2R,10S,100S)-N,N0-Di(a-
phenylethyl)-4-cyclohexene-1,2-diamines, 5a and 5b.
Diamines 5a and 5b were prepared following the general
procedure. The diastereomeric mixture of b-aminoalcohols
were prepared from 1,4-cyclohexadiene monoxide (98%
yield).12a The crude mixture was used immediately for the
synthesis of 4-cyclohexen-1-aziridine following the litera-
ture procedure.10 The product was obtained as a colorless
liquid, 80% yield, after purification by flash chromatog-
raphy [hexanes–ethyl acetate (30:1)], [a]D¼290.0 (c¼1.0,
CHCl3). 1H NMR (CDCl3) d: 1.4 (d, 3H, J¼7 Hz), 1.6–1.8
(m, 2H), 2.2–2.4 (m, 4H), 2.6 (q, 1H, J¼7 Hz), 5.5 (s, 2H),
7.2–7.5 (m, 5H). 13C NMR (CDCl3) d: 22.2, 23.2, 23.6,
35.1, 36.4, 68.4, 121.3, 121.7, 125.1, 125.2, 126.6, 143.6.
MS (m/z): 39, 41, 55, 67, 77, 79, 95, 96, 105, 120, 136, 154,
184, 198, 200 (MþþH). HRMS (FABþ) calcd for
C14H17N1 (MþþH) 200.1439 found 200.1446.

After purification, the aziridine was used to obtain the 1,2-
diamines, which were separated by flash chromatography
[hexanes–ethyl acetate (12:1)].

1,2-Diamine 5a dihydrochloride. White crystals, mp 177–
178 8C. Anal. calcd C22H28N2·2HCl·H2O: C 64.22%, H
7.84%; found C 64.55%, H 7.65%.

Free 1,2-diamine (1S,2S,1 0S,1 00S)-5a. The main product is
the all-S yielding 55%, [a]D¼þ36.2 (c¼1.0, CHCl3). 1H
NMR (CDCl3) d: 1.3 (d, 6H, J¼6 Hz), 1.7–1.8 (m, 4H), 2.2
(d, 2H), 2.6 (t, 2H), 3.8 (q, 2H, J¼6 Hz), 5.4 (s, 2H), 7.1–7.3
(m, 10H). 13C NMR (CDCl3) d: 24.3, 32.5, 55.3, 56.5,
125.1, 126.7, 126.8, 128.4, 147.2.

1,2-Diamine 5b dihydrochloride. White crystals, mp
240 8C. MS (m/z): 42, 79, 82, 105 (base peak), 120, 134,
161, 187, 201, 217, 266, 305, 321, 322 (Mþ).

Free 1,2-diamine (1R,2R,1 0S,1 00S)-5b. 18% yield,
[a]D¼275.0 (c¼1.0, CHCl3). 1H NMR (CDCl3) d: 1.3 (d,
6H, J¼6 Hz), 1.6–1.8 (m 4H), 1.9 (s, 1H), 2.2–2.5 (m, 3H),
3.9 (q, 2H, J¼6 Hz), 5.5 (s, 2H), 7.2–7.4 (m, 10H). 13C
NMR (CDCl3) d: 25.6, 31.7, 53.9, 54.6, 124.8, 126.5, 126.6,
128.3, 145.7. HRMS (FABþ) calcd for C22H28N2 (MþþH)
321.2331; found 321.2332.

4.1.4. (1S,2S,10S,100S)- and (1R,2R,10S,100S)-N,N0-Di(a-
phenylethyl)cyclopentane-1,2-diamines, 6a and 6b. Fol-
lowing the general procedure, the diastereomeric mixture of
b-aminoalcohols was prepared from cyclopentene oxide,
affording a yellow liquid (98% yield). Immediately, the
mixture was used to prepare the N-[(S)-a-phenylethyl]-
cyclopenteneaziridine. The crude product was purified by
flash chromatography [hexanes–ethyl acetate (30:1)] to
provide the aziridine (1.5 g, 80.0% yield) as a yellow liquid,
[a]D¼210.5 (c¼1.0, CHCl3). 1H NMR (CDCl3) d: 1.3 (d,
3H, J¼7 Hz), 1.2–1.4 (m, 4H), 1.7–2.1 (m, 4H), 2.5 (q, 1H,
J¼7 Hz), 7.1–7.4 (m, 5H). 13C NMR (CDCl3) d: 21.3, 23.5,
27.4, 27.8, 44.5, 45.2, 66.8, 126.4, 126.0, 128.0, 145.8. MS
(m/z): 42, 53, 55, 68, 83, 91, 105 (base peak), 119, 130, 143,
144, 158, 172, 187 (Mþ). HRMS (FABþ) calcd for
C13H17N1 (MþþH) 188.1439; found 188.1442.

The aziridine was then used to obtain the 1,2-diamines,
which were separated by flash chromatography [hexanes–
ethyl acetate (12:1)].

Free 1,2-diamine (1S,2S,1 0S,1 00S)-6a. The main product is
the all-S yielding 55%, [a]D¼þ63.1 (c¼1.0, CHCl3). 1H
NMR d: 1.1 (m, 2H), 1.3 (d, 6H, J¼6 Hz), 1.5 (m, 2H), 1.7
(m, 2H), 2.0 (broad, 2H), 2.7 (t, 2H), 3.8 (q, 2H, J¼6 Hz),
7.2–7.4 (m, 10H). 13C NMR (CDCl3) d: 21.1, 24.1, 31.5,
57.0, 63.6, 126.6, 126.7, 128.2, 146.4. IR (cm21) 3100,
2954–2862, 1450.

1,2-Diamine 6a dihydrochloride. White crystals, mp 230–
232 8C. MS (m/z): 308, 208, 189, 160, 120, 105 (base peak),
79, 56. Anal. calcd C21H28N2·2HCl·H2O: C 63.14%, H
8.07%; found C 62.92%, H 8.19%.

Free 1,2-diamine (1R,2R,1 0S,1 00S)-6b. 22% yield,
[a]D¼283.4 (c¼1.0, CHCl3). 1H NMR d: 1.1 (m, 2H),
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1.3 (d, 6H, J¼6 Hz), 1.5 (m 2H), 1.9 (m, 4H), 2.4 (t, 2H), 3.7
(q, 2H, J¼6 Hz), 7.2–7.4 (m, 10H). 13C NMR (CDCl3) d:
21.0, 25.5, 30.3, 56.1, 62.2, 126.4, 126.5, 128.1, 146.1. MS
(m/z): 27, 41, 43, 55, 77, 91, 105, 120, 136, 154, 160, 187,
188, 203, 224, 231, 252, 267, 289, 309 (Mþþ1). HRMS
(FABþ) calcd for C21H28N2 (MþþH) 309.2331; found
309.2332.

1,2-Diamine 6b dihydrochloride. White crystals, mp 240–
243 8C.

4.1.5. (1R,2R,10R,100R)-N,N 0-Di(a-phenylethyl)-1,2-
diphenyl-1,2-ethylenediamine, 7. The N,N0-bis-[(R)-1-
phenylethyl]-ethanediimine was prepared from 40%
aqueous glyoxal and (R)-a-phenylethylamine (2 equiv.)
following the reported procedure.14b

1H NMR d: 1.5 (d, 6H, J¼6.5 Hz), 4.4 (q, 2H, J¼6.5 Hz),
7.3 (m, 10H), 8.0 (s, 2H). 13C NMR d: 23.9, 69.6, 126.6,
127.2, 128.5, 160.6.13c

To a stirred solution of N,N0-bis-[(R)-1-phenylethyl]-
ethanediimine (170 mg, 0.64 mmol) in Et2O (3 mL) at
270 8C under a nitrogen atmosphere was added PhMgBr
(2.57 mL of a 2 M solution in THF) over 10 min. A white
precipitate formed immediately, and the mixture was then
allowed to warm to rt over a period of 5 h. The mixture was
then cooled to 0 8C, quenched by the addition of a saturated
aqueous solution of NH4Cl, and the organic product
extracted with ethyl acetate (3£20 mL). The combined
organic layers were dried over Na2SO4, filtered, the solvent
removed under reduced pressure, and the residue was
purified by column chromatography [hexanes–EtOAc
(10:1)] to yield a yellowish oil 76 mg, 45% yield,
[a]D¼þ190.0 (c¼1.0, CHCl3), 93% ee, [a]D¼þ205.0
(c¼0.7, CHCl3).14a 1H NMR d: 1.2 (d, 6H, J¼6.6 Hz), 2.4
(broad, 2H), 3.4 (s, 2H), 3.5 (q, 2H, J¼6.6 Hz), 6.9–7.4 (m,
20H). 13C NMR d: 25.2, 54.9, 65.7, 126.8, 127.7, 127.8,
128.20, 128.2, 141.5, 141.5.14a

4.1.6. (1S,2S)-N,N0-Cyclopentane-1,2-dibenzyldicarba-
mate, (S,S)-8. The hydrogenation flask was rinsed with
methanol and 30 mol% palladium hydroxide was added
followed by 5a (100 mg, 0.3 mmol) in methanol (15 mL).
The reaction vessel was purged three times with nitrogen,
three times with hydrogen, pressurized with 800 psi of
hydrogen, and heated with stirring to 60 8C for 48 h. After
completion of the reduction the catalyst was filtered over
celite and the solvent was removed in vacuo.

The reaction mixture was dissolved in THF (2 mL). NaH
(14.4 mg, 0.6 mmol) and benzyl chloroformate (0.086 mL,
0.6 mmol) were added and the mixture was refluxed for 3 h.
The resulting solution was extracted with CH2Cl2

(3£20 mL), dried, and evaporated under reduced pressure.
The product was purified by flash chromatography
[EtOAc–hexanes (1:10)] to afford an oil (35 mg, 32%
yield), [a]D¼þ8.1 (c¼1.75, CHCl3), ee¼69%. [mp¼147–
149 8C, [a]D¼þ10.2 (c¼0.47, CHCl3), ee¼87%]. 1H NMR
(CDCl3) d: 1.4 (m, 2H), 1.7 (m, 2H), 2.2 (m, 2H), 3.7 (m,
2H), 4.9 (m, 2H, NH), 5.1 (m, 4H), 7.3 (s, 10H). 13C NMR
(CDCl3) d: 19.1, 28.6, 54.4, 66.3, 126.3, 127.7, 128.4, 136.1,
156.3.13

4.2. Enantioselective reduction of prochiral ketones.
General procedure

Method A. In a Schlenk flask ZnEt2 (0.08 mL, 1 M in
hexanes, 0.082 mmol) and chiral ligand (0.082 mmol) were
dissolved in 1 mL of toluene and stirred under nitrogen
atmosphere for 10 min. Then 1.66 mmol of the correspond-
ing ketone was added, and PMHS (0.13 g, 2 mmol) was
added slowly to the mixture. The reaction was kept at rt for
24 h. The reaction mixture was poured on KOH 15%
aqueous solution (5 mL) and extracted with CH2Cl2

(3 mL£3). The organic layer was washed with water
(3 mL), dried over MgSO4 and concentrated in vacuo. The
organic layer was washed with water (3 mL), dried over
MgSO4 and concentrated in vacuo. The product was purified
by column chromatography on silica gel, with hexanes–
EtOAc, 10:1, as eluent.

Method B. In a Schlenk flask ZnEt2 (0.08 mL, 1 M in
toluene, 0.082 mmol) and chiral ligand (0.082 mmol) were
dissolved in 1 mL of toluene and stirred under nitrogen
atmosphere for 10 min. Then 1.66 mmol of the corresponding
ketone was added, and (EtO)3SiH (2 mmol) was added slowly
to the mixture. The reaction was kept at rt for 18 h. The
reaction mixture was poured on KOH 15% aqueous solution
(5 mL) and extracted with CH2Cl2 (3 mL£3). The organic
layer was washed with water (3 mL), dried over MgSO4 and
concentrated in vacuo.). The organic layer was washed with
water (3 mL), dried over MgSO4 and concentrated in vacuo.
The product was purified by column chromatography on silica
gel, with hexanes–EtOAc, 10:1, as eluent.

Method C. In a Schlenk flask ZnEt2 (0.03 mL, 1 M in
toluene, 0.033 mmol) and chiral diamine 4a (0.033 mmol)
were dissolved in 1 mL of toluene and stirred under nitrogen
atmosphere for 10 min. Then 1.66 mmol of the correspond-
ing ketone was added, and PMHS (0.13 g, 2 mmol) was
added slowly to the mixture. The reaction was kept at rt for
24 h. The reaction mixture was poured on KOH 15%
aqueous solution (5 mL). The organic layer was washed
with water (3 mL), dried over MgSO4 and concentrated in
vacuo. The product was purified by column chromatography
on silica gel, with hexanes–EtOAc, 10:1, as eluent.

4.3. Conditions for the analysis and assignment of
configuration of the chiral secondary alcohol products
from the enantioselective reductions

Chiral capillary GC: Supelco b-Dex 120 column
30 m£0.25 mm (i.d.), 0.25 mm film. Carrier gas He.
Detector FID, 270 8C. Injector 250 8C.

Chiral HPLC: Chiralcel OB or Chiralcel OD column,
254 nm UV detector.

Specific optical rotations of the secondary alcohols were
measured and compared with those reported on the literature
to assign configuration.18

The racemic alcohol products were obtained by addition of
NaBH4 to the ketones in MeOH. The retention times of the
racemic products under the given conditions are listed
below.
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4.3.1. 1-Phenyl-1-ethanol. tR¼19.90 min, tS¼24.80 min
(HPLC OD column, hexanes– i-PrOH 95:5, 0.5 mL/min).
(R)-1-Phenyl-1-ethanol: [a]D

lit.¼þ33.0 (c¼1, CHCH3).18a

4.3.2. 1-Phenyl-1-propanol. tR¼21.47 min, tS¼29.27 min
(HPLC OD column, hexanes– i-PrOH 95:5, 0.5 mL/min).
[a]D¼þ34 (c¼1, CHCl3). (R)-1-Phenyl-1-propanol:
[a]D

lit.¼þ48 (c¼1, CHCl3).18a

4.3.3. 1-Phenyl-1-butanol. tR¼18.01 min, tS¼20.72 min
(HPLC OD column, hexanes– i-PrOH 97:3, 0.5 mL/min).
[a]D¼þ34 (c¼1, CHCl3). (S)-1-Phenyl-1-butanol:
[a]D

lit.¼248 (c¼1, CHCl3).18b

4.3.4. 1-(b-Naphtyl)-ethanol. tR¼36.84 min, tS¼40.10 min
(HPLC OB column, hexanes– i-PrOH 98:2, 0.5 mL/min).
[a]D¼þ29 (c¼1, CHCl3). (S)-1-(b-Naphtyl)-ethanol:
[a]D

lit.¼231 (c¼1, CHCl3).18c

4.3.5. 2,2,2-Trifluoro-1-phenyl-ethanol. tS¼14.44 min,
tR¼15.85 min (GC 115 8C, 2.8 mL/min). [a]D¼þ6
(c¼0.5, CHCl3). (S)-2,2,2-Trifluoro-1-phenyl-ethanol:
[a]D

lit.¼þ30.4 (c¼1.56, CHCl3).18d

4.3.6. 1-(p-Methoxyphenyl)-ethanol. tR¼61.75 min,
tS¼65.6 min (GC 120 8C, 1.0 mL/min). [a]D¼þ5 (c¼0.7,
CHCl3). (S)-1-(p-Methoxyphenyl)-ethanol: [a]D

lit.¼240.6
(c¼1.12, CHCl3).18c

4.3.7. 1-(p-Nitrophenyl)-ethanol. tR¼32.21 min,
tS¼34.11 min (HPLC OB column, hexanes– i-PrOH 95:5,
0.5 mL/min). [a]D¼þ18 (c¼1, CHCl3). (S)-1-(p-Nitrophe-
nyl)-ethanol: [a]D

lit.¼230.5 (c¼1, CHCl3).18e

4.3.8. 1-(p-Chlorophenyl)-propanol. tR¼18.38 min,
tS¼19.76 min (GC 136 8C, 2.6 mL/min). [a]D¼þ23
(c¼1.6, C6H6). (S)-1-(p-Chlorophenyl)-propanol:
[a]D

lit.¼þ28.59 (c¼5.1, C6H6).18f

4.3.9. 1-(m-Trifluoromethylphenyl)-ethanol. tR¼13.56
min, tS¼14.64 min (GC 115 8C, 1.6 mL/min). [a]D¼þ14
(c¼0.9, MeOH). (S)-1-(m-Trifluoromethylphenyl)-ethanol:
[a]D

lit.¼217.1 (c¼2.92, MeOH).18g

4.3.10. trans-4-Phenyl-3-buten-2-ol. tR¼27.66 min,
tS¼46.17 min (HPLC OD column, hexanes– i-PrOH 95:5,
0.5 mL/min). [a]D¼þ27 (c¼0.5, CHCl3). (S)-trans-4-
Phenyl-3-buten-2-ol: [a]D

lit.¼232.16 (c¼5, CHCl3).18h

4.3.11. 4-Phenyl 2-butanol. tR¼19.17 min, tS¼28.07 min
(HPLC OD column, hexanes– i-PrOH 95:5, 0.5 mL/min).
[a]D

lit.¼22.0 (c¼0.5, CHCl3). (S)-4-Phenyl-2-butanol:
[a]D

lit.¼þ15.8 (c¼1.00, CHCl3).18i

Acknowledgements

We thank CONACyT for financial support (Project No.
39500-E and Grant No. 144937), P. J. W. thanks NIH
(National Institute of General Medical Sciences) for
additional support.

References and notes

1. Ohkuma, T.; Noyori, R. Hydrogenation of carbonyl com-

pounds. Comprehensive asymmetric catalysis; Jacobsen, E. N.,

Pfaltz, A., Yamamoto, H., Eds.; Springer, 1999; Vol. 1, p 199

and Refs. 8, 9, 18, 19 and 20 therein.

2. (a) Itsuno, S.; Nakano, M.; Miyazaki, K.; Masuda, H.; Ito, K.

J. Chem. Soc., Perkin Trans. 1 1985, 2039. (b) Corey, E. J.;

Bakshi, R. K.; Shibata, S.; Chen, S. P.; Singh, V. K. J. Am.

Chem. Soc. 1987, 109, 7925. (c) Itsuno, S. In Hydroboration of

carbonyl groups. Comprehensive asymmetric catalysis; Jacob-

sen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin,

1999; Vol. 1, p 267.

3. (a) For a review, see: Nishiyama, H. In Hydrosilylation of

CvO and CvN. Comprehensive asymmetric catalysis;

Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer:

Berlin, 1999; Vol. 1, p 289. (b) Fu, G.; Tao, B. Angew. Chem.,

Int. Ed. 2002, 41, 3892. and references cited therein. (c)

Carpentier, J.-F.; Bette, V. Curr. Org. Chem. 2002, 6, 913. and

references cited therein.

4. For a review, see: Lawrence, N. J.; Drew, M. D.; Bushell, S. M.

J. Chem. Soc., Perkin Trans. 1 1999, 3381.

5. (a) Carter, M. B.; Schiott, B.; Gutiérrez, A.; Buchwald, S. L.

J. Am. Chem. Soc. 1994, 116, 11667. (b) Lipshutz, B. H.;

Noson, K.; Chrisman, W.; Lower, A. J. Am. Chem. Soc. 2003,

125, 8799. (c) Lipshutz, B. H.; Caires, C. C.; Kuipers, P.;

Chrisman, W. Org. Lett. 2003, 5, 3085.

6. Mimoun, H.; de Saint Laumer, J. Y.; Giannini, L.; Scopelliti,

R.; Floriani, C. J. Am. Chem. Soc. 1999, 121, 6158.

7. (a) Whitesell, J. K. Chem. Rev. 1989, 89, 1581. (b) Juaristi, E.

Introduction to stereochemistry and conformational analysis.

Wiley: New York, 1991; p 208. (c) Togni, A.; Venanzi, L. M.

Angew. Chem., Int. Ed. 1994, 33, 497. (d) Bennani, Y. L.;

Hanessian, S. Chem. Rev. 1997, 97, 3161.

8. (a) Jaen, J. Encyclopedia of reagents for organic synthesis;

Paquette, L. A., Ed.; Wiley: New York, 1995; Vol. 5, p 3427.

(b) Juaristi, E.; Escalante, J.; León-Romo, J. L.; Reyes, A.

Tetrahedron: Asymmetry 1998, 9, 715. (c) Juaristi, E.; León-

Romo, J. L.; Reyes, A. Tetrahedron: Asymmetry 1999, 10,

2441.

9. (a) Horner, L.; Dickerhof, L. Liebigs Ann. Chem. 1984, 124.

(b) Hulst, R.; de Vries, K.; Feringa, B. L. Tetrahedron:

Asymmetry 1995, 5, 699.

10. Anaya de Parrodi, C.; Moreno, G. E.; Quintero, L.; Juaristi, E.

Tetrahedron: Asymmetry 1998, 9, 2093.

11. (a) Potapov, V. M.; Koval’, G. N.; Solov’eva, L. D. J. Org.

Chem. USSR 1985, 21, 705. (b) Kobayashi, Y.; Hayashi, N.;

Kishi, Y. Org. Lett. 2002, 4, 411.

12. (a) Anaya de Parrodi, C.; Juaristi, E.; Quintero-Cortés, L. An.

Quim., Int. Ed. 1996, 92, 400. (b) Anaya de Parrodi, C.;

Vazquez, V.; Quintero, L.; Juaristi, E. Synth. Commun. 2001,

31, 3295.

13. Luna, A.; Alfonso, I.; Gotor, V. Org. Lett. 2002, 4, 3627.

14. (a) Bambridge, K.; Begley, M. J.; Simpkins, N. S. Tetrahedron

Lett. 1994, 35, 3391. (b) Dieck, H.; Dietrich, J. Chem. Ber.

1984, 117, 694. (c) Alvaro, G.; Grepioni, F.; Savoia, D. J. Org.

Chem. 1997, 62, 4180.

15. Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew.

Chem., Int. Ed. 1985, 24, 1.

16. Knowles, W. S. Acc. Chem. Res. 1983, 16, 106.

17. Costa, A. M.; Jimeno, C.; Gavenonis, J.; Carroll, P. J.; Walsh,

P. J. J. Am. Chem. Soc. 2002, 124, 6929.

18. (a) Sato, S.; Watanabe, H.; Asami, M. Tetrahedron:

V. M. Mastranzo et al. / Tetrahedron 60 (2004) 1781–17891788



Asymmetry 2000, 11, 4329. (b) Salvi, N. A.; Chattopadhyay, S.

Tetrahedron 2001, 57, 2833. (c) Huang, W.-S.; Hu, Q.-S.; Pu,

L. J. Org. Chem. 1999, 64, 7490. (d) Yong, K. H.; Chong, M.

Org. Lett. 2002, 4, 4139. (e) Mathre, D. J.; Thompson, A. S.;

Douglas, A. W.; Hoogsteen, K.; Carroll, J. D.; Corley, E. G.;

Grabowski, E. J. J. J. Org. Chem. 1993, 58, 2880. (f) Soai, K.;

Ookawa, A.; Kaba, T.; Ogawa, K. J. Am. Chem. Soc. 1987,

109, 7111. (g) Naemura, K.; Murata, M.; Tanaka, R.; Yano,

M.; Hirose, K.; Tobe, Y. Tetrahedron: Asymmetry 1996, 7,

3285. (h) Brown, H. C.; Chandrasekharan, J.; Ramachandran,

P. V. J. Am. Chem. Soc. 1988, 110, 1539. (i) Seebach, D.;

Imwinkelried, R.; Stucky, G. Helv. Chim. Acta 1987, 70, 448.

V. M. Mastranzo et al. / Tetrahedron 60 (2004) 1781–1789 1789



Regioselective synthesis of substituted 1-indanols,
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Abstract—Electrochemical reduction of haloarenes carrying 2-(1-hydroxybut-3-enyl), 2-allyloxy or N-allyl-N-methylamino group in the
presence of phenanthrene as a mediator generated the corresponding aryl radicals and gave the corresponding 5-exo cyclization products in
good yields. Higher regio- and stereoselectivities than those of usual radical cyclization using AIBN-Bu3SnH were achieved.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Radical cyclization is a useful method for synthesizing
cyclic compounds. Carbon radicals are usually generated by
the reaction of organic halides with AIBN-organotin
reagents such as tributyltin hydride (Bu3SnH).1 However,
there are several drawbacks in this method, such as toxicity
of tin compounds and difficulty in isolating products due to
contamination of R3SnX. Many methods2 have been
reported to overcome the drawbacks. On the other hand,
electrochemical reaction is an environmentally benign
method for organic synthesis since it can be carried out
under mild conditions by using electrons as clean reagents.
Therefore, electrochemical generation of carbon radicals
from the corresponding organic halides and its use in
cyclization reactions would be of synthetic importance.
However, usual electrochemical reduction of organic
halides gives the corresponding carbanions by their
preferential two-electron reduction and, finally, gives
simple reduction products.3 Only a few methods for
electrochemical generation of radicals to give cyclization
products have been reported: i.e. direct electrochemical
reduction of 2-halo-N-arylbenzamide derivatives4 and
arenediazonium salts carrying prop-3-enylamino groups5

and electrochemical reduction of alkenyl and aryl halides
using Ni(II) or Co(II) catalyst6 and of N-(2-iodophenyl)-N-
alkylcinnamides using an oxygen mediator.7

Recently, we developed an electrochemical method for the
generation of aryl radicals from the corresponding aryl

halides by the use of arene as a single electron transfer
mediator and reported in a communication that these aryl
radicals could be used to intramolecular cyclization
reaction.8 In this paper, we report the detailed results of
the electrochemical generation of aryl radicals as well as its
application to 5-exo radical cyclizations to give substituted
1-indanols, 2,3-dihydrobenzofurans and 2,3-dihydro-
indoles. We also report that these cyclizations undergo in
more regio- and stereoselective manner than that of usual
radical cyclizations using AIBN-Bu3SnH. Similar electro-
chemical cyclization of N-allyl-2-chloroacetanilide using
(E)-stilbene as an electron transfer agent was reported by
Grimshaw et al.9

2. Results and discussion

2.1. Generation of aryl radicals

Electrochemical reduction of 1-(2-iodophenyl)-3-buten-1-ol
(1a: X¼I, Y¼CH(OH)) in the presence of arene mediator
generated the corresponding aryl radical (A) and gave the
corresponding 5-exo cyclization product 2a and simple
reduction product (3a) (Scheme 1). This radical cyclization
reaction was first examined under various conditions to
optimize the reaction conditions. These results are sum-
marized in Tables 1 and 2. Electrolysis was carried out at a
constant current in an undivided cell equipped with a
platinum cathode and a sacrificial anode. An anode material
used as a sacrificial anode was very effective for the
reactions. It was found that the use of Mg or Zn metal as an
anode gave an exo-cyclized product 2a, although electro-
lysis using a Pt anode gave 2a only in 12% yield (Table 1).
Therefore, a platinum cathode and a magnesium anode were
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used in the following electrolyses. The effect of current
density was also examined, and the electrolysis of 1a at
current densities of 45, 60, 75 and 90 mA/cm2 gave 2a in
yields of 67, 69, 76 and 58%, respectively. Electricity of
5 F/mol was needed for complete consumption of 1a.

Effects of various mediators and their amounts on the
cyclization of 1a were also examined, and the results are
summarized in Table 2. Electrolysis of 1a in the absence of
any mediator gave the cyclization product 2a only in 11%
yield (entry 1). Use of 6 equiv. of naphthalene gave 2a in
76% yield (entry 2). When phenanthrene was used as a
mediator, 2a was obtained in 73% yield even when 2 equiv.
of phenanthrene was used (entry 5). When 9,10-diphenyl-

anthracene, 9-phenylanthracene or 9-cyanophenanthrene
was used, the cyclized product was obtained in low to
moderate yields (entries 8–10). Finally, all of the following
electrolyses were carried out in a one-compartment cell
equipped with a Pt cathode and an Mg anode in 0.1 M
Et4NClO4-DMF solution containing a substrate and
phenanthrene as a mediator at a current density of 75 mA/
cm2. Electricity of 5 F/mol was passed (Scheme 1).

2.2. Synthesis of substituted 1-indanols

The present radical cyclization by electrolysis was applied
to a synthesis of substituted 1-indanols (2). Electrolysis of
aryl iodide (1a), bromide (1b), or chloride (1c) in 0.1 M
Et4NClO4-DMF containing 2.0 or 4.0 equiv. of phenan-
threne at 75 mA/cm2 using a Pt cathode and Mg anode gave
the 5-exo cyclization product 2a having syn and anti-
isomers in yields of 62–80% (Table 3). Conventional
radical cyclization of 1c using AIBN-Bu3SnH gave no 2a
and the starting 1c was recovered unreacted (Table 3, entry
8). Substituted indanols 2b and 2c, tricyclic indanol (2d)
were also obtained in good yields. Cyclization of 1g having
a,b-unsaturated ester group proceeded smoothly without
the reduction of carbon–carbon double bond in the ester
moiety. It has also been found that a higher diastereomeric
ratio of syn- and anti-2a10 (2.3:1) was obtained in the
electrochemical cyclization of 1a (Table 3, entries 1 and 2),
although a similar cyclization using AIBN-Bu3SnH gave
syn- and anti-2a in a ratio of 1.4:1 (entry 3). It is not clear
about the reason why the difference of diastereoselectivity
appeared in the present stage. However, various reaction
conditions, such as mediator compounds or equivalents of
mediator, affected on the diastereomeric ratio (Table 2).
Particularly, remarkable effect of anode materials on the
diastereomeric ratio of the electrochemical cyclization was
observed. Electrolysis of 1a using an Mg anode gave the
higher diastereomeric ratio of syn- and anti-2a (2.5:1) than
that using a Zn anode (1.7:1) (Table 1, entries 1 and 2).

2.3. Synthesis of substituted 2,3-dihydrobenzofurans

5-exo Cyclization of aryl radical proceeded efficiently by

Scheme 1.

Table 1. Effect of anode materials on electrochemical cyclization of 1aa

Entry Anode (metal) Yields (%)b

2a (syn:anti)c 3a

1 Pt 12 (2.2:1) 18
2 Zn 60 (1.7:1) 28
3 Mg 76 (2.5:1) 14

a Electrolysis of 1a in 0.1 M Et4NClO4-DMF was carried out at 0 8C in the
presence of 6 equiv. of naphthalene using a Pt cathode (75 mA/cm2, 5 F/
mol).

b Isolated yields.
c Isomer ratios of syn and anti were determined by 1H NMR analysis.

Table 2. Effects of various polyaromatic compounds on electrochemical radical cyclization of 1aa

Entry Mediator Reduction potentialb (V vs. Ag/Agþ) Equivalentc Yield (%)d

2a (syn:anti)e 3a Recov. 1a

1 None — — 11 (1.7:1) 78 0
2 Naphthalene 22.94 6.0 76 (2.5:1) 14 0
3 Naphthalene 2.0 59 (2.4:1) 8 18
4 Phenanthrene 22.87 4.0 80 (2.3:1) 14 0
5 Phenanthrene 2.0 73 (2.3:1) 12 0
6 Phenanthrene 1.0 58 (2.2:1) 4 22
7 Phenanthrene 0.5 36 (2.5:1) 3 44
8 9,10-Diphenylanthracene 22.27 2.0 48 (1.1:1) 8 23
9 9-Phenylanthracene 22.31 2.0 30 (4.4:1) 15 21
10 9-Cyanophenanthrene 22.22 2.0 47 (2.2:1) 4 22

a Electrolysis of 1a in 0.1 M Et4NClO4-DMF was carried out at 0 8C with a constant current of 75 mA/cm2 (5 F/mol) in a one-compartment cell equipped with
a Pt cathode and Mg anode.

b Reduction potentials of 1a and arene compounds were measured by cyclic voltammetry in 0.1 M Et4NClO4-DMF using Ag/Agþ reference electrode.
Reduction potential of 1a was 22.50 V vs. Ag/Agþ.

c Equivalents of mediator to 1a.
d Isolated yields.
e Determined by 1H NMR analysis.
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using the electrochemical method and, therefore, this
reaction was applied to a synthesis of benzofuran. Similar
electrochemical reduction of allyl o-iodophenyl ethers using
phenanthrene mediator gave the corresponding 2,3-dihydro-
benzofurans 5a–d and 6a–c. The results are summarized in
Table 4. The products carrying formyl group (6a–c) were
also obtained in 20–27%, when DMF was used as a solvent.
The use of acetonitrile as a solvent in the electrochemical
cyclization of 4c prevented the introduction of a formyl
group and a cyclized product 5c was obtained as a sole
product in 72% yield (Table 4, entry 4). Similarly,
electrolysis of 4d and 4e in acetonitrile solvent gave the

cyclized products 5d and 5e in 64 and 69% yield,
respectively, without a formation of the corresponding
formylated products.

2.4. Synthesis of substituted 2,3-dihydroindoles

The results described above suggested that the electrolysis
in acetonitrile gave the desired cyclization products in
higher yields than those in DMF. Therefore, the following
electrolyses were carried out in acetonitrile. Electrolysis of
N-methyl-2-iodoanilines carrying various N-allyl sub-
stituents (7a – e) gave the corresponding substituted

Table 3. Synthesis of substituted 1-indanols by electrochemical radical cyclizations

Entry Substrate Equiv.a Yield (%)b

2 (syn:anti) 3

1

1ac

2.0 64 (2.3:1) 11

2 4.0 80 (2.3:1) 2a 14 3a
3 AIBN-TBTHd 86 (1.4:1)

4

1bc

2.0 64 (2.4:1) 2a 11 3a

5 4.0 73 (2.4:1) 10

6

1cc

2.0 62 (2.1:1) 10
7 4.0 69 (2.5:1) 2a 8 3a
8 AIBN-TBTHd No reaction

9

1d

2.0 64 (nde) 2b 11 3b

10 4.0 72 (nde) 10

11

1e

2.0 61 (1.6:1) 2c 15 3c

12 4.0 69 (1.5:1) 14

13

1f

2.0 63 (ndf) 2d 20 3d

14 4.0 65 (ndf) 14

15

1g

2.0 72 (1.7:1) 2e

16 4.0 82 (1.7:1)

a Equivalents of mediator to substrate.
b Isolated yields. Diastereomer ratios were determined by 1H NMR.
c Reduction peak potentials of 1a, 1b and 1c were 22.50, 22.96 and 23.18 V vs. Ag/Agþ, respectively.
d Reaction of 1a or 1c (0.5 mmol) was carried out in toluene (25 ml) under reflux by using 0.2 equiv. of AIBN and 1.1 equiv. of tributyltin hydride.
e Four diastereomers were obtained. The ratios were not determined.
f Two diastereomers were obtained. The ratios were estimated to be of 5.8:1 (entry 13) and 5.0:1 (entry 14), respectively, by 1H NMR spectra.
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2,3-dihydroindoles (8a–8e) in 48–73% yields (Table 5). It
is noteworthy that the electrolysis of 7e provided the
cyclized product 8e in 73% yield, although the electrolysis
of similar substrate, N-cinnamyl-2-chloroacetanilide, using
(E)-stilbene as a mediator was reported to give a low yield
of the cyclization product along with a larger amount of
decomposed product, 2-chloroacetanilide.7

2.5. Regioselective radical cyclization

Regioselectivity of the present electrochemical cyclization
is interesting from a synthetic viewpoint. In carbon radical
cyclizations, 6-endo cyclization preferentially occurs to
give a six-membered ring when there are any substituents at
the C-5 position of 5-hexenyl radical.11 Conventional
radical cyclization of 1h using AIBN-Bu3SnH in refluxing
toluene gave 5-exo (2f) and 6-endo cyclization products (9a)
in a ratio of 45:55 (Table 6, entry 3). It has been reported
that the ratio in the 5-exo/6-endo cyclization varied
depending on the reaction conditions.12 Effect of the
reaction temperature was examined by the use of benzene
as a solvent, 2f and 9a were obtained in the ratio of 48:52
(Table 6, entry 4). Effect of the concentration of Bu3SnH
was also examined (Table 6, entries 3, 5 and 6). These
results show that the ratio of 5-exo/6-endo was slightly
affected by the reaction temperature and the concentration
of Bu3SnH. When the radical cyclizaions of 4c or 7c using
AIBN-Bu3SnH was carried out, the corresponding 6-endo
cyclization products (9b or 9c) was also obtained (entries 5
and 7). However, the electrochemical cyclization of 1h

preferentially gave 5-exo cyclization product 2f (entry 1).
Similar electrochemical cyclization of 2-methallyloxy-
phenyl iodide (4c) and 2-iodo-N-methallyl-N-methylaniline
(7c) gave exclusively 5-exo cyclization product 5c and 8c,
respectively (entries 4 and 6). 5-exo Cyclized product 5c
was also obtained in the Ni-catalyzed electrochemical
cyclization that was carried out at 20 8C.6e,f These higher
regioselectivity are probably due to a lower reaction
temperature in the present electrochemical radical cycliza-
tions. Effect of the reaction temperature on a ratio of 5-exo/
6-endo in the radical cyclization reaction has been reported
by Walling et al.13 In the present electrochemical radical
cyclization, the electrolysis at higher temperature resulted in
an increase of 6-endo cyclization although a total yield of
two products was decreased (Table 6, entry 2).

2.6. Reaction pathways

One of the speculated reaction pathways are shown in
Scheme 2. It has already been reported that the radical anion
generated by electrochemical reduction of arene mediator
can reduce aryl halides to give the corresponding aryl
radicals or aryl anion.14 In the present electrochemical
reaction, aryl radicals A are also generated by a one-electron
reduction of aryl halides with phenanthrene radical anions.
This is supported by the result that a dark-blue color of the
phenanthrene radical anion appeared on the surface of the
platinum cathode. Two-electron reduction of aryl halides
occurs preferentially in the absence of arene mediator to
give the corresponding aryl anions which are protonated to

Table 4. Synthesis of substituted 2,3-dihydrobenzofurans

Entry Solvent Substrate Product and yield (%)a

1 DMF

4a 5a

41

2 DMF

4b
5b

53

6a

27

3 DMF

4c
5c

59

6b

20
4 AN 72 0

5 DMF

4d
5d

54

6c

25

6 AN 64 0

7 AN

4e
5e

69

a Isolated yields.
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afford simple reduction products 3 (Table 2, entry 1).
Dissolution of an Mg anode prevents a reoxidation of the
radical anion. 5-exo Cyclization of A to give cyclized
radical B proceeds faster than a further reduction of the aryl

radicals. Carbon radicals B resulted from the radical
cyclization are reduced to give anionic intermediates C
that finally afford 1-indanol, 2,3-dihydrobenzofuran or 2,3-
dihydroindole derivatives. Formylated products 6a–c are
obtained by an attack of the anionic intermediates C to DMF
molecules (Table 2, entries 2, 3, 5). No formylated product
was obtained in the electrolysis of 1a–h even when DMF
was used as a solvent (Table 3 and Table 6, entry 1). This is
probably due to a ready protonation of anionic intermediates
C with a hydroxy group in the starting substrates 1a–h.

3. Conclusion

In conclusion, electrochemical reduction of halobenzenes
carrying o-(1-hydroxy-3-butenyl), o-allyloxy or o-allyl-
amino group in the presence of phenanthrene mediator
generated the corresponding aryl radicals efficiently and
gave various 5-exo cyclized products, substituted
1-indanols, 2,3-dihydrobenzofurans or 2,3-dihydroindoles,
in moderate to good yields. Higher regio- and stereo-
selectivities than those of usual radical cyclizations using
AIBN-Bu3SnH were observed in the present electro-
chemical radical cyclization. Exclusive 5-exo cyclization
proceeded to give substituted 1-indanols, 2,3-dihydro-
benzofurans and 2,3-dihydroindoles.

4. Experimental

4.1. General procedures

The NMR spectra were recorded on a JEOL JNM-EX270
(1H, 270 MHz; 13C, 67.8 MHz) FT NMR spectrometer. 1H
and 13C Chemical shifts were represented as d-values
relative to the internal standard, tetramethylsilane. IR
spectra were recorded on a JASCO IR-810 infrared
spectrometer. High and low resolution mass spectra were
determined with a JEOL JMS-AX500 or JEOL JMS-
SX102A spectrometer. Cyclic voltammetry was carried
out with BAS-50W using Pt disc electrode (1 mm B as a

Table 5. Synthesis of substituted 2,3-dihydroindoles

Entry Substrate Product and yield (%)a

1

7a 8a

60

2

7b
8b

62

3

7c 8c

51

4

7d
8d

48

5

7e
8e

73

a Isolated yields.

Table 6. Regioselectivity in the electrochemical and the conventional radical cyclizations

Entry Substrate Conditions Yield (%)a Product Ratio (5-exo/6-endo)b

1 Electrolysis at 0 8C 68 78/22
2 Electrolysis at 100 8C 27 64/36
3 AIBN-TBTH (0.022 M), toluene, reflux 71 2f/9a 45/55
4 AIBN-TBTH (0.022 M), benzene, reflux 76 48/52

5 AIBN-TBTN (0.05 M), toluene, reflux 63 52/48
6 AIBN-TBTH (0.5 M), toluene, reflux 33 55/45
7 4c Electrolysis at 0 8C 79 5c/9b 100/0
8 AIBN-TBTH (0.022 M), toluene, reflux 56 82/18
9 7c Electrolysis at 0 8C 51 8c/9c 100/0
10 AIBN-TBTH (0.022 M), toluene, reflux 68 51/49

a Isolated yields.
b Ratios of regioisomers were determined by 1H NMR.
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working electrode and Pt wire as a counter electrode in
0.1 M Et4NClO4-DMF solution (Ag/Agþ reference
electrode). Thin-layer chromatography and column chro-
matography were carried out on a Merck Silica gel 60 PF254.
Anhydrous N,N-dimethylformamide (DMF) and tetra-
ethylammonium perchlorate (TEAP) were commercially
available and were used without further purification.
Acetonitrile was freshly distilled under nitrogen from
P2O5. Metal plates for electrodes are commercially
available in more than 99.9% purities, and they were
washed with 2 N HCl, methanol, and acetone and dried
before electrolysis.

4.2. Preparation of 1-(2-halophenyl)-3-buten-1-ols

1-(2-Halophenyl)-3-buten-1-ol derivatives (1a–h) were
prepared by allylation of 2-halobenzaldehydes with the
corresponding substituted allyl bromides using electro-
chemically generated reactive zinc (EGZn).15

4.2.1. 2-Iodobenzaldehyde. To a solution of pyridinium
chlorochromate (9.7 g, 45.0 mmol), silica gel (20 g) and
CH2Cl2 (120 ml) were added 2-iodobenzyl alcohol (7.03 g,
30.0 mmol). The solution was stirred at room temperature
for 4 h. The reaction mixture was filtrated and evaporated.
The residue was extracted with Et2O. The combined organic
layers were washed with water and brine, dried over
MgSO4. Concentration gave 6.80 g of the crude product,
which was purified by recrystallization from hexane to give
5.91 g (85%) of 2-iodobenzaldehyde.

Mp 34 8C; IR (nujol) 2922, 1689, 1460, 1202, 1016 cm21;

1H NMR (CDCl3) d 10.07 (1H, S), 7.96 (1H, d, J¼7.9 Hz),
7.88 (1H, dd, J¼1.7, 7.9 Hz), 7.47 (1H, t, J¼7.9 Hz), 7.29
(1H, t, J¼7.9 Hz); EIMS m/z (relative intensity) 248 (100),
231 (62), 203 (18), 76 (29), 65 (25). Anal. calcd for C7H5IO:
C, 36.24; H, 2.17. Found: C, 36.12; H, 2.20.

4.2.2. 1-(2-Iodophenyl)-3-buten-1-ol (1a). Mp 42 8C; IR
(nujol) 3368, 1640, 1462, 1436, 1011 cm21; 1H NMR
(CDCl3) d 7.80 (1H, dd, J¼1.3, 7.6 Hz), 7.52 (1H, dd,
J¼1.3, 7.6 Hz), 7.37 (1H, dt, J¼1.3, 7.6 Hz), 6.97 (1H, dt,
J¼1.3, 7.6 Hz), 5.90 (1H, m), 5.21 (2H, m), 4.93 (1H, dt,
J¼3.3, 8.9 Hz), 2.62 (1H, m), 2.27 (2H, m). Anal. calcd for
C10H11OI: C, 43.82; H, 4.04; I, 46.30. Found: C, 43.90; H,
4.05; I, 46.57.

4.2.3. 1-(2-Bromophenyl)-3-buten-1-ol (1b). Bp 68 8C/
0.5 mm Hg; IR (neat) 3372, 1640, 1568, 1467, 1439,
1023 cm21; 1H NMR (CDCl3) d 7.55 (2H, m), 7.34 (1H,
dt, J¼1.7, 6.9 Hz), 7.13 (1H, dt, J¼1.7, 6.9 Hz), 5.89 (1H,
m), 5.16 (3H, m), 2.65 (1H, m), 2.36 (1H, m), 2.13 (1H, d,
J¼3.3 Hz); HRMS calcd for C10H10BrO (Mþ21). m/z
224.9915. Found m/z 224.9924. Anal. calcd for C10H11BrO:
C, 52.99; H, 4.88; Br, 35.18. Found: C, 52.74; H, 4.88; Br,
35.25.

4.2.4. 1-(2-Chlorophenyl)-3-buten-1-ol (1c). Bp 68 8C/
0.27 mm Hg; IR (neat) 3376, 1641, 1474, 1439, 1033 cm21;
1H NMR (CDCl3) d 7.57 (1H, dd, J¼1.7, 7.6 Hz), 7.30 (2H,
m), 7.20 (1H, dt, J¼1.7, 7.6 Hz), 5.86 (1H, m), 5.18 (3H,
m), 2.64 (1H, m), 2.38 (1H, m), 2.13 (1H, d, J¼3.6 Hz).
Anal. calcd for C10H11ClO: C, 65.76; H, 6.07; Cl, 19.41.
Found: C, 65.69; H, 6.19; Cl, 19.29.

Scheme 2.
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4.2.5. 1-(2-Bromophenyl)-2-methyl-3-buten-1-ol (1d). Bp
80 8C/0.2 mm Hg; IR (neat) 3410, 1641, 1568, 1468, 1440,
1012 cm21; 1H NMR (CDCl3) d 7.45 (2H, m), 7.33 (1H, dt,
J¼1.3, 7.6 Hz), 7.13 (1H, m), 5.90 (1H, m), 5.20–4.91
(3H, m), 2.78–2.59 (1H, m), 2.14 (syn, 1H, d, J¼3.6 Hz),
1.94 (anti, 1H, d, J¼3.6 Hz), 1.05 (syn, 3H, d, J¼6.9 Hz),
0.98 (anti, 3H, d, J¼6.9 Hz); EIMS m/z (relative
intensity) 242 ([Mþ2], 3), 187 (90), 185 (100), 159 (17),
157 (21), 105 (10), 77 (53). Anal. calcd for C11H13BrO: C,
54.79; H, 5.43; Br, 33.14. Found: C, 54.67; H, 5.46; Br,
33.17.

4.2.6. 1-(2-Bromophenyl)-2,2-dimethyl-3-buten-1-ol (1e).
IR (neat) 3432, 1638, 1468, 1434, 1017 cm21; 1H NMR
(CDCl3) d 7.52 (1H, dd, J¼1.3, 7.9 Hz), 7.48 (1H, dd,
J¼1.3, 7.9 Hz), 7.30 (1H, dt, J¼1.3, 7.9 Hz), 7.12 (1H, dt,
J¼1.3, 7.9 Hz), 6.03 (1H, dd, J¼10.9, 17.5 Hz), 5.15–5.05
(3H, m), 2.01 (1H, d, J¼3.3 Hz), 1.27 (3H, s), 1.04 (3H, s);
HRMS calcd for C12H15BrO m/z 254.0306. Found m/z
254.0321. Anal. calcd for C12H15BrO: C, 56.49; H, 5.93; Br,
31.32. Found: C, 56.56; H, 6.00; Br, 31.15.

4.2.7. 2-Bromo-a-(2-cyclohexenyl)benzyl alcohol (1f).
Mixture of diastereomers. IR (neat) 3404, 1650, 1469,
1437, 1017 cm21; 1H NMR (CDCl3) d 7.54 (2H, m), 7.33
(1H, dt, J¼1.3, 7.3 Hz), 7.13 (1H, dt, J¼1.3, 7.3 Hz), 5.94
(1H, m), 5.67 (0.15H, dd, J¼1.7, 9.9 Hz), 5.52 (0.85H, dd,
J¼1.7, 9.9 Hz), 5.06 (0.85H, m), 4.92 (0.15H, m), 2.68
(1H, m), 2.03 (1H, m), 1.92 (1H, d, J¼2.3 Hz), 1.78
(1H, m), 1.60–1.44 (3H, m); 13C NMR (CDCl3) d 142.4,
141.4, 132.8, 132.6, 131.2, 130.4, 128.7 (two signals),
128.5, 128.1, 128.0, 127.4, 127.3, 125.4, 122.4, 122.3,
75.8, 75.3, 41.3, 40.8, 26.5, 25.2 (two signals), 22.7,
21.8, 21.3; HRMS calcd for C13H15BrO m/z 266.0306.
Found m/z 266.0306. Anal. calcd for C13H15BrO: C,
58.44; H, 5.66; Br, 29.91. Found: C, 58.61; H, 5.76; Br,
29.82.

4.2.8. Ethyl 5-(2-iodophenyl)-5-hydroxy-2-pentenoate
(1g). IR (neat) 3450, 1700, 1655, 1269, 1043 cm21; 1H
NMR (CDCl3) d 7.81 (1H, dd, J¼1.7, 7.9 Hz), 7.54 (1H, dd,
J¼1.7, 7.9 Hz), 7.39 (1H, dt, J¼1.7, 7.9 Hz), 7.05 (1H, d,
J¼15.8 Hz), 6.99 (1H, td, J¼1.7, 7.9 Hz), 5.97 (1H, d,
J¼15.8 Hz), 5.03 (1H, dt, J¼3.6, 8.6 Hz), 4.29 (2H, q,
J¼7.3 Hz), 2.70 (1H, m), 2.49 (1H, m), 2.13 (1H, d,
J¼3.6 Hz), 1.30 (3H, t, J¼7.3 Hz); 13C NMR (CDCl3) d
166.3, 145.1, 144.5, 139.4, 129.5, 128.7, 126.8, 124.2, 97.2,
76.1, 60.3, 40.3, 14.2; HRMS calcd for C13H15IO m/z
346.0066. Found m/z 346.0062. Anal. calcd for C13H15IO:
C, 45.11; H, 4.37; I, 36.66. Found: C, 45.16; H, 4.27; I,
36.88.

4.2.9. 1-(2-Bromophenyl)-3-methyl-3-buten-1-ol (1h).
IR (neat) 3388, 1648, 1441, 1024 cm21; 1H NMR
(CDCl3) d 7.62 (1H, dd, J¼1.7, 7.9 Hz), 7.52 (1H,
dd, J¼1.7, 7.9 Hz), 7.34 (1H, td, J¼1.7, 7.9 Hz), 7.13
(1H, td, J¼1.7, 7.9 Hz), 5.16 (1H, dt, J¼2.6, 9.9 Hz),
4.96 (1H, m), 4.91 (1H, s), 2.60 (1H, dd, J¼1.3, 13.9 Hz),
2.22 (1H, d, J¼1.32 Hz), 2.20 (1H, dd, J¼9.9, 13.9 Hz),
1.88 (3H, s); HRMS calcd for C11H13BrO m/z 240.0149.
Found m/z 240.0150. Anal. calcd for C11H13BrO: C,
54.79; H, 5.43; Br, 33.14. Found: C, 54.82; H, 5.43; Br,
33.29.

4.3. Typical procedure for preparation of allyl aryl
ethers

Alk-2-enyl o-iodophenyl ethers (4a–e) were prepared
according to literature.16 To a solution of 2-iodophenol
(4 mmol), anhydrous potassium carbonate (8 mmol) and
DMF (10 ml) was added allyl bromide (6 mmol) at room
temperature. The solution was stirred for 4 h at 70 8C. The
reaction mixture was filtrated and extracted with Et2O. The
combined ether extracts were washed with water and brine,
dried over MgSO4 and concentrated in vacuo. The crude
product was purified by column or distillation.

4.3.1. Allyl o-iodophenyl ether (4a). IR (neat) 1582, 1472,
1276, 1248, 1018, 996 cm21; 1H NMR (CDCl3) d 7.78 (1H,
dd, J¼1.3, 7.9 Hz), 7.28 (1H, dt, J¼1.3, 7.9 Hz), 6.81 (1H,
dd, J¼1.3, 7.9 Hz), 6.71 (1H, dt, J¼1.3, 7.9 Hz), 6.10 (1H,
m), 5.52 (1H, d, J¼1.7 Hz), 5.31 (1H, d, J¼1.7 Hz), 4.60
(2H, dt, J¼1.7, 4.6 Hz); EIMS m/z (relative intensity) 260
(6), 133 (15), 105 (18), 92 (13), 77 (7), 63 (21), 50 (8), 41
(100), 39 (36); HRMS calcd for C9H9IO m/z 259.9698.
Found m/z 259.9678.

4.3.2. Prenyl o-iodophenyl ether (4b).16 IR (neat) 1677,
1471, 1241, 1017 cm21; 1H NMR (CDCl3) d 7.77 (1H, dd,
J¼1.3, 7.9 Hz), 7.27 (1H, m), 6.81 (1H, dd, J¼1.3, 7.9 Hz),
6.69 (1H, td, J¼1.3, 7.9 Hz), 5.50 (1H, m), 4.58 (2H, d,
J¼6.6 Hz), 1.79 (3H, s), 1.74 (3H, s).

4.3.3. Methallyl o-iodophenyl ether (4c).17 IR (neat) 1660,
1583, 1245, 1018 cm21; 1H NMR (CDCl3) d 7.92 (1H, dd,
J¼1.7, 7.9 Hz), 7.27 (1H, m), 6.80 (1H, dd, J¼1.3, 8.3 Hz),
6.70 (1H, dt, J¼1.3, 7.9 Hz), 5.19 (1H, d, J¼0.7 Hz), 5.02
(1H, t, J¼1.3 Hz), 4.48 (2H, s), 1.87 (3H, d, J¼0.7 Hz).

4.3.4. Crotyl o-iodophenyl ether (4d). E and Z mixture.16

IR (neat) 1676, 1582, 1471, 1244, 1017 cm21; 1H NMR
(CDCl3) d 7.77 (1H, dd, J¼1.7, 7.9 Hz, E and Z), 7.31–7.24
(1H, m, E and Z), 6.81 (1H, dd, J¼1.7, 7.9 Hz, E and Z),
6.69 (1H, dt, J¼1.7, 7.9 Hz, E and Z), 5.98–5.68 (1H, m, E
and Z), 4.66 (1H, d, J¼4.3 Hz, Z), 4.52 (1H, d, J¼5.6 Hz,
E), 1.87 (3H, d, J¼1.7 Hz, Z), 1.32 (3H, d, J¼1.7 Hz, E).

4.3.5. Cyclohex-2-enyl o-iodophenyl ether (4e). IR (neat)
1649, 1580, 1468, 1241 cm21; 1H NMR (CDCl3) d 7.77
(1H, dd, J¼1.7, 7.9 Hz), 7.25 (1H, m), 6.88 (1H, dd, J¼1.0,
8.3 Hz), 6.69 (1H, dt, J¼1.7, 7.9 Hz), 6.02–5.95 (1H, m),
5.93–5.87 (1H, m), 4.78 (1H, m), 2.24–2.03 (2H, m), 2.02–
1.85 (3H, m), 1.74–1.60 (1H, m); EIMS m/z (relative
intensity) 300 (5), 220 (11), 81 (58) 80 (100); HRMS calcd
for C12H13IO m/z 300.0011. Found m/z 300.0009. Anal.
calcd for C12H13IO: C, 48.02; H, 4.37; I, 42.28. Found: C,
48.19; H, 4.39; I, 42.32.

4.4. Preparation of N-alk-2-enyl-N-methyl-2-
iodoanilines (7a–7e)

N-Alk-2-enyl-N-methyl-2-iodoanilines (7a – e) were
prepared by N-allylation of N-methyl-2-iodoaniline or
N-methylation of N-allyl-2-iodoaniline.18,19

4.4.1. N-Methyl-2-iodoaniline.18 Bp 68–72 8C/0.6 mm Hg;
IR (neat) 3400, 1515, 1316 cm21; 1H NMR (CDCl3) d 7.65
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(1H, dd, J¼1.3, 7.6 Hz), 7.23 (1H, dt, J¼1.3, 7.6 Hz), 6.55
(1H, dd, J¼1.3, 7.6 Hz), 6.44 (1H, dt, J¼1.3, 7.6 Hz), 4.19
(1H, br), 2.88 (3H, d, J¼5.0 Hz); 13C NMR (CDCl3) d 148.14,
138.85, 129.45, 118.46, 109.97, 85.10, 30.96; EIMS m/z
(relative intensity) 233 (100), 232 (37), 105 (23), 77 (22);
HRMS calcd for C7H8NI m/z 232.9702. Found m/z 232.9704.

4.4.2. N-Allyl-N-methyl-2-iodoaniline (7a).20 Bp
90 8C/1.0 mm Hg; IR (neat) 1643, 1580, 1470,
1348 cm21; 1H NMR (CDCl3) d 7.85 (1H, dd, J¼1.3,
7.6 Hz), 7.30 (1H, dt, J¼1.3, 7.6 Hz), 7.06 (1H, dd, J¼1.3,
7.6 Hz), 6.77 (1H, dt, J¼1.3, 7.6 Hz), 5.88–6.03 (1H, m),
5.15–5.29 (2H, m), 3.55 (2H, d, J¼6.3 Hz), 2.69 (1H, s);
13C NMR (CDCl3) d 153.94, 140.07, 135.27, 128.84,
125.14, 121.82, 117.75, 98.26, 60.22, 41.03; EIMS m/z
(relative intensity) 273 (49), 252 (37), 246 (33), 146 (100),
144 (36), 132 (34), 131 (32), 91 (32), 77 (34), 44 (38);
HRMS calcd for C10H12NI m/z 273.0015. Found m/z
273.0026.

4.4.3. N-Crotyl-N-methyl-2-iodoaniline (7b). Mixture of
E and Z isomers (4.3:1). IR (neat) 1672, 1357 cm21; 1H
NMR (CDCl3) d 7.85 (1H, dd, J¼1.3, 7.6 Hz), 7.30 (1H, dt,
J¼1.3, 7.6 Hz), 7.06 (1H, dd, J¼1.3, 7.6 Hz), 6.77 (1H., dt,
J¼1.3, 7.6, Hz), 5.72–5.54 (m, 2H), 3.60 (minor, 1H, dd,
J¼0.7, 5.6 Hz), 3.46 (major, 1H, dd, J¼0.7, 5.4 Hz), 2.70
(minor, 3H, s), 2.67 (major, 3H, s), 1.72 (major, 3H, dd,
J¼0.7, 5.4 Hz), 1.64 (minor, 3H, dd, J¼0.7, 5.6 Hz); 13C
NMR (CDCl3) (major isomer) d 154.16, 140.04, 128.81,
127.92, 127.08, 124.96, 121.74, 98.24, 59.60, 40.68, 17.79
(minor isomer) d 153.94, 140.04, 128.97, 127.92, 127.19,
125.07, 121.82, 98.24, 53.41, 41.10, 13.12; EIMS m/z
(relative intensity) 287 (42), 273 (32), 160 (100), 144 (71),
132 (67), 104 (20), 77 (22); HRMS calcd for C11H14NI m/z
287.0171. Found m/z 287.0164. Anal. calcd for C11H14NI:
C, 46.01; H, 4.91; N, 4.88; I, 44.20. Found: C, 46.19; H,
4.87; N, 4.89, I, 44.37.

4.4.4. N-Methallyl-N-methyl-2-iodoaniline (7c). IR (neat)
1655, 1579, 1470, 1372 cm21; 1H NMR (CDCl3) d 7.85
(1H, dd, J¼1.6, 7.6 Hz), 7.30 (1H, dt, J¼1.6, 7.6 Hz), 7.09
(1H, dd, J¼1.6, 7.6 Hz), 6.78 (1H, dt, J¼1.6, 7.6 Hz), 5.00
(1H, d, J¼0.7 Hz), 4.9 (1H, d, J¼0.7 Hz), 3.48 (2H, s), 2.61
(3H, s), 1.82 (3H, s); 13C NMR (CDCl3) d 154.50, 142.75,
140.00, 128.95, 125.32, 122.10, 113.30, 98.65, 63.02, 42.18,
20.74; EIMS m/z (relative intensity) 287 (48), 246 (100),
160 (88), 144 (26), 118 (25); HRMS calcd for C12H16NI m/z
287.0171. Found m/z 287.0170.

4.4.5. N-Methyl-N-prenyl-2-iodoaniline (7d). IR (neat)
1671, 1580, 1469, 1359 cm21; 1H NMR (CDCl3) d 7.85
(1H, dd, J¼1.3, 7.6 Hz), 7.30 (1H, dt, J¼1.3, 7.6 Hz), 7.06
(1H, dd, J¼1.3, 7.6 Hz), 6.76 (1H, dt, J¼1.3, 7.6 Hz), 5.34
(1H, m), 3.52 (1H, d, J¼6.9 Hz), 2.68 (3H, s), 1.74 (3H, d,
J¼1.3 Hz), 1.64 (3H, s); 13C NMR (CDCl3) d 154.16,
140.03, 135.34, 128.77, 124.94, 121.74, 121.27, 98.33,
54.88, 40.86, 25.86, 18.02; EIMS m/z (relative intensity)
301 (32), 286 (22), 233 (15), 175 (14), 174 (100), 132 (49);
HRMS calcd for C12H16NI m/z 301.0327. Found m/z
301.0323.

4.4.6. N-Cinnamyl-N-methyl-2-iodoaniline (7e). IR (neat)
1650, 1598, 1580, 1469, 1360, 1337 cm21; 1H NMR

(CDCl3) d 7.87 (1H, dd, J¼1.3, 7.6 Hz), 7.42–7.20 (6H,
m), 7.10 (1H, dd, J¼1.3, 7.6 Hz), 6.78 (1H, dt, J¼1.3,
7.6 Hz), 6.60 (1H, d, J¼15.8 Hz), 6.35 (1H, dt, J¼6.3,
15.8 Hz), 3.70 (2H, d, J¼6.3 Hz), 2.74 (3H, s); 13C NMR
(CDCl3) d 153.96, 140.13, 137.00, 132.78, 128.91, 128.52
(two signals), 127.44, 126.97, 126.36 (two signals), 125.19,
121.82, 98.22, 59.79, 41.03; EIMS m/z (relative intensity)
349 (10), 233 (13), 222 (100), 144 (28), 132 (56), 117 (65),
115 (29), 91 (50), 77 (16); HRMS calcd for C16H16NI m/z
349.0328. Found m/z 349.0326.

4.5. Typical procedure for electrochemical radical
cyclization. Cyclization of 1a

A mixture of 1a (0.5 mmol) and phenanthrene (1 mmol) in
0.1 M Et4NClO4-DMF (10 ml) was electrolyzed at 0 8C
with a Pt cathode and an Mg anode under nitrogen
atmosphere. Electrolysis was carried out at 75 mA/cm2,
and an electricity of 5 F/mol of substrate was passed. The
reaction mixture was quenched with 2 N HCl and diluted
with water, and extracted with Et2O. The combined ether
extracts were washed with water and brine, dried over
MgSO4 and concentrated in vacuo. The crude product was
purified by TLC.

4.5.1. 3-Methylindan-1-ol (2a). Mixture of syn and anti
diastereomers.10 IR (neat) 3316, 1609, 1477, 1459, 1330,
1088, 1057 cm21; 1H NMR (CDCl3) d 7.31 (4H, m), 5.24
(anti, 1H, m), 5.18 (syn, 1H, m), 3.45 (syn, 1H, sextet,
J¼6.9 Hz), 3.05 (syn, 1H, sextet, J¼6.9 Hz), 2.77 (syn, 1H,
dt, J¼6.9, 12.9 Hz), 2.26 (anti, 1H, m), 1.97 (anti, 1H, dt,
J¼6.9, 12.9 Hz), 1.82 (syn, 1H, br), 1.63 (anti, 1H, br),
1.44 (anti, 1H, m), 1.36 (anti, 3H, d, J¼6.9 Hz), 1.27
(syn, 3H, d, J¼6.9 Hz); 13C NMR (CDCl3) d
148.63, 147.33, 145.00, 144.28, 128.72, 128.10,
126.83, 126.74, 124.40, 123.76, 123.61, 123.31, 75.13,
45.70, 44.71, 36.66, 36.25, 20.25, 20.15; EIMS m/z
(relative intensity) 148 (81), 147 (100), 133 (50), 131
(27), 130 (87), 129 (84), 128 (36), 127 (16), 116 (11), 115
(64), 105 (34), 103 (12), 91 (28), 79 (12), 77 (22), 64 (10),
51 (14); HRMS calcd for C10H12O m/z 148.0888. Found m/z
148.0880.

4.5.2. 2,3-Dimethylindan-1-ol (2b). Mixture of diastereo-
isomers. IR (neat) 3350, 1477, 1459, 1050 cm21; 1H NMR
(CDCl3) d 7.30 (4H, m), 5.05 (1H, d, J¼6.6 Hz), 4.94 (1H,
d, J¼5.6 Hz), 4.79 (1H, d, J¼6.3 Hz), 4.68 (1H, d,
J¼6.3 Hz), 3.32–2.54 (1H, m), 2.34–1.80 (2H, m), 1.34–
0.92 (6H, m); EIMS m/z (relative intensity) 162 (39), 161
(28), 147 (21), 144 (65), 143 (28), 133 (12), 129 (100), 128
(41), 127 (13), 119 (10), 115 (16), 105 (18), 91 (18), 77 (14);
HRMS calcd for C11H14O m/z 162.1045. Found m/z
162.1048.

4.5.3. 2,2,3-Trimethylindan-1-ol (syn-2c). Configuration
of 2c was determined by comparison of 1H NMR and
DIFNOE spectra of two isomers. IR (neat) 3258,
1058 cm21; 1H NMR (CDCl3) d 7.36–7.13 (4H, m), 4.72
(1H, s), 2.72 (1H, q, J¼6.9 Hz), 1.7 (1H, s), 1.22 (3H, s),
1.21 (3H, d, J¼6.9 Hz), 1.11 (3H, s), 0.68 (3H, s); 13C NMR
(CDCl3) d 145.3, 143.7, 127.7, 126.6, 123.0, 129.9, 83.4,
49.6, 45.8, 24.6, 14.6, 12.4; EIMS m/z (relative intensity)
176 (29), 158 (51), 143 (100), 133 (69), 128 (38), 115 (25),
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105 (31) 91 (27), 77 (20); HRMS calcd for C12H16O m/z
176.1201. Found m/z 176.1210.

4.5.4. 2,2,3-Trimethylindan-1-ol (anti-2c). IR (neat) 3268,
1056 cm21; 1H NMR (CDCl3) d 7.39–7.15 (4H, m), 4.60
(1H, s), 3.02 (1H, q, J¼7.3 Hz), 1.51 (1H, s), 1.16 (3H, d,
J¼7.3 Hz), 1.12 (3H, s), 0.87 (3H, s); 13C NMR (CDCl3) d
147.7, 143.5, 128.5, 126.6, 124.7, 123.9, 82.9, 46.4, 46.0,
21.6, 21.2, 13.3; EIMS m/z (relative intensity) 176 (28), 158
(48), 143 (100), 133 (60), 128 (38), 115 (23), 105 (25) 91
(23), 77 (16); HRMS calcd for C12H16O m/z 176.1201.
Found m/z 176.1209.

4.5.5. 1,2,3,4,4a,9a-Hexahydrofluoren-9-ol (2d). Mixture
of two diasteromers. Analytical data of one isomer; IR
(neat) 3336, 1450, 1052 cm21; 1H NMR (CDCl3) d 7.41
(1H, dd, J¼2.3, 5.9 Hz), 7.42–7.18 (4H, m), 5.15 (1H, d,
J¼5.6 Hz), 3.10 (1H, m), 2.61 (1H, m), 2.20 (1H, m), 1.83–
1.48 (5H, m), 1.20 (2H, m), 0.94 (1H, m); 13C NMR
(CDCl3) d 145.2, 142.8, 127.6, 126.4, 123.8, 122.7, 77.9,
46.1, 40.3, 25.6, 24.3, 21.9, 21.3; EIMS m/z (relative
intensity) 188 (100), 170 (62), 145 (22), 142 (52), 141 (42),
129 (33), 120 (21), 115 (20), 105 (20), 91 (25); HRMS calcd
for C13H16O m/z 188.1201. Found m/z 188.1214.

Analytical data of another isomer; IR (neat) 3336, 1450,
1052 cm21; 1H NMR (CDCl3) d 7.40 (1H, dd, J¼2.3,
5.9 Hz), 7.27–7.16 (3H, m), 4.89 (1H, d, J¼6.3 Hz), 3.19
(1H, q, J¼6.3 Hz), 2.23 (1H, quint, J¼6.3 Hz), 1.86 (2H,
m), 1.60 (2H, m), 1.51–1.36 (5H, m); 13C NMR (CDCl3) d
147.2, 144.3, 128.1, 126.5, 124.7, 123.4, 77.7, 49.2, 41.4,
29.5, 24.9, 23.6, 22.8; EIMS m/z (relative intensity) 188
(100), 187 (68), 170 (80), 145 (27), 142 (61), 141 (49), 129
(33), 120 (22), 115 (21), 91 (22); HRMS calcd for C13H16O
m/z 188.1201. Found m/z 188.1206.

4.5.6. Ethyl (3-hydroxyindan-1-yl)acetate (syn-2e). Con-
figurations of 2e was determined by the comparison of 1H
NMR and DIFNOE spectra of two isomers. IR (neat) 3362,
1732 cm21; 1H NMR (CDCl3) d 7.43 (1H, m), 7.30–7.19
(3H, m), 5.20 (1H, d, J¼5.0 Hz), 4.16 (2H, q, J¼7.3 Hz),
3.48 (1H, dt, J¼7.6, 13.5 Hz), 2.92–2.77 (2H, m), 2.58 (1H,
dd, J¼8.6, 15.8 Hz), 2.15 (1H, br, s), 1.69 (1H, ddd, J¼5.9,
7.3, 13.5 Hz), 1.26 (3H, t, J¼7.3 Hz); 13C NMR (CDCl3) d
172.6, 145.1, 144.6, 128.5, 127.5, 124.3, 123.6, 75.0, 60.6,
42.8, 40.3, 38.4, 14.3; EIMS m/z (relative intensity) 202
(M2H2O, 29), 131 (27), 129 (49), 128 (100), 115 (20).
Anal. calcd for C13H16O3: C, 70.89; H, 7.32. Found: C,
71.18; H, 7.26.

4.5.7. Ethyl (3-hydroxyindan-1-yl)acetate (anti-2e). IR
(neat) 3424, 1736 cm21; 1H NMR (CDCl3) d 7.42 (1H, m),
7.33–7.21 (3H, m), 5.28 (1H, dd, J¼4.0, 6.3 Hz), 4.18 (2H,
q, J¼7.3 Hz), 3.83 (1H, quint, J¼5.9 Hz), 2.73 (1H, dd,
J¼5.9, 15.2 Hz), 2.41 (1H, dd, J¼8.9, 15.2 Hz), 2.31 (1H,
ddd, J¼4.0, 7.9, 13.9 Hz), 2.16 (1H, dt, J¼6.3, 13.9 Hz)
1.73 (1H, br,s), 1.27 (3H, t, J¼7.3 Hz); 13C NMR (CDCl3) d
172.4, 145.4, 144.6, 128.8, 127.5, 124.6, 124.0, 74.9, 60.5,
42.6, 40.2, 38.8, 14.2; EIMS m/z (relative intensity) 220 (8),
202 (72), 146 (33), 132 (96), 128 (100), 115 (18); HRMS
calcd for C13H16O3 m/z 220.1099. Found m/z 220.1107.

4.5.8. 3,3-Dimethylindan-1-ol (2f). IR (neat) 3332, 1455,

1056 cm21; 1H NMR (CDCl3) d 7.38 (1H, dd, J¼1.3,
5.9 Hz), 7.35–7.18 (3H, m), 5.26 (1H, t, J¼6.3 Hz), 2.38
(1H, dd, J¼6.9, 12.9 Hz), 1.83 (1H, dd, J¼6.3, 12.9 Hz),
1.80 (1H, br, s), 1.39 (3H, s), 1.22 (3H, s); EIMS m/z
(relative intensity) 162 (38), 147 (100), 129 (56); HRMS
calcd for C11H14O m/z 162.1045. Found m/z 162.1062.

4.5.9. 1-Phenyl-3-buten-1-ol (3a).21 IR (neat) 3398, 1642,
1494, 1455 cm21; 1H NMR (CDCl3) d 7.37–7.23 (5H, m),
5.81 (1H, m), 5.19 (2H, m), 4.76 (1H, m), 2.51 (1H, m), 2.07
(1H, t, J¼2.6 Hz).

4.5.10. 2-Methyl-1-phenyl-3-buten-1-ol (3b).21 IR (neat)
3404, 1640, 1604, 1495, 1455, 1020, 914 cm21; 1H NMR
(CDCl3) d 7.37–7.22 (5H, m), 5.78 (1H, m), 5.19 (1H, m),
5.05 (1H, m), 4.60 (anti, 1H, m), 4.35 (syn, 1H, m), 2.54
(1H, m), 2.16 (syn, 1H, m), 1.96 (anti, 1H, m), 0.99 (anti,
3H, d, J¼6.9 Hz), 0.87 (syn, 3H, d, J¼6.9 Hz); EIMS m/z
(relative intensity) 162 (1), 145 (9), 129 (17), 107 (100), 79
(83), 51 (10).

4.5.11. 2,2-Dimethyl-1-phenyl-3-buten-1-ol (3c).21 IR
(neat) 3452, 1730, 1639, 1495, 1026 cm21; 1H NMR
(CDCl3) d 7.34–7.28 (5H, m), 5.91 (1H, d, J¼10.6 Hz),
5.13 (2H, m), 4.43 (1H, d, J¼2.0 Hz), 2.00 (1H, d,
J¼2.0 Hz), 1.02 (3H, s), 0.96 (3H, s).

4.5.12. a-(2-Cyclohexenyl)benzyl alcohol (3d). IR (neat)
3384, 1690, 1465, 1018 cm21; 1H NMR (CDCl3) d 7.35–
7.23 (5H, m), 5.81 (1H, m), 5.38 (1H, dd, J¼2.3, 9.9 Hz),
4.58 (1H, d, J¼6.3 Hz), 2.49 (1H, m), 1.99 (2H, m), 1.85–
1.66 (2H, m), 1.58–1.47 (2H, m); EIMS m/z (relative
intensity) 107 (100) 79 (33); HRMS calcd for C13H16O m/z
188.1201. Found m/z 188.1201.

4.5.13. 2,3-Dihydro-3-methylbenzofuran (5a). Bp 60 8C/
5 mm Hg; IR (neat) 1598, 1482, 1463, 1450, 1228,
967 cm21; 1H NMR (CDCl3) d 7.11 (2H, m), 6.85 (1H,
dt, J¼1.0, 7.9 Hz), 6.77 (1H, d, J¼7.9 Hz), 4.66 (1H, dd,
J¼6.9, 15.8 Hz), 4.06 (1H, dd, J¼6.9, 15.8 Hz), 3.54 (1H,
sixt, J¼6.9 Hz), 1.32 (3H, d, J¼6.9 Hz); EIMS m/z (relative
intensity) 134 (85), 119 (100), 91 (64); HRMS calcd for
C9H10O m/z 134.0732. Found m/z 134.0726. Anal. calcd for
C9H10O: C, 80.56; H; 7.51. Found: C, 80.31; H, 7.54.

4.5.14. 2,3-Dihydro-3-isopropylbenzofuran (5b).16 IR
(neat) 1596, 1484, 1233 cm21; 1H NMR (CDCl3) d 7.19–
7.09 (2H, m), 6.84 (1H, dt, J¼1.0, 7.3 Hz), 6.77 (1H, d,
J¼7.3 Hz), 4.51 (1H, t, J¼8.9 Hz), 4.37 (1H, dd, J¼5.3,
8.9 Hz), 3.34 (1H, dt, J¼5.3, 8.9 Hz), 2.02–1.90 (1H, m),
0.95 (3H, d, J¼6.93 Hz), 0.87 (3H, d, J¼6.60 Hz).

4.5.15. 2,3-Dihydro-3,3-dimethylbenzofuran (5c).22 IR
(neat) 1600, 1480, 1191 cm21; 1H NMR (CDCl3) 7.15–7.09
(2H, m), 6.88 (1H, td, J¼1.0, 7.6 Hz), 6.79 (1H, d,
J¼7.6 Hz), 4.23 (2H, s), 1.34 (6H, s).

4.5.16. 3-Ethyl-2,3-dihydrobenzofuran (5d).23 IR (neat)
1597, 1482, 1229 cm21; 1H NMR (CDCl3) d 7.19–7.09
(2H, m), 6.85 (1H, dt, J¼1.0, 7.9 Hz), 6.79 (1H, d,
J¼7.9 Hz), 4.63 (1H, t, J¼8.9 Hz), 4.21 (1H, dd, J¼6.6,
8.9 Hz), 3.37 (1H, m), 1.86–1.73 (1H, m), 1.68–1.52 (1H,
m), 0.97 (3H, t, J¼7.6 Hz).
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4.5.17. 1,2,3,4,4a,9b-Hexahydrodibenzofuran (5e). Con-
figurations of 5e was determined by DIFNOE spectrum. IR
(neat) 1596, 1474, 1226 cm21; 1H NMR (CDCl3) d 7.16–
7.08 (2H, m), 6.87 (1H, dd, J¼1.0, 7.6 Hz), 6.80 (1H, d,
J¼7.6 Hz), 4.67 (1H, dt, J¼5.0, 7.3 Hz), 3.19 (1H, q,
J¼7.3 Hz), 2.04–1.75 (3H, m), 1.62–1.44 (4H, m), 1.42–
1.26 (1H, m); EIMS m/z (relative intensity) 174 (100), 159
(33), 145 (56), 131 (84), 120 (36), 91 (21); HRMS calcd for
C12H14O m/z 174.1045. Found m/z 174.1048. Anal. calcd
for C12H14O: C, 82.72; H, 8.10. Found: C, 82.50; H, 8.01.

4.5.18. 2,3-Dihydro-3-(1-formyl-1-methylethyl)benzo-
furan (6a). IR (neat) 1723, 1594, 1484, 1460, 1232 cm21;
1H NMR (CDCl3) d 9.56 (1H, s), 7.15 (2H, m), 6.86 (1H, dd,
J¼1.0, 7.6 Hz), 6.80 (1H, m), 4.56 (1H, dd, J¼4.0, 9.2 Hz),
4.38 (1H, dd, J¼4.0, 9.2 Hz), 3.66 (1H, dd, J¼4.0, 9.2 Hz),
1.12 (3H, s), 1.03 (3H, s); EIMS m/z (relative intensity) 190
(17), 119 (100), 91 (78); HRMS calcd for C12H14O2 m/z
190.0994. Found m/z 190.0986. Anal. calcd for C12H14O2:
C, 75.76; H, 7.42. Found: C, 75.54; H, 7.42.

4.5.19. 2,3-Dihydro-3-formylmethyl-3-methylbenzo-
furan (6b).24 IR (neat) 1722, 1598, 1481, 1460,
1243 cm21; 1H NMR (CDCl3) d 9.70 (1H, dd, 1.7,
2.3 Hz), 7.16 (2H, m), 6.91 (1H, dt, J¼1.0, 8.3 Hz), 6.81
(1H, d, J¼8.3 Hz), 4.44 (1H, d, J¼9.2 Hz), 4.35 (1H, d,
J¼9.2 Hz), 4.34 (1H, d, J¼9.2 Hz), 2.85 (1H, dd, J¼2.3,
16.8 Hz), 2.72 (1H, dd, J¼1.7, 16.8 Hz), 1.46 (3H, s); 13C
NMR (CDCl3) d 200.8, 159.0, 133.8, 128.7, 122.8, 120.9,
120.7, 110.1, 82.2, 53.5, 25.3; EIMS m/z (relative intensity)
176 (66), 133 (100), 105 (53), 77 (26); HRMS calcd for
C11H12O2 m/z 176.0837. Found m/z 176.0835.

4.5.20. 3-(1-Formylethyl)-2,3-dihydrobenzofuran (6c).
IR (neat) 1723, 1596, 1483, 1461, 1230, 1017 cm21; 1H
NMR (CDCl3) d 9.76 (0.4H, s), 9.72 (0.6H, s), 7.15 (2H, m),
6.93–6.79 (2H, m), 4.62 (1H, m), 4.30 (1H, m), 3.94 (0.4H,
m), 3.83 (0.6H, m), 2.84 (0.4H, m), 2.70 (0.6H, quint,
J¼7.3 Hz), 1.14 (1.8H, d, J¼7.3 Hz), 1.06 (1.2H, d,
J¼7.6 Hz); 13C NMR (CDCl3) d 203.4, 160.4, 128.8,
126.9, 125.4, 120.5, 109.7, 75.0, 50.4, 41.9, 10.4; EIMS m/z
(relative intensity) 176 (35), 119 (100), 91 (98); HRMS
calcd for C11H12O2 m/z 176.0837. Found m/z 176.0843.

4.5.21. 2,3-Dihydro-1,3-dimethylindole (8a). IR (neat)
3048, 1610, 1492, 1462 cm21; 1H NMR (CDCl3) d 7.08
(2H, m), 6.70 (1H, dt, J¼0.7, 7.6 Hz), 6.49 (1H, dd, J¼0.7,
7.6 Hz), 3.52 (1H, t, J¼8.3 Hz), 3.27 (1H, m), 2.79 (1H, t,
J¼8.3 Hz), 2.74 (3H, s), 1.31 (3H, d, J¼6.9 Hz); 13C NMR
(CDCl3) d 152.88, 135.31, 127.42, 122.91, 117.93, 107.35,
64.13, 36.23, 35.31, 18.22; EIMS m/z (relative intensity)
147 (62), 146 (16), 143 (15), 132 (100), 131 (16), 117 (34);
HRMS calcd for C10H13N m/z 147.1048. Found m/z
147.1041.

4.5.22. 3-Ethyl-2,3-dihydro-1-methylindole (8b). IR
(neat) 3046, 1609, 1492, 1461 cm21; 1H NMR (CDCl3) d
7.07 (2H, m), 6.58 (1H, dt, J¼0.7, 7.6 Hz), 6.48 (1H, dd,
J¼0.7, 7.6 Hz), 3.38 (1H, t, J¼8.3 Hz), 3.11 (1H, m), 2.92
(1H, t, J¼8.3 Hz), 2.74 (3H, s), 1.88 (1H, m), 1.55 (1H, m)
1.00 (3H, t, J¼7.6 Hz); 13C NMR (CDCl3)d 153.19, 134.05,
127.48, 123.43, 117.61, 107.21, 61.89, 42.37, 36.17, 26.65,
11.93; EIMS m/z (relative intensity) 161 (32), 133 (11), 132

(100), 131 (10), 130 (11), 117 (37), 40, (21); HRMS calcd
for C11H15N m/z 161.1204. Found m/z 161.1221.

4.5.23. 2,3-Dihydro-1,3,3-trimethylindole (8c).25 IR (neat)
3022, 1608, 1491, 1462 cm21; 1H NMR (CDCl3) 7.09 (1H,
dt, J¼1.3, 7.6 Hz), 7.01 (1H, dd, J¼1.3, 7.6 Hz), 6.70 (1H,
dt, J¼1.3, 7.6 Hz), 6.49 (1H, dd, J¼1.3, 7.6 Hz), 3.06 (2H,
s), 2.75 (3H, s), 1.30 (6H, s); 13C NMR (CDCl3) d 151.97,
139.21, 127.42, 121.49, 117.82, 107.29, 70.30, 40.23, 35.97,
27.37 (two signals).

4.5.24. 3-Isopropyl-2,3-dihydro-1-methylindole (8d). IR
(neat) 3046, 1609, 1491, 1458 cm21; 1H NMR (CDCl3) d
7.09 (2H, m), 6.66 (1H, dt, J¼0.7, 7.3 Hz), 6.46 (1H, dd,
J¼0.7, 7.3 Hz), 3.30 (1H, t, J¼8.2 Hz), 3.12 (2H, m), 2.73
(3H, s), 2.02 (1H, m), 0.99 (3H, d, J¼6.9 Hz), 0.88 (3H, d,
J¼6.9 Hz); 13C NMR (CDCl3) d 153.91, 132.85, 127.71,
124.60, 117.50, 107.21, 58.55, 47.35, 36.35, 30.73, 20.83,
19.10; EIMS m/z (relative intensity) 175 (23), 158 (19), 133
(11), 132 (100), 117 (30); HRMS calcd for C12H17N m/z
175.1361. Found m/z 1751355.

4.5.25. 3-Benzyl-2,3-dihydro-1-methylindole (8e). IR
(neat) 3026, 1607, 1492, 1460 cm21; 1H NMR (CDCl3) d
7.34–7.21 (5H, m), 7.11 (1H, dt, J¼0.7, 7.6 Hz), 6.93 (1H,
dd, J¼0.7, 7.3 Hz), 6.66 (1H, dt, J¼0.7, 7.3 Hz), 6.51 (1H,
dd, J¼0.7, 7.3 Hz), 3.49 (1H, m), 3.28 (1H, t, J¼8.6 Hz),
3.11 (1H, dd, J¼6.0, 13.5 Hz), 3.02 (1H, dd, J¼6.6, 8.6 Hz),
2.78 (1H, dd, J¼9.6, 13.5 Hz), 2.73 (3H, s); 13C NMR
(CDCl3) d 153.14, 140.20, 133.30, 128.97 (two
signals), 128.39 (two signals), 127.78, 126.15, 123.65,
117.68, 107.37, 61.69, 42.37, 60.06, 36.08; EIMS m/z
(relative intensity) 223 (12), 132 (100), 117 (25), 91 (10);
HRMS calcd for C16H17N m/z 223.1361. Found m/z
223.1361.

4.5.26. 3-Methy-1,2,3,4-tetrahydro-1-naphthol (9a).26 IR
(neat) 3332, 1455, 1056 cm21; 1H NMR (CDCl3) d 7.35–
7.18 (4H, m), 2.80 (1H, m), 2.41 (1H, m), 2.19 (1H, m), 1.88
(2H, m), 1.08 (1H, d, J¼6.3 Hz).

4.5.27. 3-Methychroman (9b).27 IR (neat) 2922, 1734,
1456, 1261 cm21; 1H NMR (CDCl3) d 6.7–7.2 (4H, m),
4.17 (1H, ddd, J¼2.0, 5.6, 10.6 Hz), 3.68 (1H, t, J¼9.6 Hz),
2.83 (1H, ddd, J¼2.0, 5.6, 16.2 Hz), 2.44 (1H, dd, J¼9.6,
16.2 Hz), 2.15 (1H, m), 1.04 (3H, d, J¼6.6 Hz).

4.5.28. 1,3-Dimethy-1,2,3,4-tetrahydroquinoline (9c).28

IR (neat) 3024, 1605, 1492, 1459 cm21; 1H NMR
(CDCl3) d 7.07 (1H, t, J¼9.8 Hz), 6.95 (1H, d, J¼6.8 Hz),
6.59 (2H, m), 3.15 (1H, ddd, J¼2.0, 4.2, 11.0 Hz), 2.88 (3H,
s), 2.72–2.79 (2H, m), 2.41 (1H, dd, J¼10.7, 15.8 Hz), 2.12
(1H, m), 1.03 (3H, d J¼6.5 Hz).

4.6. Typical procedure for radical cyclization using
Bu3SnH and AIBN

To a solution of substrate (0.5 mmol) and toluene (25 ml)
was added n-Bu3SnH (0.55 mmol) and AIBN (0.1 mmol) at
room temperature. The solution was heated under reflux for
4 h. The solvent was evaporated and diluted with hexane.
The solution was extracted with CH3CN. The combined
CH3CN extracts were washed with hexane, dried over
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Na2SO4 and concentrated in vacuo. The crude product was
purified by TLC.

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific
Research (B) (No. 11450342) from The Ministry of
Education, Culture, Sports, Science and Technology of
Japan.

References and notes

1. Neumann, W. P. Synthesis 1987, 665–683.

2. (a) Baguley, P. A.; Walton, J. C. Angew. Chem., Int. Ed. 1998,

37, 3072–3082. (b) Studer, A.; Amrein, S.; Schleth, F.;

Schulte, T.; Walton, J. C. J. Am. Chem. Soc. 2003, 125,

5726–5733. (c) Studer, A.; Amrein, S. Angew. Chem., Int. Ed.

2000, 39, 3080–3082. (d) Takami, K.; Mikami, S.; Yorimitsu,

H.; Shinokubo, H.; Oshima, K. Tetrahedron 2003, 59,

6627–6635. (e) Barton, D. H. R.; Jang, D. O.; Jaszberenyi,

J. C. J. Org. Chem. 1993, 58, 6838–6842. (f) Graham, S. R.;

Murphy, J. A.; Coates, D. Tetrahedron Lett. 1999, 40,

2415–2416. (g) Yorimitsu, H.; Shinokubo, H.; Oshima, K.

Bull. Chem. Soc. Jpn 2001, 74, 225–235. (h) Nakao, J.; Inoue,

R.; Shinokubo, H.; Oshima, K. J. Org. Chem. 1997, 62,

1910–1911. (i) Inoue, R.; Nakao, J.; Shinokubo, H.; Oshima,

K. Bull. Chem. Soc. Jpn 1997, 70, 2039–2049. (j) Clark, A. J.;

Davies, D. I.; Jones, K.; Millbanks, C. J. Chem. Soc., Chem.

Commun. 1994, 41–42.

3. Fry, A. J. Synthetic organic electrochemistry; Wiley: New

York, 1989; pp 136–156.

4. Generation of aryl radicals by the direct electrochemically

reduction of aryl halides has been reported. Yields of the

corresponding simple reduction products and cyclized

products were dependent on the structure of the substrates

and the electrochemical conditions. (a) Grimshaw, J.; Trocha-

Grimshaw, J. Tetrahedron Lett. 1974, 12, 993 – 996.

(b) Grimshaw, J.; Haslett, R. J.; Trocha-Grimshaw, J.

J. Chem. Soc., Perkin Trans. 1 1977, 2448 – 2455.

(c) Grimshaw, J.; Mannus, D. J. Chem. Soc., Perkin Trans. 1

1977, 2456. (d) Donnelly, S.; Grimshaw, J.; Trocha-

Grimshaw, J. J. Chem. Soc., Chem. Commun. 1994,

2171–2172.

5. LeStrat, F.; Murphy, J. A.; Hughes, M. Org. Lett. 2002, 4,

2735–2738.

6. (a) Ozaki, S.; Matsushita, H.; Ohmori, H. J. Chem. Soc., Chem.

Commun. 1992, 1120–1122. (b) Ozaki, S.; Matsushita, H.;

Ohmori, H. J. Chem. Soc., Perkin Trans. 1 1993, 2339–2344.

(c) Ozaki, S.; Horiguchi, J.; Matsushita, H.; Ohmori, H.

Tetrahedron Lett. 1994, 35, 725 – 728. (d) Ihara, M.;

Katsumata, A.; Setsu, F.; Tokunaga, Y.; Fukumoto, K.

J. Org. Chem. 1996, 61, 677–684. (e) Sandra, O.; Clinet,
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Abstract—A general method is described for the resolution of cycloprop-2-ene carboxylic acids via diastereomeric N-acyloxazolidines
prepared from enantiomerically pure oxazolidinones. Although a number of oxazolidinones were shown to resolve cyclopropene carboxylic
acids, the oxazolidinones of S-phenylalaninol, S-phenylglycine and (1S,2R)-cis-1-amino-2-indanol are optimal in terms of resolving power
and cost effectiveness. Separations were performed using simple flash chromatography, and because there is typically a large difference in Rf

values it is possible to separate gram quantities of pure diastereomers in a single chromatogram. The cycloprop-2-ene carboxylic acids that
can be resolved include those that are substituted at the 1-position by H, Ph, a-naphthyl, CO2Me, CH2OMOM, and trans-styryl; alkene
substituents include Me, n-alkyl, Ph and tethered alkynes. Remarkably, 2-methyl-3-propylcycloprop-2-ene carboxylic acid can also be
resolved with ease. The relative configurations of four diastereomerically pure oxazolidines were determined by X-ray crystallography.
Reduction of the N-acyloxazolidinones with LiBH4 give enantiomerically pure derivatives of 3-hydroxymethylcyclopropene that react with
either MeMgCl or vinylMgCl and catalytic CuI to give enantiomerically pure products of syn-addition.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Although the unusual reactivity of cyclopropenes makes
them interesting tools for synthesis,1 – 7 methods that
produce enantiomerically enriched cyclopropenes are
rare.8 – 18 Racemic cyclopropenecarboxylic esters19,20 can
be prepared easily and in quantity by the reactions of
stabilized diazo compounds with alkynes,21 and the groups
of Doyle and Müller have described enantioselective
versions of the process using chiral-catalysts.9 – 14,17,22,23

For intermolecular catalytic asymmetric cyclopropenation
reactions, excellent enantioselectivities have been obtained
for the reactions of propargylethers ($94% ee) acetals
(88–95% ee) and amines ($97% ee) with diazoacetates or
N,N-dimethyldiazoacetamide using [MEPY]4Rh2.9,10,17

High selectivity could also be achieved in the enantio-
selective cyclopropenation of t-butylacetylene (89% ee) or
the diastereoselective cyclopropenation of 1-hexyne (86%
de with d-menthyldiazoacetate).9

Although the Doyle/Müller system for enantioselective

cyclopropenation represents a significant advance, there are
a number of challenges that must be addressed before
cyclopropene carboxylic acids can be generally useful as
chirons.24 Most importantly, the enantioselective reactions
that have been described so far have been restricted to those
that utilize unsubstituted diazoacetates or N,N-dimethyl-
diazoacetamide. Reactions that produce enantiomerically
enriched cyclopropenes with quaternary centers are
unknown. Furthermore, when applied to internal alkynes
the chiral catalysts produce cyclopropenes with very low
enantiomeric excess.9 Because of renewed interest in the
development of stereoselective reactions of cyclopro-
penes,6,25 – 29 including that of our own group,30 we sought
to develop a simple and inexpensive procedure for obtaining
numerous derivatives of cyclopropene carboxylic acids in
enantiomerically pure form. For example, facially selective
carbometallation (Scheme 1)30 and hydrometallation
reactions27 are powerful new methods for preparing diverse
types of cyclopropane products from common chiral
precursors. The multicomponent nature of such reactions
makes them attractive for complex molecule synthesis and
drug discovery. However, before the present work was
undertaken, there was no general method for obtaining the
enantiomerically pure starting materials. We show here that
a variety of cycloprop-2-ene carboxylic acids can be
resolved through conversion to diastereomeric N-acyl-
oxazolidinones and separated by column chromatography
to provide gram quantities of diastereomerically pure
cyclopropenes. The method is notably general and reliable,
and it significantly enhances the value of the processes in
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Scheme 1 and new reactions of chiral cyclopropenes that are
under development.

2. Results and discussion

A rational starting point for the resolution of cyclopropene
carboxylic acids was via diastereomeric esters, because
Kass and co-workers had previously shown that dia-
stereomeric-l-menthyl 2-phenyl-3-t-butyl-1-trimethylsilyl-
cyclopropene carboxylates were separable by MPLC.18

Accordingly, we reacted a number of enantiomerically pure
alcohols with acid chloride 1, but disappointingly none of
the diastereomeric esters were separable by TLC (Fig. 1).

Given the lack of success in these screening efforts, further
work was preceded by computational screening of various
auxilaries using molecular mechanics. Based on these
models, it was surmised that chiral oxazolidinones would
be excellent resolving groups for cyclopropene carboxylic
acids because of the difference in the relative orientations of
the alkene and oxazolidinone substituents for the dia-
stereomers (Fig. 2). The models assumed that the preferred
conformations of the N-acyloxazolidinones would place the
carbonyls in an anti orientation,31 and that like other
cyclopropylcarbonyl compounds32 the cyclopropene and
the attached carbonyl would align in an s-cis conformation.
Another possibility is that materials would separate readily
because the carbonyl oxygens of the acyloxazolidinone

could chelate to the hydrated surface of silica. Again,
because the carbonyls would be held in the same plane, the
diastereomers would have distinct shapes and should
separate readily.

Scheme 1.

Figure 1. Attempted resolution of diastereomeric esters.

Table 1. Synthesis of cyclopropene carboxylic acids

Figure 2. Conformations of diastereomeric oxazolidinones.
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Cycloprop-2-ene carboxylic acids were synthesized by
Rh2(OAc)4 catalyzed reaction of appropriate diazo com-
pounds with alkynes20 followed by saponification33

(Table 1). All but one of the cyclopropenes in Table 1
was easily prepared and purified in good yield and in
multigram quantities. The exception was 2i, which could
still be made easily on a 0.5 g scale even though it was
produced in only 19% yield. For the cyclopropenes that
were derived from malonate, hydrolysis was selective and
gave monoacids34 3g and 3h in 86 and 82% yields,
respectively. DIBAL reduction of 2g was less selective
but still gave the monoalcohol in 52% yield (Scheme 2). Of

the commercially available oxazolidinones that were
surveyed, the best auxilaries in terms of resolving ability
and cost effectiveness are those from (S)-phenylalaninol,
(S)-phenylglycinol and (1R,2S)-1-amino-2-indanol (Table 2).
Regarding the use of stoichiometric quantities of these
auxilaries, we note that all three oxazolidinones are
commercially available and inexpensive if purchased in
quantity. (S)-Benzyloxazolidinone and (S)-phenyloxazo-
lidinone cost ca. 85 cents/gram when purchased in bulk,
and (1R,2S)-1-amino-2-indanol can be purchased for ca.
$2.50 per gram.35 We also note that large scale preparations
have been reported for all three oxazolidinones.36 – 39

In the optimized procedures for preparing the N-acyloxazo-
lidinones, the cycloprop-2-ene carboxylic acid was allowed
to react with either pivaloyl chloride or adamantoyl
chloride, and the resulting mixed anhydride was combined
either with the oxazolidinone and Et3N/LiCl40/cat. DMAP41

Table 2. Resolution of cyclopropene carboxylic acids

a Yields in parentheses refer to those obtained using (S)-phenyloxazolidine as the resolving group.
b Rx¼Rf(fast)/Rf(slow).
c For compounds with unassigned absolute stereochemistry, the designations ‘fast’ and ‘slow’ refer to the relative speed with which the diastereomers elute by

chromatography.
d For these examples, the lithium salt of the oxazolidinone was used instead of Et3N/DMAP.

Scheme 2.
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or directly with the lithium salt of the oxazolidinone.42,43

1-Adamantoyl chloride has not been used previously for the
synthesis of N-acyloxazolidinones. In most cases, we found
adamantoyl chloride to be superior to pivaloyl chloride
because minor amounts of N-pivaloyloxazolidinones were
usually formed with the latter reagent. The use of slightly
more hindered adamantoyl chloride ameliorates the
selectivity issue. The addition of a catalytic amount of
DMAP was necessary in order to obtain both diastereomeric
products in good yield. For example, although mixed
anhydride 4c (formed in situ) reacts cleanly at rt to give
5c(Rcy,Rox) in the absence of DMAP, 5c(Scy,Rox) is formed
in less than 10% yield. Both diastereomers were formed at
equal rates when DMAP was added.41 Obviously, the
former process of distinguishing the enantiomers of 4a–k
by kinetic resolution is of interest—optimization of that
process is underway and will be the subject of a future
manuscript.

The notable feature about using oxazolidinones to resolve
cycloprop-2-ene carboxylic acids is the generality of the
method for structurally varied cyclopropenes. This is true
even when the alkene substituents are very similar in terms
of sterics (example 5j of Table 2). For the 11 pairs of
diastereomers 5a–k, it was never necessary to test more
than two auxilaries in order to find a suitable resolving
agent. Furthermore, the syntheses are straightforward and
separations were carried out using simple flash chroma-
tography to provide significant amounts of diastereo-
merically pure material. For example, a single
chromatograph (column diameter¼1.500) afforded 1.5 g of
5a(Scy,Sox) and an equal amount of 5a(Rcy,Sox). Using this
as a calibration point with respect to the amount of material
that can be purified quickly, it is useful to quantitatively
compare the resolving abilities of oxazolidinone auxilaries
toward different cyclopropene carboxylic acids via their Rx

values.44 As shown in Table 2, the separations for most of
the N-acyloxazolidinones is excellent (Rf difference .15%),
and even in the worst case (5b), 0.7 g of each pure
diastereomer was obtained after two chromatograms (first
column diameter¼1.500; second column diameter¼100).

X-ray crystallography revealed the absolute configurations
of four of the diastereomers from Table 2. Two of those

structures are displayed in Scheme 3; their diastereomers
5c(Scy,Rox) and 5a-Ph(Rcy,Rox) are displayed in the
Supporting Information. The reduction of the N-acyloxazo-
lidinones in Scheme 3 gave 3-hydroxymethylcyclopropenes
(R)-(2)-6 and (S)-(2)-7 that were enantiomerically pure
within the detection limits (ee .99%) of our analysis by
chiral HPLC.

The enantiomerically pure 3-hydroxymethylcyclopropenes
that were prepared in this manner were subjected to facially
selective Cu-catalyzed additions of Grignard reagents as
shown in Scheme 4.30 In each case, the addition occurred
with high facial selectivity and with complete preservation
of enantiomeric purity.

3. Conclusions

A method has been described for the resolution of cyclo-
prop-2-ene-carboxylic acids via diastereomeric N-acyl-
oxazolidines prepared from enantiomerically pure oxazo-
lidinones. The method is remarkably general, and can be
used to resolve significant quantities of cyclopropenes even
when the alkene substituents are very similar. The relative
configurations of four diastereomerically pure oxazolidines
were established by X-ray crystallography. Reduction of the
N-acyloxazolidinones with LiBH4 give enantiomerically
pure derivatives of 3-hydroxymethylcyclopropene that react
with either MeMgCl or vinylMgCl and catalytic CuI to give
enantiomerically pure products of syn-addition.

4. Experimental

4.1. General

All reactions were carried out in nitrogen atmosphere in
glassware that was flame-dried under vacuum and cooled
under nitrogen. GC analyses were performed using either an
HP5 or HP1 column and a FID detector. Pentane, toluene,
THF, ether and CH2Cl2 were dried with columns packed
with activated neutral alumina. Alternatively, solvents were
distilled from Na/benzophenone or CaH2 (for CH2Cl2).
Triethylamine was distilled from CaH2. Copper(I)iodide
(98%) was purchased from Acros. Ethyl diazoacetate (90%
purity), Propyne, 1,7-Octadiyne, phenylacetylene, 1-hexyne,
1-octyne, Pivaloyl chloride and 1-adamantoyl chloride
were purchased from Aldrich (we recommend that the
purity of 1-adamantoyl chloride be verified by 13C NMR

Scheme 4.

Scheme 3.
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prior to use). (S)-phenyloxazolidione, (S)-benzyloxazolidi-
none and (1S,2R)-1-amino-2-indanol were purchased from
Chemicrea Inc., Tokyo, JAPAN. (3aS)-cis-Tetrahydro-2H-
indeno[1,2-d]oxazol-2-one was prepared according to the
literature precedent39 from (1S,2R)-1-amino-2-indanol, and
(3aR)-cis-Tetrahydro-2H-indeno[1,2-d]oxazol-2-one was
purchased from Aldrich. Rh2(OAc)4 was purchased from
Pressure Chemical Co. Chromatography was performed on
silica gel (ICN SiliTech 32-62D, 60 Å). For 1H NMR, the
abbreviation ‘app’ stands for apparent (e.g., ‘app d’¼
apparent doublet). For 13C NMR, multiplicities were
distinguished using an APT pulse sequence: typical
methylene and quaternary carbons appear ‘up’ (u); methine
and methyl carbons ‘down’ (dn). Exceptions are methine
carbons of alkynes and cyclopropenes, which usually have
the same phase as ‘normal’ methylenes and quaternary
carbons.45 Yields in this paper refer to isolated yields
(average of 2 runs) of compounds estimated to be .95%
pure by 1H, 13C NMR. Diastereomer purities were
determined using normal phase silica HPLC columns, and
enantiomeric excesses were determined by HPLC using
CHIRACEL OD, OJ or AD columns, or by GC using
Chiraldex G-TA or B-PH columns. All HPLC runs were
preformed at a rate of 1.0 mL/min.

The synthesis of 2a has been reported previously.30,46

4.1.1. Ethyl 2-methylcycloprop-2-ene-1-carboxylate (2b).
A 250 mL 3-neck flask was charged with Rh2(OAc)4

(256 mg, 0.58 mmol) and 100 mL CH2Cl2. The flask was
sealed with three rubber septa, connected to an oil bubbler,
and purged with N2. The solution was then sparged (using a
long needle) with propyne gas for 10 min. The addition of
propyne was then ceased and the outlet to the oil bubbler
was removed and replaced by a balloon filled with propyne.
A solution of ethyl diazoacetate (6 mL, 90% purity
(Aldrich), 51.3 mmol) in 4 mL CH2Cl2 was added over
the course of 7 h via syringe pump. About once an hour, the
balloon was emptied and refilled with propyne. After the
addition was complete, the mixture was filtered through a
pad of silica gel, concentrated (care should be taken not to
distil away the product), and then chromatographed on silica
gel (5% ether in pentane). Not all of the solvent from the
chromatography was removed because of the volatility of
the product. 1H NMR analysis of the colorless solution
(9.03 g) indicated that it contained ca. 5.3 g (42.0 mmol,
82%) of 2b, 2.6 g of ether and 1.2 g of pentane. This
solution was used for the preparation of 3b without further
purification. A similar experiment gave 2b in 77% yield. 1H
NMR (CDCl3, 400 MHz, d): 6.34 (m, J¼1.3 Hz, 1H), 4.12–
4.15 (m, 2H), 2.16–2.17 (d, J¼1.3 Hz, 3H), 2.11–2.12 (d,
J¼1.6 Hz, 1H), 1.26 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3,
90 MHz, d): 176.5 (u), 111.6(u), 94.6(u), 60.1(u), 20.0(dn),
14.3(dn), 10.5(dn); IR (neat, cm21): 3135, 2975, 1809,
1729, 1251, 1186; HRMS-CI(NH3) m/z: [MþH], calcd for
C7H11O2, 127.0759; found, 127.0753.

4.2. General procedures for cyclopropenation

A solution of the diazoacetate (10 mmol) in 20 mL CH2Cl2
was added at rt via syringe pump (0.5–1.0 mL/h) to a stirred
mixture of Rh2(OAc)4 (0.10 mmol) and alkyne (30 mmol).
After the syringe pump addition was complete, the mixture

was allowed to stir for 1 h and then filtered through celite,
concentrated, and chromatographed (eluting with 3–10%
ethyl acetate in hexane) to give the corresponding
cyclopropene derivative.

4.2.1. Methyl 1,2-diphenylcycloprop-2-ene-1-carboxyl-
ate (2c). The general procudure for cyclopropenation with
methyl phenyldiazoacetate47 (1.76 g, 10 mmol) and phenyl-
acetylene (3.06 g, 30 mmol) gave 1.85 g (7.40 mmol, 73%)
of 2c, a pale yellow oil. A similar experiment that started
with 5.0 g methyl phenyldiazoacetate gave 2c in 71% yield.
1H NMR (CDCl3, 400 MHz, d): 7.62–7.59 (m, 2H), 7.41–
7.35 (m, 5H), 7.30–7.26 (m, 2H), 7.20 (m, 2H), 3.70 (s,
3H); 13C NMR (CDCl3, 100 MHz, d): 175.1(u), 140.9(u),
130.1(dn), 130.0(dn), 128.9(dn), 128.3(dn), 128.1(dn),
125.6(dn), 125.4(u), 117.3(u), 100.4(u), 52.3(dn), 33.6(u);
IR (DCM, cm21): 3211, 2916, 1766, 1721, 1506, 1213;
HRMS-CI(NH3) m/z: [Mþ], calcd for C17H14O2, 250.0630;
found, 250.0643.

4.2.2. Methyl 2-butyl-1-phenylcycloprop-2-ene-1-carb-
oxylate (2d).48 The general procedure for cyclopropenation
with methyl phenyldiazoacetate47 (1.76 g, 10 mmol) and
1-hexyne (2.46 g, 30 mmol) gave 1.64 g (7.1 mmol, 71%)
of 2d, a colorless oil. A similar experment that started with
3.0 g of methyl phenyldiazoacetate gave 2d in 72% yield.
1H NMR (CDCl3, 400 MHz, d): 7.25–7.28 (m, 4H), 7.16–
7.21 (m, 1H), 6.64 (t, J¼1.5 Hz, 1H), 3.66 (s, 3H), 2.54 (app
dt, J¼7.4, 1.4 Hz, 2H), 1.58–1.53 (app quintet, J¼7.4 Hz,
2H), 1.37–1.31 (m, 2H), 0.89–0.85 (t, J¼7.4 Hz, 3H); 13C
NMR (CDCl3, 100 MHz, d): 176.1(u), 141.8(u), 128.3(dn),
128.1(dn), 126.3(dn), 121.0(u), 97.0(u), 52.0(dn), 33.1(u),
28.9(u), 24.2(u), 22.3(u), 13.8(dn); IR (neat, cm21): 3131,
2959, 1719, 1494, 1222, 1023; HRMS-CI(NH3) m/z:
[MþH], calcd for C15H19O2, 231.1385; found, 231.1396.

4.2.3. Methyl 1-phenyl-2-(hexyn-5-yl)-cycloprop-2-ene-
1-carboxylate (2e). A 100 mL flask was charged with
Rh2(OAc)4 (22 mg, 0.05 mmol), 50 mL CH2Cl2 and
1,7-octadiyne (2.00 g, 2.50 mL, 18.46 mmol). A solution
of methyl phenyldiazoacetate (1.62 g, 9.23 mmol) in 10 mL
CH2Cl2 was added via syringe pump at a rate of 0.7 mL/h at
rt. The crude mixture was filtered through a pad of silica,
concentrated and then chromatographed (the eluent was 5%
ethyl acetate in hexane) to give 1.37 g (5.39 mmol, 58%) of
the title compound as a colorless oil. A similar experiment
also gave 2e in 58% yield. 1H NMR (CDCl3, 400 MHz, d):
7.31–7.24 (m, 4H), 7.22–7.18 (m, 1H), 6.71 (t, J¼1.4 Hz,
1H), 3.68 (s, 3H), 2.58 (dt, J¼7.3, 1.4 Hz, 2H), 2.14–2.18
(app dt, J¼7.0, 2.7 Hz, 2H), 1.93 (t, J¼2.7 Hz, 1H), 1.76–
1.65 (m, 2H), 1.60–1.51 (m, 2H); 13C NMR (CDCl3,
90 MHz, d): 175.9(u), 141.6(u), 128.2(dn), 128.0(dn), 126.3
(dn), 120.6(u), 97.4(u), 84.0(u), 68.6(u), 52.0(dn), 33.0(u),
27.7(u), 25.8(u), 24.0(u), 18.0(u); IR (neat, cm21): 3289,
2947, 1718, 1224, 1021, 701, 647; HRMS-CI(NH3) m/z:
[MþH], calcd for C17H19O2, 255.1385; found, 255.1391.

4.2.4. Methyl 2-phenyl-1-(a-naphthyl)cycloprop-2-ene-
1-carboxylate (2f). The general procudure for cyclopro-
penation with methyl (a-naphthyl)diazoacetate49 (1.13 g,
5.0 mmol) and phenylacetylene (1.53 g, 15 mmol) gave
843 mg (2.81 mmol, 56%) of 2f, a pale yellow oil. A similar
experiment with 2.0 g of (a-naphthyl)diazoacetate gave a
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55% yield of 2f. 1H NMR (CDCl3, 400 MHz, d): 8.17
(dd, J¼7.9, 0.6 Hz, 1H), 7.86 (dd, J¼7.5, 0.5 Hz, 1H),
7.77–7.74 (m, 3H), 7.56–7.42 (m, 7H), 7.36–7.32 (m, 1H),
3.66 (s, 3H); 13C NMR (CDCl3, 90 MHz, d): 176.5(u),
139.3(u), 134.2 (u, 2 carbons), 132.9(u), 130.5(dn),
130.3(dn), 129.5(dn), 129.4(dn), 128.4(dn), 126.6(dn),
126.3(u), 126.2(dn), 126.1(dn), 125.1(dn), 118.9(u),
104.0(u), 53.0(dn), 33.2(u); IR (CH2Cl2, cm21): 3065,
2951, 1720, 1596, 1506, 1222, 1093; HRMS-CI(NH3) m/z:
[Mþ], calcd for C21H16O2, 300.1150; found, 300.1130.

4.2.5. Dimethyl 2-butylcycloprop-2-ene-1,1-dicarboxyl-
ate (2g).26 The general procudure for cyclopropenation with
dimethyl diazomalonate (3.33 g, 21.08 mmol) and a solu-
tion of Rh2(OAc)4 (56 mg, 0.13 mmol) and 1-hexyne
(6.93 g, 84.3 mmol) in CH2Cl2 (20 mL) gave 3.2 g
(15.10 mmol, 72%) of the title compound as pale yellow
oil. The spectral data were in accord those reported
previously.26 1H NMR (CDCl3, 400 MHz, d): 6.35 (t, J¼
1.4 Hz, 1H), 3.72 (s, 6H), 2.55 (dt, J¼1.4, 7.3 Hz, 2H), 1.58
(m, 2H), 1.39 (m, 2H), 0.92 (t, J¼7.3 Hz); 13C NMR
(CDCl3, 100 MHz, d): 172.3 (u), 114.9 (u), 93.8 (u), 52.6
(dn), 32.8 (u), 28.8 (u), 24.1 (u), 22.6 (u), 14.1 (dn).

4.2.6. Dimethyl 2-phenylcycloprop-2-ene-1,1-dicarboxyl-
ate (2h). The general procudure for cyclopropenation with
dimethyl diazomalonate(6.64 g, 40.0 mmol) and a solution
of Rh2(OAc)4 (106 mg, 0.24 mmol) and phenylacetylene
(21.4 g, 210.0 mmol) in CH2Cl2 (80 mL) gave 6.5 g
(28.0 mmol, 67%) of the title compound as pale yellow
solid, mp 70.5–71.5 (lit50 67–708). The spectral data were
in accord with those reported previously.50 1H NMR
(CDCl3, 400 MHz, d): 7.64 (m, 2H), 7.45 (m, 3H), 6.90
(s, 1H), 3.72 (s, 6H); 13C NMR (CDCl3, 100 MHz, d):
171.2, 130.6, 130.4, 128.9, 123.9, 112.2, 95.2, 52.4, 32.8.

4.2.7. Methyl 2-hexyl-1-trans-styrylcycloprop-2-ene-1-
carboxylate (2i). The general procedure for cyclopropena-
tion with methyl (E)-2-diazo-4-phenyl butenoate51 (2.12 g,
10.5 mmol), 1-octyne (4.63 g, 42 mmol) and Rh2(OAc)4

(28 mg, 0.063 mmol) gave 0.54 g (20%) of the title
compound as pale yellow oil. A similar experiment that
started with 240 mg of methyl (E)-2-diazo-4-phenyl
butenoate gave 2i in 18% yield. 1H NMR (CDCl3,
360 MHz, d): 7.40–7.17 (m, 6H), 6.33 (t, J¼1.2 Hz, 1H),
6.05 (d, J¼16.2 Hz, 1H), 3.73 (s, 3H), 2.52 (app dt, J¼7.2,
1.1 Hz, 2H), 1.61 (m, 2H), 1.30–1.60 (m, 6H), 0.90 (t, J¼
6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz, d): 176.1 (u),
137.7 (u), 131.8 (dn), 128.4 (dn), 127.9 (dn), 127.1 (dn),
126.8 (dn), 116.9 (u), 93.3 (u), 52.1(dn), 31.6 (u), 30.6 (u),
29.0 (u), 27.1 (u), 23.7 (u), 22.7 (u), 14.2 (dn); IR (CCl4,
cm21): 3025, 2952, 2931, 2360, 2336, 1722, 1244, 1226,
1060, 964, 765; HRMS-CI (NH3) m/z: [MþH] calcd for
C19H24O2, 285.1854; found, 285.1849.

4.2.8. Ethyl 2-propyl-3-methyl-cycloprop-2-ene-1-carb-
oxylate (2j). The general procedure for cyclopropenation
with ethyl diazoacetate (2.53 g, 2.3 mL, 20 mmol) in
2.7 mL CH2Cl2 and a solution of 2-hexyne (2.46 g,
3.4 mL, 30 mmol) and Rh2(OAc)4 (88 mg, 0.2 mmol) in
150 mL CH2Cl2 gave 2.60 g (15.5 mmol, 78%) of the title
compound as a colorless oil. A similar experiment gave 2j in
76% yield. 1H NMR (CDCl3, 400 MHz, d): 4.10–4.15 (q,

J¼7.1 Hz, 2H), 2.41–2.37 (m, 2H), 2.06 (t, J¼1.5 Hz, 3H),
2.03 (s, 1H), 1.62–1.56 (m, 2H), 1.26 (t, J¼7.1 Hz, 3H),
0.95–0.99 (t, J¼7.4 Hz, 3H); 13C NMR (CDCl3, 100 MHz,
d): 177.4(u), 106.6(u), 102.2(u), 60.2(u), 26.8(u), 23.1(dn),
20.7(u), 14.8(dn), 14.2(dn), 10.2(dn); IR (neat, cm21): 2961,
2935, 1721, 1457, 1367, 1335, 1241, 1179, 1179, 1044;
HRMS-CI(NH3) m/z: [MþH], calcd for C10H17O2,
169.1229; found, 169.1236.

4.3. General procedures for ester saponification

Aqueous KOH (30 mL of an 8.5% solution) was added to a
100 mL round bottomed flask that contained the cycloprop-
2-ene-1-carboxylate (17.8 mmol), and 30 mL MeOH. The
mixture was stirred overnight at the indicated temperature,
concentrated to remove the bulk of the MeOH, acidified to
pH 1–3 with conc. HCl, extracted (4£30 mL CH2Cl2), dried
(Na2SO4) filtered, and concentrated. The residue was
chromatographed on silica gel (20–40% ethyl acetate in
hexane) to provide the cycloprop-2-ene-1-carboxylic acid.

4.3.1. 2-Hexylcycloprop-2-ene-1-carboxylic acid (3a).
The general procedure for ester saponification conducted
at rt with 2a (3.2 g, 16.4 mmol) gave 2.55 g (15.1 mmol,
92%) of 3a as a clear oil. A similar experiment with 1.0 g of
2a gave 3a in 90% yield. 1H NMR (CDCl3, 400 MHz, d):
6.31 (m, 1H), 2.48–2.52 (m, 2H), 2.12 (d, J¼1.5 Hz, 1H),
1.61–1.55 (m, 2H), 1.38–1.25 (m, 6H), 0.88 (t, J¼6.8 Hz,
3H); 13C NMR (CDCl3, 100 MHz, d): 183.7(u), 115.4(u),
93.6(u), 31.6(u), 28.9(u), 26.7(u), 25.1(u), 22.7(u), 19.7(dn),
14.2(dn); IR (neat, cm21): 3510, 2973, 1698, 1425, 1273,
1125; HRMS-CI(NH3) m/z: [MþH], calcd for C10H17O2,
169.1229; found, 169.1230.

4.3.2. 2-Methyl-cycloprop-2-ene-1-carboxylic acid (3b).
The general procedure for ester saponification with 2b
[1.50 g (2.55 g of a ,59% mixture in Et2O/pentane),
11.9 mmol] was conducted at 0 8C during the addition of
KOH and subsequently at rt. The yield was 1.08 g
(110 mmol, 92%) of 3b, a colorless oil. A similar
experiment gave 3b in 91% yield. 1H NMR (CDCl3,
400 MHz, d): 6.34 (m, 1H), 2.17 (d, J¼1.3 Hz, 3H), 2.11 (d,
J¼1.5 Hz, 1H); 13C NMR (CDCl3, 90 MHz, d): 183.1(u),
111.2(u), 94.2(u), 19.8(dn), 10.4(dn); IR (neat, cm21): 2977,
1813, 1700, 1423, 1283, 1248, 1121, 711; HRMS-CI(NH3)
m/z: [MþH], calcd for C5H7O2, 99.0446; found, 99.0451.

4.3.3. 1,2-Diphenylcycloprop-2-ene-2-carboxylic acid
(3c). The general procedure for ester saponification
conducted at 35 8C with 2c (3.0 g, 12.0 mmol) gave 2.58 g
(10.9 mmol, 91%) of 3c as a white solid, mp 136–138 8C. A
similar experiment with 730 mg of 2c gave 3c in 88% yield.
1H NMR (CDCl3, 400 MHz, d): 7.63–7.59 (m, 2H), 7.43–
7.36 (m, 5H), 7.28–7.24 (m, 2H), 7.19–7.15 (m, 2H); 13C
NMR (CDCl3, 90 MHz, d): 180.6(u), 140.4(u), 130.6(dn),
130.4(dn), 129.3(dn),128.8(dn), 128.5(dn), 127.1(dn),
125.4(u), 117.3(u), 100.2(u), 33.5(u); IR (KBr, cm21):
3589, 3033, 2868, 1787, 1664, 1496, 1409, 1222, 1099;
HRMS-CI(NH3) m/z: [Mþ], calcd for C16H12O2, 236.0837;
found, 236.0833.

4.3.4. 2-Butyl-1-phenylcycloprop-2-ene-1-carboxylic
acid (3d). The general procedure for ester saponification
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conducted at rt with 2d (3.0 g, 13.0 mmol) gave 2.48 g
(11.5 mmol, 88%) of 3d as a clear oil. A similar experiment
with 520 mg of 2d gave 3d in 85% yield. 1H NMR (CDCl3,
400 MHz, d): 7.30–7.19 (m, 5H), 6.64 (app t, J¼1.6 Hz,
1H), 2.56–2.52 (m, 2H), 1.59–1.56 (m, 2H), 1.32–1.30 (m,
2H), 0.86 (t, J¼7.3 Hz, 3H); 13C NMR (CDCl3, 100 MHz,
d): 181.9(u), 140.8(u), 128.8(dn), 128.3(dn), 126.4(dn),
120.7(u), 96.3(u), 29.2(u), 28.7(u), 24.2(u), 22.2(u),
13.7(dn); IR (neat, cm21): 3513, 2953, 1696, 1605, 1506,
1245, 1046; HRMS-CI(NH3) m/z: [MþH], calcd for
C14H17O2, 217.1229; found, 217.1229.

4.3.5. 1-Phenyl-2-(5-hexynyl)-cycloprop-2-ene-1-carb-
oxylic acid (3e). The general procedure for ester saponifica-
tion with 2e (1.29 g, 5.10 mmol) was conducted at 0 8C
during the addition of KOH and subsequently at rt. The
yield was 1.06 g (4.42 mmol, 87%) of 3e, a colorless oil. A
similar experiment also gave 3e in 87% yield. 1H NMR
(CDCl3, 400 MHz, d): 7.30–7.27 (m, 4H), 7.23–7.18 (m,
1H), 6.70 (t, J¼1.5 Hz, 1H), 2.59 (app dt, J¼7.3 Hz, 1.5 Hz,
2H), 2.16 (app dt, J¼6.9 Hz, 2.6 Hz, 2H), 1.93 (t, J¼2.7 Hz,
1H), 1.77–1.70 (m, 2H), 1.61–1.50 (m, 2H); 13C NMR
(CDCl3, 90 MHz, d): 182.0(u), 140.7(u), 128.4(dn),
128.0(dn), 126.5(dn), 120.2(u), 96.7(u), 83.9(u), 68.6(u),
32.7(u), 27.7(u), 25.7(u), 24.0(u), 18.0(u); IR (neat, cm21):
3312, 2944, 1688, 1254, 804, 744, 696, 633; HRMS-
CI(NH3) m/z: [MþH], calcd for C16H17O2, 241.1229;
found, 241.1226.

4.3.6. 2-Phenyl-1-(a-naphthyl)cycloprop-2-ene-1-carb-
oxylic acid (3f). The general procedure for ester saponifica-
tion conducted at 50 8C with 2f (3.00 g, 10.0 mmol) gave
2.38 g (8.32 mmol, 83%) of 3f as a pale yellow solid, mp
126–129 8C. A similar experiment with 1.20 g of 2f gave 3f
in 85% yield. 1H NMR (CDCl3, 360 MHz, d): 8.22 (app d,
J¼8.3 Hz, 1H), 7.90–7.86 (app dd, J¼8.3, 1.1 Hz, 1H),
7.78–7.76 (m, 3H), 7.58–7.45 (m, 7H), 7.34 (dd, J¼8.3,
7.2 Hz, 1H); 13C NMR (CDCl3, 90 MHz, d): 181.6(u),
138.0(u), 133.8(u), 132.1(u), 130.1(dn), 129.9(dn),
129.0(dn), 128.8(dn), 128.1(dn),126.1(dn), 125.9(dn),
125.8(u), 125.7(dn), 125.5(dn), 124.6(dn), 118.1(u),
102.9(u), 32.3(u); IR (KBr, cm21): 3556, 3036, 2928,
1703, 1600, 1503, 1247, 1019; HRMS-CI(NH3) m/z: [Mþ],
calcd for C20H14O2, 286.0994; found, 286.0984.

4.3.7. 2-Butylcycloprop-2-ene-1,1-dioic acid monomethyl
ester (3g). A solution of 2g (5.04 g, 23.8 mmol) in 50 mL
methanol was added dropwise to a solution of KOH (1.33 g,
23.8 mmol) in 15 mL water that was cooled in an ice bath.
The reaction mixture was allowed to stir rt for 2 d, at which
point it was concentrated to remove MeOH and diluted with
20 mL water. Three extractions with ether (3£10 mL)
removed unchanged 2g (0.82 g, 16%). The remaining
aqueous layer was acidified with 10% HCl (aq) and
extracted with ether (3£20 mL). The organics were
combined, sequentially washed with water and brine,
dried (Na2SO4), filtered and concentrated to give 3g
(3.90 g, 83%) as a pale yellow oil. A similar experiment
that started with 1.27 g of 2g gave 3g in 88% yield. 1H NMR
(CDCl3, 400 MHz, d): 6.17 (app t, J¼1.5 Hz, 1H), 3.76
(s, 3H), 2.52 (m, 2H), 1.58 (m, 2H), 1.40 (m, 2H), 0.92 (t,
J¼7.4 Hz, 3H); 13C NMR (CDCl3, 100 MHz, d): 178.1 (u),
173.2 (u), 110.6(u), 89.9(u), 53.6 (dn), 31.2 (u), 28.7 (u),

23.7 (u), 22.5 (u), 14.0 (dn); IR (neat, cm21): 3147, 2955,
2874, 2360, 2095, 1749, 1668, 1435, 1315, 1065, 850;
HRMS-CI m/z [MþH] calcd for C10H15O4, 199.0970;
found, 199.0963.

4.3.8. 2-Phenylcycloprop-2-ene-1,1-dioic acid mono-
methyl ester (3h). The procedure was identical to that
used to prepare 3g, except that 2h (4.00 g, 17.25 mmol),
KOH (0.97 g, 17.25 mmol), MeOH (40 mL), water (10 mL)
were used. The protocol gave 3.14 g (83%) of the title
compound as a pale yellow solid, mp 88–89 8C. Addition-
ally, unchanged 2h (0.40 g, 10%) was recovered. A similar
experiment that started with 9.5 g of 2h gave 3h in 85%
yield. 1H NMR (CDCl3, 400 MHz, d): 7.52–7.46 (m, 5H),
6.75 (s, 1H), 3.75 (s, 3H); 13C NMR (CDCl3, 100 MHz, d):
177.2 (u), 172.5 (u), 131.5 (dn), 130.8 (dn), 129.5 (dn),
122.9 (u), 108.6 (u), 92.4 (u), 53.9 (dn), 31.3 (u); IR (neat,
cm21): 3164, 3054, 2987, 2958, 2685, 2361, 2055, 1756,
1675, 1441, 1420, 1317, 1264, 1071, 705; Anal. Calcd for
C12H10O4: C, 66.05; H, 4.62. Found: C, 65.76; H, 4.60.

4.3.9. 2-Hexyl-1-trans-styrylcycloprop-2-ene-1-carb-
oxylic acid (3i). A mixture of 2i (0.42 g, 1.48 mmol),
MeOH (4 mL) and 2 N KOH (aq) (6 mL) was stirred at
50 8C for 3 h. The mixture was extracted with ether
(3£5 mL), and the aqueous layer was acidified with 10%
HCl (aq) and extracted with ether (3£10 mL). The organics
were combined, washed with water and brine, dried
(Na2SO4), filtered and concentrated to give 370 mg (93%)
of 3i as a pale yellow oil. A similar experiment that started
with 0.58 g of 2i gave 3i in 96% yield. 1H NMR (CDCl3,
400 Hz, d): 7.37–7.18 (m, 6H), 6.31 (app t, J¼1.4 Hz, 1H),
6.03 (d, J¼16.1 Hz, 1H), 2.52 (app dt, J¼7.3, 1.4 Hz, 2H),
1.61 (m, 2H), 1.40–1.26 (m, 6H), 0.87 (t, J¼7.0 Hz, 3H);
13C NMR (CDCl3, 100 MHz, d): 182.7 (u), 137.8 (u), 131.1
(dn), 128.9 (dn), 128.3 (dn), 127.4 (dn), 126.5 (dn), 116.6
(u), 92.8 (u), 31.9 (u), 30.6 (u), 29.3 (u), 27.3 (u), 23.9 (u),
23.0 (u), 14.5 (dn); IR (CCl4, cm21): 3026, 2957, 2931,
2860, 2360, 2335, 1686, 1419, 1289, 1264, 964, 803, 746;
HRMS-CI, m/z: [M] calcd for C18H22O2, 270.1620; found,
270.1614.

4.3.10. 2-Propyl-3-methyl-cycloprop-2-ene-1-carboxylic
acid (3j). The general procedure for ester saponification
with 2j (0.888 g, 5.28 mmol) was conducted at 0 8C during
the addition of KOH and subsequently at rt. The procedure
gave 0.711 g (5.08 mmol, 96%) of 3j as a colorless oil. A
similar experiment gave 3j in 98% yield. 1H NMR (CDCl3,
400 MHz, d): 2.41–2.37 (m, 2H), 2.06 (app t, J¼1.5 Hz,
3H), 2.02 (s, 1H), 1.64–1.55 (m, 2H), 0.96 (t, J¼7.4 Hz,
3H); 13C NMR (CDCl3, 100 MHz, d): 184.4(u), 106.2(u),
101.8(u), 26.8(u), 22.9(dn), 20.7(u), 14.2(dn), 10.1(dn); IR
(neat, cm21): 2962, 2628, 1691, 1420, 1286, 1236, 1123;
HRMS-CI(NH3) m/z: [MþH], calcd for C8H13O2,
141.0916; found, 141.0920.

4.3.11. Methyl 2-butyl-1-hydroxymethylcycloprop-2-
ene-1-carboxylate. A 250 mL round bottomed flask con-
taining a solution of 2g (3.27 g, 15.4 mmol) in 40 mL THF
was cooled in an ice bath, and a solution of DIBAL
(30.3 mmol; 60.6 mL of a 0.5 M solution in pentane) was
added dropwise via an additional funnel. The mixture was
stirred for 1 h and then quenched with water, acidified with
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10% HCl (aq) and extracted with ether (3£20 mL). The
organic phase was washed with water and brine, dried over
Na2SO4, filtered, and concentrated. Chromatography (10%
ethyl acetate in hexanes) gave 1.48 g (8.04 mmol, 56%) of
the title compound, a colorless oil. Additionally, 0.84 g of
2g (26%) was recovered. A similar experiment with 5.50 g
of 2g gave the title compound in 57% yield. 1H NMR
(CDCl3, 400 MHz, d): 6.43 (t, J¼1.2 Hz, 1H), 3.74 (m, 2H),
3.63 (s, 3H), 2.52 (bs, 1H), 2.48 (app dt, J¼1.2, 7.1 Hz, 2H),
1.53 (m, 2H), 1.36 (m, 2H), 0.88 (t, J¼7.4 Hz); 13C NMR
(CDCl3, 100 MHz, d): 176.8 (u), 119.9 (u), 97.3 (u), 67.3
(u), 51.8 (dn), 31.1 (u), 29.0 (u), 24.6 (u), 22.3 (u), 13.8 (dn);
IR (CH2Cl2, cm21): 2958, 2934, 2873, 1703, 1458, 1436,
1387, 1288, 1190, 1162, 1087, 1020, 975, 832, 791; HRMS-
CI, m/z: [M] calcd for C10H16O3, 184.1099; found,
184.1096.

4.3.12. Methyl 2-butyl-1-(methoxymethoxymethyl)cyclo-
prop-2-ene-1-carboxylate. To a dry 25 mL round bottomed
flask was added methyl 2-butyl-1-hydroxymethylcyclo-
prop-2-ene-1-carboxylate (1.48 g, 8.04 mmol), N,N-diiso-
propylethylamine (1.25 g, 9.65 mmol), and CH2Cl2
(15 mL). The flask was swept with nitrogen and then cooled
in an ice bath. Methyl chloromethylether (970 mg,
12.06 mmol) was added via syringe, and the ice bath was
removed. The mixture was allowed to stir at rt for 5 h.
Concentration and chromatography (20% ethyl acetate in
hexanes) gave 1.64 g (91%) of the title compound, a pale
yellow oil. A similar experiment that started with 0.41 g of
the starting alcohol gave the title compound in 90% yield.
1H NMR (CDCl3, 400 MHz, d): 6.43 (app t, J¼1.3 Hz), 4.60
(s, 2H), 3.84 (d, J¼10.3 Hz, 1H), 3.67 (d, J¼10.3 Hz, 1H),
3.63 (s, 3H), 3.33 (s, 3H), 2.48 (app dt, J¼7.4, 1.5 Hz), 1.54
(m, 2H), 1.36 (m, 2H), 0.89 (t, J¼7.3 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 176.3 (u), 119.5 (u), 97.5 (u), 96.7
(u), 71.9 (u), 55.4 (dn), 52.2 (dn), 29.5 (u), 29.3 (u), 24.9 (u),
22.6 (u), 14.1 (dn); IR (CH2Cl2, cm21): 2952, 2934, 2874,
1715, 1466, 1288, 1243, 1149, 1104, 1046, 799; HRMS-CI
m/z: [M2OMe] calcd for C12H20O4, calcd, 197.1178;
found, 197.1169.

4.3.13. 1-Methoxymethoxymethyl-2-butylcycloprop-2-
ene-1-carboxylic acid (3k). A mixture of methyl 2-butyl-
1-(methoxymethoxymethyl)cycloprop-2-ene-1-carboxylate
(1.64 g, 7.20 mmol), MeOH (8 mL) and 2 N KOH (aq)
(10 mL) was stirred at 50 8C under nitrogen for 3 h. The
mixture was extracted with ether (3£5 mL). The aqueous
phase was acidified with 10% HCl (aq) and extracted
with ether (3£10 mL). The combined organics were washed
with water and brine, dried over Na2SO4, filtered, and
concentrated to give 1.44 g (94%) of the title compound
as a pale yellow oil. A similar experiment that started
with 420 mg of the ester gave the title compound in 96%
yield. 1H NMR (CDCl3, 400 MHz, d): 6.45 (app t, J¼
1.3 Hz, 1H), 4.63 (s, 1H), 3.85 (d, J¼10.4 Hz, 1H), 3.69 (d,
J¼10.4 Hz, 1H), 3.35 (s, 3H), 2.52 (app dt, J¼1.6, 7.3 Hz,
2H), 1.57 (m, 2H), 1.40 (m, 2H), 0.92 (t, J¼7.3 Hz, 3H); 13C
NMR (CDCl3, 100 MHz, d): 182.6 (u), 119.0(u), 97.0 (u),
96.7(u), 71.5 (u), 55.5(dn), 29.3 (u), 29.2(u), 24.8(u),
22.6(u), 14.1(dn); IR (neat, cm21): 3135, 2934, 2875,
2572, 2059, 1803, 1585, 1415, 1295, 1150, 1105, 917; Anal.
Calcd for C11H18O4: C, 61.66; H, 8.47. Found: C, 61.45; H,
8.58.

4.4. General procedures for resolution

A stirred solution of the cycloprop-2-ene-1-carboxylic acid
(1 equiv.) in THF (50 mL/mmol acid) was cooled to
230 8C. Triethylamine (3.5 equiv.) and adamantoyl chloride
(1.05 equiv.) were added sequentially and stirring was
continued at 230 8C for 1 h. Lithium chloride (5.0 equiv.),
the appropriate oxazolidinone (1.1 equiv.) and DMAP
(0.1 equiv.) were then added and the cold bath was
removed. The mixture was allowed to gradually rise to rt
while stirring continued overnight. The solvents were
removed and the residue was partitioned between ether
and water. The aqueous layer was extracted twice with
ether, and the combined organics were dried (Na2SO4),
filtered, and concentrated. Chromatography separated the
diastereomeric products.

4.4.1. (4S)-4-Benzyl-3-[(1R)-2-hexylcycloprop-2-en-1-oyl]-
oxazolidinone [5a(Rcy,Sox)] and (4S)-4-benzyl-3-[(1S)-2-
hexylcycloprop-2-en-1-oyl]oxazolidinone [5a(Scy,Sox)].
The general procedure for resolution using (S)-benzyl-
oxazolidinone (390 mg, 2.2 mmol) and 3a (336 mg
2.0 mmol) gave 298 mg (0.91 mmol, 91%) of 5a(Scy,Sox)
and 301 mg (0.92 mmol, 92%) of 5a(Rcy,Sox) after chroma-
tography with a gradient (5–15%) of ethyl acetate in
hexane. 5a(Scy,Sox) eluted first. The Rf difference in
MTBE:toluene:hexane (1:1:2) was 27%. A similar experi-
ment with 890 mg of 3a gave 5a(Scy,Sox) in 92% yield and
5a(Rcy,Sox) in 90% yield.

The absolute configuration of 5a(Scy,Sox) was determined
by reduction with LiBH4, which gave (S)-(2)-7 in 85%
yield. The same alcohol was obtained in 81% yield
from LiBH4 reduction of crystallographically characterized
5a-Ph(Scy,Rox).

Similarly, the absolute configuration of 5a(Rcy,Sox) was
determined by reduction with LiBH4, which gave (R)-(þ)-7
in 75% yield. The same alcohol was obtained in 83% yield
from LiBH4 reduction of crystallographically characterized
5a-Ph(Rcy,Rox).

5a(Scy,Sox): A semisolid. [a]D
23¼þ1058 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.18–7.32 (m, 5H), 6.28 (m,
1H), 4.67–4.62 (m, 1H), 4.22–4.13 (m, 2H), 3.43 (d, J¼
1.1 Hz, 1H), 3.29 (dd, J¼10.1, 3.2 Hz, 1H), 2.73 (dd, J¼9.8,
3.5 Hz, 1H), 2.52–2.47 (m, 2H), 1.62–1.55 (m, 2H), 1.38–
1.23 (m, 6H), 0.88–0.85 (t, J¼6.7 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 177.5(u), 154.5(u), 136.0(u),
129.9(dn), 129.3(dn), 127.6(dn), 114.6(u), 92.6(u), 66.7
(u), 56.1(dn), 38.5 (u), 31.9 (u), 29.2 (u), 27.2(u), 25.3 (u),
22.9 (u), 20.4(dn), 14.5(dn); IR (CCl4, cm21): 3031, 2958,
1777, 1688, 1363, 1209; HRMS-CI(NH3) m/z: [Mþ], calcd
for C20H25NO3, 327.1834; found, 327.1826.

5a(Rcy,Sox): A semisolid. [a]D
23¼þ468 (c 1.03, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.33–7.18 (m, 5H), 6.26 (m,
1H), 4.67–4.62 (m, 1H), 4.22–4.13 (m, 2H), 3.43 (d, J¼
1.4 Hz, 1H), 3.27 (dd, J¼10.0, 3.3 Hz, 1H), 2.77 (dd, J¼9.6,
3.7 Hz, 1H), 2.55–2.51(m, 2H), 1.62–1.57(m, 2H), 1.38–
1.26(m, 6H), 0.86 (t, J¼5.2 Hz, 3H); 13C NMR (CDCl3,
100 MHz, d): 177.0(u), 154.0(u), 135.5(u), 129.4(dn),
128.9(dn), 127.2(dn), 113.9(u), 92.4(u), 66.3(u), 55.7(dn),
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38.0(u), 31.5(u), 28.8(u), 26.8(u), 24.9(u), 22.5(u), 20.0(dn),
14.0(dn); IR (CCl4, cm21): 3051, 2957, 1784, 1590, 1361,
1205; HRMS-CI(NH3) m/z: [Mþ], calcd for C20H25NO3,
327.1834; found, 327.1826.

4.4.2. (4R)-3-[(1S)-2-Hexylcycloprop-2-en-1-oyl]-4-phenyl-
oxazolidinone [5a-Ph(Scy,Rox)] and (4R)-3-[(1R)-2-hexyl-
cycloprop-2-en-1-oyl]-4-phenyloxazolidinone [5a-Ph
(Rcy,Rox)]. The general procedure for resolution using
(R)-phenyloxazolidinone (1.44 g, 8.8 mmol) and 3a (1.35 g,
8.0 mmol) gave 1.165 g (3.72 mmol, 93%) of 5a-Ph(Rcy,
Rox) and 1.153 g (3.68 mmol, 92%) of 5a-Ph(Scy,Rox) after
chromatography with a gradient of 5–15% ethyl acetate in
hexane. 5a-Ph(Rcy,Rox) eluted first. Relative configurations
for both diastereomers were determined by X-ray crystal-
lography of crystals that were grown from ethyl acetate/
hexane. A similar experiment with 356 mg of 3a gave 5a-
Ph(Rcy,Rox) in 92% yield and 5a-Ph(Scy,Rox) in 92% yield.

5a-Ph(Rcy,Rox): White needles, mp 50.5 – 52.5 8C.
[a]D

23¼21688 (c 1.00, THF). 1H NMR (CDCl3, 400 MHz,
d): 7.34–7.28 (m, 5H), 6.13 (m, 1H), 5.42 (dd, J¼4.7,
4.0 Hz, 1H), 4.68 (app t, J¼8.7 Hz, 1H), 4.27 (dd, J¼4.8,
4.1 Hz, 1H), 3.41 (d, J¼1.5 Hz, 1H), 2.45–2.43 (m, 2H),
1.55–1.53 (m, 2H), 1.32–1.24 (m, 6H), 0.86 (t, J¼6.9 Hz,
3H); 13C NMR (CDCl3, 100 MHz, d): 176.9(u), 154.7(u),
139.7(u), 129.5(dn), 129.0(dn), 126.5(dn), 114.4(u),
92.5(u), 70.5(u), 58.4(dn), 31.9(u), 29.2(u), 27.1(u),
25.3(u), 22.9(u), 20.6(dn), 14.5(dn); IR (CCl4, cm21):
3056, 2931, 1766, 1695, 1363, 1241, 1204, 1071; HRMS-
CI(NH3) m/z: [MþH], calcd for C19H24NO3, 314.1756;
found, 314.1762.

5a-Ph(Scy,Rox): White needles, mp 83–86 8C. [a]D
23¼2738

(c 1.05, THF). 1H NMR (CDCl3, 400 MHz, d): 7.34–7.27
(m, 5H), 6.19 (m, 1H), 5.42 (dd, J¼4.8, 3.8 Hz, 1H), 4.68
(app t, J¼8.8 Hz, 1H), 4.26 (dd, J¼5.0, 3.8 Hz, 1H), 3.43 (d,
J¼1.6 Hz, 1H), 2.39–2.34 (m, 2H), 1.39–1.37 (m, 2H),
1.24–1.16(m, 6H), 0.84 (t, J¼6.8 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 176.8(u), 154.7(u), 139.8(u),
129.5(dn), 128.9(dn), 126.3(dn), 114.2(u), 92.5(u),
70.5(u), 58.4(dn), 31.8(u), 29.1(u), 27.0(u), 25.2(u),
22.9(u), 20.4(dn), 14.5(dn); IR (CCl4, cm21): 3021, 2926,
1775, 1692, 1382, 1195; HRMS-CI(NH3) m/z: [Mþ], calcd
for C19H23NO3, 313.1834; found, 313.1826.

4.4.3. Diastereomers of (4S)-4-benzyl-3-(2-methylcyclo-
prop-2-en-1-oyl)oxazolidinone: 5b(fast) and 5b(slow).
The general procedure for resolution using (S)-benzyloxa-
zolidinone (1.38 g, 7.80 mmol) and 3b (0.637 g, 6.5 mmol)
gave 0.732 g (2.85 mmol, 88%) of 5b(fast) (the dia-
stereomer that elutes more quickly) and 0.740 g
(2.88 mmol, 89%) of 5b(slow) (the diastereomer that elutes
more slowly). The chromatography eluent was 1:1:1:8
MTBE:CH2Cl2:toluene:hexane. A second chromatograph
of the ‘mixed’ fractions was required. The Rf difference in
MTBE:toluene:hexane (1:1:2) was 6%. A similar experi-
ment gave 5b(fast) in 89% yield and 5b(slow) in 86% yield.

5b(fast): White solid, mp¼96–98.5 8C. [a]D
23¼þ2018 (c

1.00, THF). 1H NMR (CDCl3, 400 MHz, d): 7.31–7.19 (m,
5H), 6.30 (m, 1H), 4.65–4.62 (m, 1H), 4.20–4.14 (m, 2H),
3.44 (d, J¼1.4 Hz, 1H), 3.29 (dd, J¼10.1, 3.2 Hz, 1H),

2.77–2.71 (m, 1H), 2.18 (d, J¼1.3 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 177.3(u), 154.5(u), 136.0(u),
129.9(dn), 129.3(dn), 127.7(dn), 110.5(u), 93.4(u),
66.8(u), 56.1(dn), 38.5(u), 20.7(dn), 10.8(dn); IR (KBr,
cm21): 3140, 2921, 1762, 1687, 1491, 1357, 1214, 1103,
769, 714; HRMS-CI(NH3) m/z: [MþH], calcd for
C15H16NO3, 258.1130; found, 258.1118.

5b(slow): White solid, mp¼73–75 8C. [a]D¼þ1128 (c
1.00, THF). 1H NMR (CDCl3, 400 MHz, d): 7.31–7.18(m,
5H), 6.28 (m, 1H), 4.65–4.64 (m, 1H), 4.20–4.14 (m, 2H),
3.43 (d, J¼1.6 Hz, 1H), 3.27 (dd, J¼10.0, 3.3 Hz, 1H),
2.81–2.75 (m, 1H), 2.19 (d, J¼1.3 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 177.3(u), 154.5(u), 136.0(u),
129.9(dn), 129.3(dn), 127.7(dn), 110.2(u), 93.8(u),
66.8(u), 56.1(dn), 38.5(u), 20.7(dn), 10.9(dn); IR (KBr,
cm21): 3135, 2975, 1772, 1679, 1375, 1189, 736, 701;
HRMS-CI(NH3) m/z: [MþH], calcd for C15H16NO3,
258.1130; found, 258.1143.

4.4.4. Preparation of 5c(Rcy,Rox) and 5c(Scy,Rox). The
general procedure for resolution using (3aR)-cis-tetrahydro-
2H-indeno[1,2-d]oxazol-2-one (385 mg, 2.20 mmol) and 3c
(472 mg, 2.0 mmol) gave two diastereomers after chroma-
tography with a gradient of 10–20% ethyl acetate in hexane.
5c(Scy,Rox) (353 mg, 0.90 mmol, 90%) eluted first, followed
by 5c(Rcy,Rox) (358 mg, 0.91 mmol, 91%). Relative con-
figurations for both diastereomers were determined by
X-ray crystallography of crystals that were grown from
acetone/hexane. The Rf difference in MTBE:toluene:hexane
(1:1:2) was 22%. A similar experiment that started with
95 mg of 3c gave 5c(Scy,Rox) in 90% yield and 5c(Rcy,Rox)
in 93% yield.

5c(Scy,Rox): White crystals, mp 73–75 8C. [a]D
23¼23788 (c

1.00, THF). 1H NMR (CDCl3, 400 MHz, d): 7.78–7.75 (m,
2H), 7.65–7.63 (m, 1H), 7.43–7.30 (m, 4H), 7.27–7.17(m,
8H), 5.99 (d, J¼6.8 Hz, 1H), 5.26–5.23 (m, 1H), 3.35–3.30
(m, 2H); 13C NMR (CDCl3, 100 MHz, d): 174.5(u),
151.9(u), 141.5(u), 140.0(u), 139.5(u), 130.6(dn),
130.3(dn), 130.2(dn), 129.5(dn), 129.2(dn), 128.6(dn),
128.5(dn), 127.8(dn), 126.8(dn), 126.5(u), 125.6(dn),
121.8(u), 101.5(u), 78.5(dn), 63.8(dn), 38.4(u), 37.3(u); IR
(KBr, cm21): 3057, 2921, 1782, 1768, 1595, 1192; HRMS-
CI(NH3) m/z: [Mþ], calcd for C26H19NO3, 393.1365;
found, 393.1352.

5c(Rcy,Rox): White crystals, mp 96–98 8C. [a]D
23¼þ448

(c 1.03, THF). 1H NMR (CDCl3, 400 MHz, d): 7.89–7.86
(m, 1H), 7.80–7.77(m, 2H), 7.43–7.34 (m, 4H), 7.29–7.13
(m, 8H), 5.97 (d, J¼7.0 Hz, 1H), 5.29–5.26 (m, 1H), 3.37–
3.35 (m, 2H); 13C NMR (CDCl3, 100 MHz, d): 174.2(u),
152.0(u), 141.4(u), 140.1(u), 139.5(u), 130.6(dn),
130.4(dn), 130.3(dn), 129.2(dn), 128.6(dn), 128.5(dn),
127.7(dn), 126.6(dn), 126.5(dn), 126.3(u), 125.7(dn),
122.3(u), 101.1(u), 78.6(dn), 63.6(dn), 38.5(u), 36.6(u); IR
(KBr, cm21): 3037, 2906, 1787, 1760, 1595, 1195; HRMS-
CI(NH3) m/z: [Mþ], calcd for C26H19NO3, 393.1365;
found, 393.1352.

4.4.5. Preparation of 5d(fast) and 5d(slow). The general
procedure for resolution using (3aS)-cis-tetrahydro-2H-
indeno[1,2-d]oxazol-2-one (385 mg, 2.20 mmol) and 3d
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(432 mg, 2.00 mmol) gave 328 mg (0.88 mmol, 88%) of
5d(fast) (the diastereomer that elutes more quickly) and
332 mg (0.89 mmol, 89%) of 5d(slow) (the diastereomer
that elutes more slowly). Chromatography was performed
with a gradient of 10–20% ethyl acetate in hexane. The Rf

difference in MTBE:toluene:hexane (1:1:2) was 11%.

5d(fast): A semisolid. [a]D
23¼21718 (c 1.0, THF). 1H NMR

(CDCl3, 400 MHz, d): 7.70 (d, J¼7.6 Hz, 1H), 7.34–7.12
(m, 6H), 7.05–7.02 (m, 2H), 6.76 (t, J¼1.5 Hz, 1H), 5.95–
5.90 (d, J¼6.9 Hz, 1H), 5.22–5.21 (m, 1H), 3.34–3.31 (m,
2H), 2.62–2.60 (m, 2H), 1.57–1.56 (m, 2H), 1.36–1.34 (m,
2H), 0.87 (t, J¼7.3 Hz, 3H); 13C NMR (CDCl3, 90 MHz, d):
175.5(u), 151.8(u), 142.8(u), 140.1(u), 139.5(u), 130.2(dn),
128.4(dn), 128.4(dn), 127.8(dn), 126.4(dn), 126.3(dn),
125.6(dn), 124.0(u), 100.7(u), 78.4(dn), 63.5(dn), 38.5(u),
36.2(u), 29.5(u), 24.9(u), 22.7(u), 14.2(dn); IR (KBr, cm21):
3054, 2912, 1789, 1695, 1267; HRMS-CI(NH3) m/z: [Mþ],
calcd for C24H23NO3, 373.1678; found, 373.1674.

5d(slow): A semisolid. [a]D¼210.48 (c 1.01, THF). 1H
NMR (CDCl3, 400 MHz, d): 7.79 (dd, J¼7.0, 1.1 Hz, 1H),
7.36–7.33 (m, 2H), 7.26 (d, J¼7.1 Hz, 1H), 7.19–7.15 (m,
2H), 7.12–7.10 (m, 1H), 7.03–7.01(m, 2H), 6.79 (t, J¼
1.3 Hz, 1H), 5.96 (d, J¼7.0 Hz, 1H), 5.25–5.22 (m, 1H),
3.34–3.31 (m, 2H), 2.65–2.61 (m, 2H), 1.57–1.53 (m, 2H),
1.35–1.29 (m, 2H), 0.84 (t, J¼7.4 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 175.4(u), 151.9(u), 142.8(u),
140.1(u), 139.6(u), 130.2(dn), 128.5(dn), 128.4(dn),
127.6(dn), 126.3(dn), 126.2(dn), 125.6(dn), 124.4(u),
100.4(u), 78.4(dn), 63.4(dn), 38.5(u), 36.0(u), 29.4(u),
24.7(u), 22.7(u), 14.1(dn); IR (KBr, cm21): 3055, 2933,
1786, 1693, 1202; HRMS-CI(NH3) m/z: [Mþ], calcd for
C24H23NO3, 373.1678; found, 373.1674.

4.4.6. Preparation of 5e(fast) and 5e(slow). The general
procedure for resolution was followed using (3aS)-cis-
tetrahydro-2H-indeno[1,2-d]oxazol-2-one (84 mg,
0.48 mmol), 3e (96 mg, 0.40 mmol), triethylamine
(142 mg, 0.2 mL, 1.4 mmol), 1-adamantoyl chloride
(98 mg, 0.44 mmol), LiCl (84 mg, 2.0 mmol) and DMAP
(5 mg, 0.04 mmol). Chromatography (the eluent was 5%
ethyl acetate in hexane) gave 70 mg (0.18 mmol, 88%) of
5e(fast) (the diastereomer that elutes more quickly) and
68 mg (0.17 mmol, 86%) of 5e(slow) (the diastereomer that
elutes more slowly). A similar experiment gave 5e(fast) in
92% yield and 5e(slow) in 92% yield. The Rf difference in
MTBE:toluene:hexane (1:1:2) was 14%.

5e(fast): A semisolid. [a]D
23¼þ1888 (c 0.98, THF). 1H NMR

(CDCl3, 400 MHz, d): 7.72 (d, J¼7.4 Hz, 1H), 7.36–7.26
(m, 3H), 7.23–7.19 (m, 2H), 7.16–7.14 (m, 1H), 7.06–7.04
(m, 2H), 6.82 (app s, 1H), 5.95 (d, J¼6.9 Hz, 1H), 5.25–
5.21(m, 1H), 3.40–3.28 (m, 2H), 2.66 (t, J¼7.2 Hz, 2H),
2.18 (app dt, J¼7.0, 2.6 Hz, 2H), 1.95–1.94 (m, 1H), 1.77–
1.73 (m, 2H), 1.61–1.55 (m, 2H); 13C NMR (CDCl3,
90 MHz, d): 174.9(u), 151.4(u), 142.2(u), 139.7(u), 139.0(u),
129.8(dn), 128.1(2 carbons, dn), 127.3(dn), 126.0(2 carbons,
dn), 125.2(dn), 123.2(u), 100.7(u), 84.1(u), 78.0(dn),
68.5(u), 63.1(dn), 38.0(u), 35.8(u), 27.9(u), 26.0(u),
24.3(u), 18.1(u); IR (CCl4, cm21): 3313, 2933, 1793, 1683,
1359, 1297, 1190, 767, 697; HRMS-CI(NH3) m/z: [MþH],
calcd for C26H24NO3, 398.1756; found, 398.1769.

5e(slow): A semisolid. [a]D
23¼þ14.88 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.78 (d, J¼7.4 Hz, 1H), 7.37–
7.32 (m, 2H), 7.28–7.26 (m, 1H), 7.19–7.15 (m, 2H), 7.13–
7.10 (m, 1H), 7.03–7.01 (m, 2H), 6.83 (app t, J¼1.3 Hz,
1H), 5.96 (d, J¼7.0 Hz, 1H), 5.27–5.23 (m, 1H), 3.40–3.28
(m, 2H), 2.68–2.64 (m, 2H), 2.12 (app dt, J¼7.1, 2.8 Hz,
2H), 1.91 (t, J¼2.7 Hz, 1H), 1.72–1.68 (m, 2H), 1.68–1.51
(m, 2H); 13C NMR (CDCl3, 90 MHz, d): 174.8(u), 151.4(u),
142.2(u), 139.6(u), 139.1(u), 129.8(dn), 128.1(dn),
128.0(dn), 127.1(dn), 125.9(dn), 125.8(dn), 125.2(dn),
123.6(u), 100.4(u), 84.1(u), 78.0(dn), 68.4(u), 63.0(dn),
38.1(u), 35.5(u), 27.8(u), 26.0(u), 24.1(u), 18.0(u); IR
(CCl4, cm21): 3313, 2931, 1792, 1684, 1359, 1191, 810,
735, 634; HRMS-CI(NH3) m/z: [MþH], calcd for
C26H24NO3, 398.1756; found, 398.1776.

4.4.7. Preparation of 5f(fast) and 5f(slow). The general
procedure for resolution using (3aS)-cis-tetrahydro-2H-
indeno[1,2-d]oxazol-2-one (385 mg, 2.20 mmol) and 3f
(572 mg, 2.0 mmol) gave 399 mg (0.90 mmol, 90%) of
5f(fast) (the diastereomer that elutes more quickly) and
390 mg (0.88 mmol, 88%) of 5f(slow) (the diastereomer
that elutes more slowly). Chromatography was performed
with a gradient of 10–20% ethyl acetate in hexane. The Rf

difference in MTBE:toluene:hexane (1:1:2) was 20%. A
similar experiment that started with 115 mg of 3f gave
5f(fast) in 89% yield and 5f(slow) in 90% yield.

5f(fast): A pale yellow semisolid. [a]D
23¼þ38.78 (c 0.95,

THF). 1H NMR (CDCl3, 400 MHz, d): 8.38–8.35 (m, 1H),
7.81–7.75 (m, 3H), 7.72–7.69 (m, 2H), 7.54 (s, 1H), 7.50
(dd, J¼6.0, 1.2 Hz, 1H), 7.41–7.35 (m, 6H), 7.26–7.24 (m,
1H), 7.17–7.11 (m, 2H), 5.80 (d, J¼7.0 Hz, 1H), 5.03–4.99
(m, 1H), 3.22 (dd, J¼17.7, 6.6 Hz, 1H), 3.06 (app d, J¼
17.8 Hz, 1H); 13C NMR (CDCl3, 100 MHz, d): 177.4(u),
152.2(u), 140.3(u), 138.7(u), 138.0(u), 134.0(u), 132.6(u),
130.3(2 carbons, dn), 130.2(dn), 129.3(dn), 129.2(dn),
128.7(dn), 128.3(dn), 128.2(dn), 128.2(dn), 126.8(u),
126.5(dn), 126.0(dn), 125.7(dn), 125.4(dn), 124.4(dn),
121.8(u), 104.1(u), 78.7(dn), 64.4(dn), 38.4(u), 37.5(u); IR
(CH2Cl2, cm21): 3029, 2926, 1784, 1676, 1362, 1265, 1190;
HRMS-CI(NH3) m/z: [Mþ], calcd for C30H21NO3,
443.1521; found, 443.1503.

5f(slow): A pale yellow solid, mp 78–80 8C. [a]D
23¼þ8.78

(c 1.07, THF). 1H NMR (CDCl3, 400 MHz, d): 8.27 (d,
J¼8.4 Hz, 1H), 7.90–7.87 (m, 2H), 7.78–7.81(m, 1H),
7.74–7.76(d, J¼7.6 Hz, 1H), 7.69–7.71(d, J¼8.1 Hz, 1H),
7.62(s, 1H), 7.51–7.53(dd, J¼6.1, 1.1 Hz, 1H), 7.32–
7.41(m, 5H), 7.26–7.28(m, 1H), 7.15–7.21(m, 2H), 5.74–
5.75(d, J¼6.6 Hz, 1H), 4.94–4.98(m, 1H), 3.10–3.23(m,
2H); 13C NMR (CDCl3, 100 MHz, d): 177.1(u), 152.1(u),
140.1(u), 139.0(u), 138.3(u), 134.0(u), 132.4(u), 130.39
(dn), 130.33(dn), 130.2(dn), 129.3(dn), 129.3(dn),
128.7(dn), 128.4(dn), 128.4(dn), 128.2(dn), 126.9(u),
126.5(dn), 125.9(dn), 125.7(dn), 125.4(dn), 124.3(dn),
120.2(u), 105.5(u), 79.1(dn), 65.1(dn), 38.0(u), 37.2(u); IR
(CCl4, cm21): 3029, 2924, 1785, 1680, 1362, 1262, 1190;
HRMS-CI(NH3) m/z: [Mþ], calcd for C30H21NO3,
443.1521; found, 443.1503.

4.4.8. Diastereomers of (4S)-4-benzyl-3-(2-butyl-1-meth-
oxycarbonyl-cycloprop-2-en-1-oyl)oxazolidinone:
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5g(fast) and 5g(slow). A solution of 3g (204 mg,
1.03 mmol) and triethylamine (1.42 mmol) in 10 mL THF
was stirred in a 25 mL flask and cooled in a bath of dry ice/
acetone. Pivaloyl chloride (124 mg, 1.03 mmol) was added
via syringe, and the solution was stirred at 278 8C for 5 min
and then warmed to 0 8C for 1 h. The mixture was once
again cooled in the dry ice/acetone bath.

In a separate 10 mL flask, a solution of (S)-benzyloxazo-
lidinone (273 mg, 1.55 mmol) in 4 mL THF, cooled in a
bath of dry ice/acetone. n-BuLi (1.5 mL of a 2.5 M solution
in hexanes, 1.55 mmol) was added dropwise. This solution
was stirred at 278 8C for 0.5 h, and then transferred via
cannula to the 25 mL flask that contained the mixed
anhydride. The reaction mixture was stirred at 278 8C for
5 min then warmed to 0 8C for 0.5 h. The reaction was
carefully quenched with water, and 2 mL of 1% HCl was
added. Three extracts with ether (3£20 mL) were combined
and washed with water and brine, dried (Na2SO4), filtered
and concentrated. Chromatography (20% MTBE in petro-
leum ether) gave 5g(fast) (171 mg, 0.48 mmol, 93%) and
5g(slow) (169 mg, 0.47 mmol, 92%). The Rf difference in
MTBE:petroleum ether (4:6) was 40%. A similar experi-
ment with 1.00 g of 3g gave 5g(fast) in 92% yield and
5g(slow) in 91% yield.

5g(fast): Colorless oil. [a]D
23¼þ48.68 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.36–7.21 (m, 5H), 6.53 (app
t, J¼1.4 Hz, 1H), 4.68 (m, 1H), 4.24–4.19 (m, 2H), 3.69 (s,
3H), 3.38 (dd, J¼13.5, 3.4 Hz, 1H), 2.80 (dd, J¼13.5,
9.8 Hz, 1H), 2.61 (m, 2H), 1.63 (m, 2H), 1.41 (m, 2H), 0.93
(t, J¼7.3 Hz, 3H); 13C NMR (CDCl3, 100 MHz, d): 172.7
(u), 171.7 (u), 153.8 (u), 135.7 (u), 129.9 (dn), 129.3 (dn),
127.7 (dn), 117.3 (u), 95.4 (u), 66.8 (u), 55.5 (dn), 52.6 (dn),
38.0 (u), 35.7 (u), 29.1 (u), 24.5 (u), 22.6 (u), 14.1 (dn); IR
(CCl4, cm21): 3153, 3055, 2958, 2933, 2873, 2359, 2332,
1785, 1734, 1716, 1695, 1436, 1387, 1310, 1261, 1214, 789,
756, 703; HRMS-CI m/z [M] calcd for C20H23NO5,
357.1576; found, 357.1580.

5g(slow): Colorless oil. [a]D
23¼þ56.88 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.34–7.21 (m, 5H), 6.52 (t,
J¼1.1 Hz, 1H), 4.67 (m, 1H), 4.25–4.19 (m, 2H), 3.68 (s,
3H), 3.32 (dd, J¼13.5, 3.2 Hz, 1H), 2.83 (dd, J¼13.5,
9.5 Hz, 1H), 2.62 (m, 2H), 1.66 (m, 2H), 1.43 (m, 2H), 0.94
(t, J¼7.3 Hz, 3H); 13C NMR (CDCl3, 100 MHz, d): 172.7
(u), 171.6 (u), 153.8 (u), 135.7 (u), 129.9 (dn), 129.3 (dn),
127.7 (dn), 117.2 (u), 95.6 (u), 66.8 (u), 55.5 (dn), 52.6 (dn),
37.9 (u), 35.6 (u), 29.0 (u), 24.4 (u), 22.6 (u), 14.1 (dn); IR
(CCl4, cm21): 3153, 3058, 2958, 2933, 2873, 2363, 2321,
1785, 1734, 1717, 1693, 1436, 1387, 1312, 1251, 1213, 701;
HRMS-CI m/z [M] calcd for C20H23NO5, 357.1576; found,
357.1561.

4.4.9. Diastereomers of (4S)-4-benzyl-3-(2-phenyl-1-
methoxycarbonyl-cycloprop-2-en-1-oyl)oxazolidinone:
5h(fast) and 5h(slow). The procedure was identical to that
used to resolve 3g, except that adamantoyl chloride (99 mg,
0.5 mmol) was used in place of pivaloyl chloride. The other
materials were used in the following quantities: 3h (109 mg,
0.5 mmol), Et3N (61 mg, 0.084 mL, 0.6 mmol), THF
(7 mL), (S)-benzyloxazolidinone (233 mg, 0.75 mmol),
n-BuLi (0.3 mL of a 2.5 M solution in hexane, 0.75 mmol).

Chromatography (20% MTBE in Petroleum Ether) gave
5h(fast) (81 mg, 0.21 mmo1, 86%) and 5h(slow) (84 mg,
0.22 mmo1, 89%). The Rf difference in MTBE:petroleum
ether (1:1) was 45%. A similar experiment with 1.62 g of 3h
gave 5h(fast) in 81% yield and 5h(slow) in 79% yield.

5h(fast): A semisolid. [a]D
23¼þ137.9 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.76 (m, 2H), 7.45(m, 3H),
7.32–7.18 (m, 5H), 7.00 (s, 1H), 4.71 (m, 1H), 4.30–4.21
(m, 1H), 3.70 (s, 3H), 3.35 (dd, J¼13.4, 3.2 Hz, 1H), 2.81
(dd, J¼13.4, 9.7 Hz, 1H); 13C NMR (CDCl3, 100 MHz, d):
172.0 (u), 170.8 (u), 154.0 (u), 135.6 (u), 131.04 (dn),
130.97 (dn), 129.9(dn), 129.37 (dn), 129.32(dn), 127.8,
(dn), 124.9 (u), 114.5 (u), 97.0 (u), 67.0 (u), 55.7 (dn), 52.9
(dn), 38.0 (u), 36.6(u); IR (CH2Cl2, cm21): 3154, 3066,
3031, 2953, 2359, 2338, 2274, 1784, 1739, 1718, 1695,
1387, 1354, 1312, 1214, 1111, 1083, 766; HRMS-CI m/z
[M] calcd for C22H19NO5, 377.1263; found, 377.1259.

5h(slow): A semisolid. [a]D
23¼222.2 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.78 (m, 2H), 7.45(m, 3H),
7.24–7.17 (m, 5H), 7.00 (s, 1H), 4.68 (m, 1H), 4.26–4.20
(m, 2H), 3.71 (s, 3H), 3.35 (dd, J¼13.6, 3.3 Hz, 1H), 2.91
(dd, J¼13.6, 9.1 Hz, 1H); 13C NMR (CDCl3, 100 MHz, d):
172.0 (u), 170.7 (u), 154.0 (u), 135.6 (u), 131.04 (dn),
131.02 (dn), 129.95(dn), 129.34 (dn), 129.31(dn), 127.7
(dn), 124.9 (u), 114.4 (u), 97.1 (u), 67.0 (u), 55.7 (dn), 52.9
(dn), 37.9 (u), 36.5(u); IR (CH2Cl2, cm21): 3154, 3065,
3031, 2953, 2359, 2322, 2283, 1784, 1739, 1719, 1694,
1390, 1355, 1311, 1214, 1112, 1083, 768; HRMS-CI m/z
[M] calcd for C22H19NO5, 377.1263; found, 377.1256.

4.4.10. Diastereomers of (4S)-4-benzyl-3-(2-hexyl-1-
trans-styryl-cycloprop-2-en-1-oyl)oxazolidinone: 5i(fast)
and 5i(slow). The general procedure for resolution was
followed using 3i (108 mg, 0.4 mmol), 1-adamantoyl-
chloride (84 mg, 0.42 mmol), Et3N (202 mg, 2.0 mmol),
LiCl (85 mg, 2.0 mmol), DMAP (5 mg, 0.04 mmol),
(S)-benzyloxazolidione (75 mg, 0.42 mmol) and THF
(30 mL). Chromatography (10% MTBE in Petroleum
Ether) gave 5i(fast) (64 mg, 0.15 mmol, 73%) and
5i(slow) (63 mg, 0.15 mmol, 73%) of the title compounds
as pale yellow oils. The purities of 5i(fast) and 5i(slow)
were estimated by 1H NMR to be .95 and .96%,
respectively. The Rf difference in toluene:MTBE:petroleum
ether (2:1:2) was 17%. A similar experiment with 1.62 g of
3i gave 5i(fast) in 73% yield and 5i(slow) in 73% yield.

5i(fast): A pale yellow oil. [a]D
23¼þ32.38 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.32–7.16 (m, 10H), 6.71 (t,
J¼1.3 Hz, 1H), 6.55 (d, J¼16.0 Hz, 1H), 6.18 (d, J¼
16.0 Hz, 1H), 4.73 (m, 1H), 4.23–4.15 (m, 2H), 3.34 (dd,
J¼13.4, 3.3 Hz, 1H), 2.79 (dd, J¼13.4, 9.3 Hz, 1H), 2.58
(m, 2H), 1.64 (m, 2H), 1.40–1.26 (m, 6H), 0.87 (t, J¼
7.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz, d): 176.1 (u),
153.0 (u), 137.7 (u), 135.6 (u), 132.7 (dn), 129.9 (dn), 129.4
(dn), 128.9 (dn), 128.3 (dn), 127.8 (dn), 127.4 (dn), 126.5
(dn), 123.0 (u), 98.6 (u), 66.8 (u), 55.6 (dn), 38.2 (u), 35.1
(u), 31.9 (u), 29.3 (u), 27.4 (u), 25.1 (u), 23.0 (u), 14.5 (dn);
IR (CH2Cl2, cm21): 3054, 2957, 2931, 2859, 2305, 1786,
1687, 1600, 1448, 1388, 1351, 1259, 1215, 1076, 959, 896,
757, 713; HRMS-CI, m/z: [MþNa]: calcd for C28H31NO3,
452.2226; found, 452.2218.
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5i(slow): A pale yellow oil. [a]D
23¼þ42.6 (c 1.00, THF). 1H

NMR (CDCl3, 400 MHz, d): 7.31–7.16 (m, 10H), 6.68 (app
s, 1H), 6.45 (d, J¼16.1 Hz, 1H), 6.20 (d, J¼16.1 Hz, 1H),
4.62 (m, 1H), 4.18–4.13 (m, 2H), 3.37 (dd, J¼13.3, 3.1 Hz,
1H), 2.84 (dd, 1H), 2.62 (app t, J¼7.2 Hz, 2H), 1.64 (m,
2H), 1.40–1.26 (m, 6H), 0.88 (t, J¼6.7 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, d): 175.6 (u), 152.8 (u), 137.8 (u), 135.8
(u), 132.9 (dn), 130.0 (dn), 129.4 (dn), 128.9 (dn), 128.4
(dn), 127.8 (dn), 127.5 (dn), 126.5 (dn), 123.1 (up), 99.7 (u),
66.7 (u), 56.1 (dn), 38.1 (u), 34.7 (u), 32.0 (u), 29.4 (u), 27.4
(u), 25.1 (u), 23.1 (u), 14.6 (dn); IR (CH2Cl2, cm21): 3054,
2958, 2931, 2858, 2305, 1788, 1686, 1600, 1385, 1350,
1270, 1076, 959, 909, 756, 710; HRMS-CI, m/z: [MþNa]:
calcd for C28H31NO3, 452.2226; found, 452.2187.

4.4.11. Diastereomers of (4S)-4-phenyl-3-[2-methyl-3-
propylcycloprop-2-en-1-oyl]oxazolidinone: 5j(fast) and
5j(slow). The general procedure for resolution was fol-
lowed using 3j (400 mg, 2.86 mmol), 1-adamantoylchloride
(622 mg, 3.14 mmol), Et3N (1.01 g, 1.4 mL, 10 mmol),
LiCl (600 mg, 14.3 mmol), DMAP (5 mg, 0.04 mmol),
(S)-phenyloxazolidinone (75 mg, 0.42 mmol) and THF
(30 mL). Chromatography (10% MTBE in hexane) gave
5j(fast) (378 mg, 1.33 mmol, 93%) and 5j(slow) (0.375 g,
1.32 mmol, 92%). A similar experiment gave 5j(fast) in
92% yield and 5j(slow) in 93% yield. The Rf difference in
MTBE:toluene:hexane (1:1:2) was 28%.

5j(fast): White solid, 66.5–68 8C. [a]D
25¼þ1438 (c 1.0,

THF). 1H NMR (CDCl3, 400 MHz, d): 7.37–7.29 (m, 5H),
5.44 (dd, J¼8.7, 4.0 Hz, 1H), 4.69 (app t, J¼8.7 Hz, 1H),
4.26 (dd, J¼8.8, 3.9 Hz, 1H), 3.35 (s, 1H), 2.39–2.34 (m,
2H), 1.95 (m, 3H), 1.61–1.54 (m, 2H), 0.95 (t, J¼7.4 Hz,
3H); 13C NMR (CDCl3, 90 MHz, d): 177.2(u), 154.9(u),
140.0(u), 129.5 (dn), 128.9(dn), 126.3(dn), 105.3(u),
100.7(u), 70.4(u), 58.4(dn), 26.8(u), 23.5(dn), 20.9(u),
14.3(dn), 10.0(dn); IR (KBr, cm21): 3034, 2964, 1907,
1775, 1686, 1453, 1375, 1305, 1189, 1093, 765, 699;
HRMS-CI(NH3) m/z: [MþH], calcd for C17H20NO3,
286.1443; found, 286.1453.

5j(slow): White solid, 43–46.5 8C. [a]D¼þ1328 (c 1.0,
THF). 1H NMR (CDCl3, 400 MHz, d): 7.36–7.26 (m, 5H),
5.45 (dd, J¼8.7, 3.9 Hz, 1H), 4.69 (app t, J¼8.8 Hz, 1H),
4.26 (dd, J¼8.8, 4.0 Hz, 1H), 3.35 (s, 1H), 2.29–2.25 (m,
2H), 2.03–2.04 (t, J¼1.5 Hz, 3H), 1.43–1.37 (m, 2H), 0.83
(t, J¼7.4 Hz, 3H); 13C NMR (CDCl3, 90 MHz, d): 176.7(u),
154.4(u), 139.5(u), 129.0(dn), 128.4(dn), 125.9(dn),
104.8(u), 100.1(u), 70.0(u), 58.0(dn), 26.1(u), 23.0(dn),
20.3(u), 13.7(dn), 9.6(dn); IR (KBr, cm21): 3030, 2960,
1772, 1685, 1451, 1376, 1303, 1182, 1106, 166, 705;
HRMS-CI(NH3) m/z: [MþH], calcd for C17H20NO3,
286.1443; found, 286.1453.

4.4.12. Diastereomers of (4S)-4-benzyl-3-(2-butyl-1-
methoxymethoxymethyl-cycloprop-2-en-1-oyl)oxazolidi-
none: 5k(fast) and 5k(slow). The general procedure
for resolution was followed using 3k (86 mg, 0.4 mmol),
1-adamantoylchloride (83 mg, 0.42 mmol), Et3N (202 mg,
0.28 mL, 2.0 mmol), LiCl (85 mg, 2.0 mmol), DMAP
(5 mg, 0.04 mmol), (S)-benzyloxazolidinone (75 mg,
0.42 mmol) and THF (30 mL). Chromatography (20%
MTBE in petroleum ether) gave 5k(fast) (64 mg,

0.17 mmol, 86%) and 5k(slow) (65 mg, 0.17 mmol, 86%).
The Rf difference in MTBE:petroleum ether (4:6) was 40%.
A similar experiment gave 5k(fast) in 91% yield and
5k(slow) in 90% yield.

5k(fast): A pale yellow oil. [a]D¼þ10.9 (c 1.0, THF). 1H
NMR (CDCl3, 400 MHz, d): 7.34–7.20 (m, 5H), 6.78 (app
t, J¼1.2 Hz, 1H), 4.65–4.60 (m, 1H), 4.63 (s, 2H), 4.21 (m,
1H), 4.14 (m, 1H), 4.06 (d, J¼11.3 Hz, 1H), 3.57 (d, J¼
11.3 Hz, 1H), 3.36 (m, 1H), 3.34 (s, 3H), 2.71 (dd, J¼13.3,
9.7 Hz, 1H), 2.55 (app dt, J¼1.0, 7.4 Hz, 2H), 1.60 (m 2H),
1.39 (m, 2H), 0.92 (t, J¼7.3 Hz, 3H); 13C NMR (CDCl3,
100 MHz, d): 176.1 (u), 153.6 (u), 135.8 (u), 129.8 (dn),
129.3 (dn), 127.7 (dn), 123.3 (u), 100.1 (u), 96.4 (u), 72.9
(u), 67.0 (u), 55.67 (dn), 55.66(dn), 38.3 (u), 33.5 (u), 29.4
(u), 25.5 (u), 22.7 (u), 14.2 (dn); IR (CCl4, cm21): 2956,
2930, 2875, 2228, 1784, 1691, 1605, 1454, 1386, 1350,
1215, 1150, 971; Anal. Calcd for C21H27NO5: C, 67.54; H,
7.29; N, 3.75. Found: C, 67.26; H, 7.27; N, 3.68.

5k(slow): A pale yellow oil. [a]D¼þ31.5 (c 1.0, THF). 1H
NMR (CDCl3, 400 MHz, d): 7.32–7.20 (m, 5H), 6.72 (app
t, J¼1.2 Hz, 1H), 4.63 (s, 2H), 4.63–4.60 (m, 1H), 4.21 (m,
1H), 4.16 (m, 1H), 3.80 (s, 2H), 3.34 (s, 3H), 3.34 (dd, J¼
13.4, 3.2 Hz, 1H), 2.80 (dd, J¼13.4, 9.5 Hz, 1H), 2.62 (m,
2H), 1.65 (m, 2H), 1.40 (m, 2H), 0.94 (t, J¼7.3 Hz, 3H); 13C
NMR (CDCl3, 100 MHz, d): 175.6 (u), 153.4 (u), 135.8 (u),
129.9 (dn), 129.3 (dn), 127.7 (dn), 123.9 (u), 101.5 (u), 96.4
(u), 73.1 (u), 67.0 (u), 56.1 (dn), 55.7(dn), 38.1 (u), 33.0 (u),
29.5 (u), 25.5 (u), 22.7 (u), 14.2 (dn); IR (CCl4, cm21):
2957, 2930, 2874, 2232, 1787, 1690, 1604, 1454, 1386,
1350, 1213, 1150, 971; Anal. Calcd for C21H27NO5: C,
67.54; H, 7.29; N, 3.75. Found: C, 67.67; H, 7.47; N, 3.76.

4.5. General procedures for reduction

A solution of the cycloprop-2-en-1-oyl oxazolidinone
(1.0 mmol) in THF (30 mL) was cooled in an ice bath.
Methanol (32 mg, 40 mL, 1.0 mmol) and LiBH4(4.0 mmol,
2.0 mL of a 2.0 M solution in THF) were added sequen-
tially. The ice bath was removed, and stirring was continued
for 4 h while the mixture warmed to rt. The reaction was
quenched by NH4Cl (aq) and extracted with ether
(3£30 mL). The organics were combined, dried (Na2SO4),
filtered, concentrated, and chromatographed (10–30%
ethyl acetate in hexane) to provide the 3-hydroxymethyl-
cycloprop-1-ene.

4.5.1. (3S)-(2)-1-Hexyl-3-hydroxymethylcycloprop-1-
ene [S-(2)-7]. The general procedure for reduction with
5a(Scy,Sox) (327 mg, 1.0 mmol) gave 131 mg (0.85 mmol,
85%). The general procedure with 5a-Ph(Scy,Rox) (313 mg,
1.0 mmol) gave 131 mg product, 85%. A similar experiment
with 800 mg of 5a(Scy,Sox) gave S-(2)-7 in 86% yield. The
specific rotation of the colorless oil was [a]D¼234.38 (c
1.03, THF). Analysis by HPLC (CHIRACEL OD using 15%
IPA in hexane) showed the material to be of .99% ee.
Other spectral data were identical to those reported for the
racemate.30

4.5.2. (3R)-1,3-Diphenyl-3-hydroxymethylcycloprop-1-
ene [R-(2)-6] and (3S)-1,3-diphenyl-3-hydroxymethyl-
cycloprop-1-ene [S-(1)-6]. The general procedure for
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reduction with 5c(Rcy,Rox) (320 mg, 0.81 mmol) gave
163 mg (91%) of R-(2)-6, a semisolid, [a]D¼218.98 (c
1.1, THF). A similar experiment with 250 mg of 5c(Rcy,Rox)
gave R-(2)-6 in 86% yield. Analysis by HPLC
(CHIRACEL OD using 15% IPA in hexane) showed the
material to be of .99% ee. 1H NMR (CDCl3, 400 MHz, d):
7.58–7.56 (m, 2H), 7.39–7.26 (m, 8H), 7.19–7.21(m, 1H),
4.29–4.33(m, 1H), 4.21–4.25(m, 1H); 13C NMR (CDCl3,
100 MHz, d): 145.2(u), 130.1(dn), 129.9(dn), 129.3(dn),
128.7(dn), 127.6(u), 126.9(dn), 126.3(dn), 123.0(u),
105.4(u), 68.1(u), 32.8(u); IR (CCl4, cm21): 3595, 3282,
2875, 1717, 1508, 1265, 1065; HRMS-CI(NH3) m/z:
[MþH] calcd for C16H13O, 221.0966; found, 221.0960.

Similarly, reduction of 5c(Scy,Rox) (320 mg, 0.81 mmol)
gave 160 mg (89%) of S-(þ)-6, [a]D¼þ18.78 (c 1.0, THF),
.99% ee. A similar experiment with 200 mg of 5c(Scy,Rox)
gave R-(þ)-6 in 85% yield

4.5.3. (1)-1-Butyl-3-hydroxymethyl-3-phenylcycloprop-
1-ene [(1)-9]. The general procedure for reduction with
5d(fast) (373 mg, 1.0 mmol) gave 167 mg (0.83 mmol,
83%) of (þ)-9, a colorless oil. A similar experiment that
started with 500 mg of 5d(fast) gave (þ)-9 in 82% yield.
Analysis by HPLC (CHIRACEL OD using 15% IPA
in hexane) showed the material to be of .99% ee. [a]D¼
þ23.18 (c 1.0, THF). Other spectral data were identical to
those reported for the racemate.30

4.5.4. (1S,2S)-(2)-1-Hexyl-2-hydroxymethyl-1-vinylcyclo-
propane [(1S,2S)-(2)-8] was prepared from (S)-(2)-7 in
the same way as the racemate.30 Gas Chromatography on
a Chiraldex B-PH column showed the material to be of
.99% ee. The injection temperature for the GC was 120 8C.
The GC oven temperature was increased from 708 to 908 at a
rate of 1.0 8C/min, from 90 8C to 110 8C at 0.2 8C/min, and
then from 110 8C to 150 8C at 5.0 8C/min. The product is a
clear oil, [a]D¼23.08 (c 1.0, THF). Other spectral data were
identical to those reported for the racemate.30

4.5.5. (1)-1a-Butyl-2b-hydroxymethyl-1b-methyl-2a-
phenylcyclopropane (1)-10]. Was prepared from (þ)-(9)
in the same way as the racemate.30 Gas Chromatography
with a Chiraldex B-PH column showed the material to be of
.99% ee. The injection temperature for the GC was 120 8C.
The GC oven temperature was increased from 908 to 1108 at
a rate of 1.0 8C/min, from 110 8C to 140 8C at 0.5 8C/min,
and then from 140 8C to 150 8C at 1.0 8C/min. The product
is a clear oil, [a]D¼þ7.88 (c 1.0, THF). Other spectral data
were identical to those reported for the racemate.30
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Abstract—Reaction of methyl- and phenylthiomethylidene phosphoranes 1 and 2 with a variety of reducing sugars has been explored.
Furano-type carbohydrates afforded with good yields the corresponding open-chain vinyl sulfides, whereas pyrano derivatives produced
elimination compounds together with the expected vinyl sulfides, depending on the nature of the protective groups.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Carbohydrate-derived open-chain vinyl sulfides have been
recognized as useful intermediates for the synthesis of
diverse carbohydrate mimics or derivatives.1 – 5 Since vinyl
sulfides can easily be converted into other interesting
functionalities and/or selectively activated with various
electrophiles,6 formation of such carbohydrate building
blocks appeared essential to be studied. Carbohydrate-based
vinyl sulfides have previously been prepared using diverse
methodologies including Vasella’s fragmentation reaction,1

Grignard reagent-induced Grob-type fragmentation2 or
various eliminative methodologies.7 Whereas the Wittig
reaction applied to reducing sugars has been routinely used
in glycochemistry,8 only a limited number of examples
involving thiofunctionalized phosphoranylidene reagents
have been reported.5 We have therefore explored the
applicability of the Wittig reaction to produce various
vinyl sulfides in different carbohydrate series.

2. Results and discussion

A range of protected reducing sugars were prepared

from commercially available precursors and reacted with
phosphoranes 1 and 2 generated in situ, from their
respective phosphonium salts precursors using n-butyl-
lithium in anhydrous THF. The results for these Wittig
condensations (Scheme 1) on lactols under standard
conditions (THF, room temperature) are summarized in
Table 1.

As a first observation, it appeared that pyrano- or furano-
lactols containing one or more extra free hydroxyl groups—
as for 4,6-O-benzylidene-D-glucopyranose or 2,3-O-iso-
propylidene-D-ribose—did not react correctly with either
ylide 1 or 2 under standard conditions and applying heat to
the reactions only resulted in complex mixtures of products.
In contrast, Table 1 shows that lactols 3a–f can react
smoothly at room temperature with both ylides to deliver
4a– f with good to excellent yields in the form of E/Z
isomeric mixtures. Among the above lactols, only 3a
produced a small amount of a mixture of conjugated dienes
7a resulting from base-induced a,b-elimination close to the
anomeric group prior to Wittig reaction9 (entry a, R¼Ph).
Due to the high complexity of their NMR spectra, all
mixtures of such isomeric dienes further evocated in this
paper were only characterized using HRMS.

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.040
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Scheme 1. Standard Wittig reaction and elimination side-reaction.
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The apparent lack of coherence in Z/E selectivity observed
during this process is usual for reactions of phosphoranyl-
idene reagents with chiral lactols. Some authors have shown
the influence of hydrogen bonding between the free
hydroxyl group and the oxaphosphetane intermediate
obtained from a stabilized phosphorane.10

In the case of compound 3c, the Wittig reaction proved to be
applicable in the presence of a pivaloyl protecting group to
afford 4c or 5c in reasonable yield while also producing
appreciable amounts of the de-acylated compounds 8 and
9—isolated and characterized as their respective di-O-
acetyl derivatives 10 and 11—and of the bis-pivaloates 12
and 13 resulting from transesterification processes. Appli-
cation of catalytic basic conditions (NaH 0.1 equiv., THF,
RT, 5 h) to the vinyl sulfide 4c also led to the formation of 8
and 12 (Scheme 2).

In some cases, direct purification was not effective, as with
compound 5e which could not be obtained exempt from
triphenylphosphine oxide contamination. A subsequent
acetylation (intermediate 14)/deacetylation two-step
sequence had to be applied to afford pure 5e in excellent
yield.

Considering all the results obtained, it clearly appeared that
within the furano-lactol series, whatever the protecting
group, the Wittig reaction was quite efficient. In only one
case, a small amount of elimination product was obtained.
In contrast, with pyrano derivatives, the condensation
seemed to be much more complex. 2-Deoxy pyranoses 3g
and 3h appeared more prone to elimination: 3,4,6-tri-O-
benzyl-2-deoxy-D-glucopyranose 3g quantitatively
furnished mixtures of the elimination products 6g or 7g,
whereas 4,5-O-isopropylidene-D-ribopyranose 3h led to
mixtures of the expected vinyl sulfides 4h or 5h and
elimination products 6h or 7h. All our attempts to obtain 4g
under modified conditions were unsuccessful: either pre-
treatment of lactols by n-butyllithium in THF11 or addition
of tributyltin chloride12 to the reaction mixture failed to
prevent elimination.

A similar outcome was obtained when starting from 2,3,4,6-
tetra-O-benzyl-D-glucopyranose or 2,3,4,6-tetra-O-benzyl-
D-mannopyranose, which are known for their low reactivity
and their ability to eliminate or epimerize under such Wittig
conditions.9

From the above results, it can be seen that furano-lactols

Table 1.

Entry Reducing sugar 3 Vinyl sulfides 4, R¼Me 5,
R¼Ph Yield (%)

4, R¼Me 5, R¼Ph E/Z
ratio

6, R¼Me 7,
R¼Ph Yield

(%)

a 96 77 .95/5 85/15 — 6

b 86 94 57/43 17/83 — —

c 64a 57b 45/55 20/80 — —

d 92 86 81/19 41/59 — —

e 98 87c 4/96 13/87 — —

f 75 71 19/81 5/95 — —

g — — — — — 96 95

h 64 62 75/25 40/60 23 18

a 23% of the 5,6-diol resulting from de-O-pivaloylation was also isolated as its diacetate derivative 10.
b 28% of the 5,6-diol resulting from de-O-pivaloylation was also isolated as its diacetate derivative 11.
c Yield including acetylation and deacetylation steps.
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constitute suitable substrates for the thio-functionalized
phosphoranylidene-type Wittig reaction when no free
hydroxyl is present. In the case of pyrano-lactols, protecting
groups are critical to favor the Wittig reaction. To avoid the
elimination process with alkoxy groups such as O-benzyl,
cyclic ketals such as O-isopropylidene might be used and
are less detrimental to the Wittig reaction.

Vinyl sulfides are a functional class which has offered
substantial applications in organic synthesis.6 Deliberately
stepping aside from standard solvolytic type C – S
cleavages, which have previously been explored,4,5a,13,14

we have undertaken a preliminary exploration of the ability
of our multi-chiral vinyl sulfides to undergo regio- and
stereoselective ring-closure: ring-formation via endo- or
exo-cyclisation pathways can be achieved selectively,
depending on the reaction conditions (Scheme 3). The E/Z
mixtures of isomers should be considered in ring closing
reactions, as E or Z isomers could produce opposite results
in the stereochemical outcome.15

exo-Type cyclisations are under current development using
a somewhat simple two-step procedure: oxidation of the
sulfide moiety into sulfone—or another electron-withdraw-
ing thio-function—followed by base-promoted intra-
molecular Michael addition led to exo-products.16 This

work opening a stereoselective access to novel thio-
functionalized C-glycosides will shortly be published.17

Various methodologies have been explored to perform
endo-type cyclisation of the above vinyl sulfides: NBS-
induced ring closure inspired by the pioneering work of
Gallucci et al.18 gave promising results which are being
currently developed in the laboratory.19 Osmium tetroxide
assisted cyclisation has also been investigated: as an
illustration, treatment of vinyl sulfide 4a by a catalytic
amount of OsO4 using N-methyl morpholine as co-oxidant
led to the diastereoselective formation of a-hydroxy lactols
15 which were characterized as their isopropylidene
derivatives 16 and 17 (Scheme 4).20 To our knowledge,
this constitutes the first report on the osmylation of a vinyl
sulfide derivative.

In order to clarify the mechanism of this process, the
reaction medium was quenched and processed before
completion. 1H NMR spectroscopy of the crude allowed
indirect follow-up of the reaction pathway.

At the early stage of the process, vinyl sulfone 18 was
formed through the transient vinyl sulfoxide 19.21 This
oxidative process was in competition with the fast direct
osmylation of vinyl sulfide 4a leading to a mixture of a- and

Scheme 2. Application to a 5-O-pivaloylated sugar.

Scheme 3. Regioselective ring closures of the vinyl sulfides.
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b-lactols 15. After 4 h reaction, 15 and 18 were the two sole
components of the reaction mixture (4:6 ratio). In a second
stage, the consumption of 18 was concomitant with the
formation of lactols 15. The kinetic of this transformation
was quite slow due to electron deficiency of the double bond
in sulfone 18. After few days, lactols 15 had become
essentially the sole product. With a view to better
categorizing the process, osmium tetroxide oxidation was
separately performed on vinyl sulfoxide 19 and vinyl
sulfone 18, which both similarly gave lactol 15 in a nearly
quantitative yield. This led us to suggest the following
mechanism for this oxidative ring-closing process
(Scheme 5).

After the first oxidation stages, the resulting unstable O,S-
hemiketal rearranged into the corresponding aldehyde,
which is the tautomeric form of lactol 15. Stereoselectivity
of the reaction is therefore attributed to the osmylation step
and is in complete agreement with Kishi’s empirical rule for
dihydroxylation of allylic alcohol derivatives.22

3. Conclusions

The synthesis of open-chain g-hydroxy vinyl sulfides can
efficiently be performed by treating suitably protected
furano- or pyrano-lactols by thiofunctionalized phosphor-
anylidene reagents. The results for this Wittig reaction are
more contrasted in the case of pyrano-lactols, depending on
the protective groups.

Preliminary experiments allow to spot out the above vinyl
sulfides as promising intermediates for the elaboration of
stereoselectively functionalized carbohydrate mimics, and
in particular new and selectively protected lactols.

4. Experimental

4.1. General methods

Melting points were determined on a Köfler hot-stage

Scheme 4. Osmylation of vinyl sulfide 4a.

Scheme 5. Proposed mechanism for the osmylation of vinyl sulfide 4a.
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apparatus and are uncorrected. 1H and 13C NMR spectra
were recorded on a Bruker Avance DPX250 at 250 and
62.89 MHz, respectively. The chemical shifts (d) are
reported in ppm downfield from TMS as the internal
standard. Coupling constants (J) are reported in Hz. Specific
rotations were measured at 20 8C using a Perkin–Elmer
polarimeter 141. HR-ESI-TOF-mass spectra were recorded
on a Micromass LC TOF spectrometer. Evaporation was
conducted in vacuo with a Büchi rotary evaporator.
Analytical TLC was carried out on precoated silica gel
60F-254 plates (E. Merck) and spots were detected by UV
light (254 nm) and by heat treatment with a 10:85:5 mixture
of sulfuric acid, ethanol and water. Flash column chroma-
tography was performed on Kieselgel 60 (230–400 mesh)
silica gel (E. Merck). Methylthiomethyl triphenylphos-
phonium chloride was prepared from methylthiomethyl
chloride.23 Phenylthiomethyl triphenylphosphonium
chloride was purchased from Lancaster.

4.2. Chemical procedure

4.2.1. General method for the synthesis of vinyl sulfides.
A 1.6 M n-butyllithium solution in hexanes (2.19 mL,
3.5 mmol) was added slowly to an ice-cold suspension of
3.5 mmol methylthiomethyl or phenylthiomethyl triphenyl-
phosphonium chloride in 10 mL dry THF. After 30 min
stirring at room temperature, 1 mmol lactol was added.
Non-solid lactols were solubilized in a small volume of dry
THF prior to addition. The solution was stored at room
temperature for 48 h, quenched with water (10 mL),
extracted (3£10 mL ethyl acetate) then dried over MgSO4.
Evaporation of the solvents gave a brownish solid which
was purified by flash column chromatography.

4.2.2. 1-(E )-3,4,6-Tri-O-benzyl-1,2-dideoxy-1-
methylthio-D-arabino-hex-1-enitol (4a). Prepared from
commercial 2,3,5-tri-O-benzyl-D-arabinofuranose 3a.
Eluent: petroleum ether–ethyl acetate 85:15; yellow oil;
[a]D¼þ30 (c 1.0, CHCl3). 1H NMR (CDCl3): d 2.20 (s, 3H,
MeS), 3.54–3.62 (m, 3H, H-4, H-6a, H-6b), 4.01 (m, 1H,
H-5), 4.11 (dd, 1H, J2 – 3¼8.1 Hz, J3 – 4¼3.9 Hz, H-3), 4.34
(d, 1H, Jgem¼11.9 Hz, CH2Ph), 4.47–4.65 (m, 5H, CH2Ph),
5.43 (dd, 1H, J1 – 2¼15.3 Hz, H-2), 6.28 (d, 1H, H-1), 7.22–
7.37 (m, 15H, HAr).

13C NMR: d 14.8 (MeS), 70.8 (C-5 and
CH2Ph), 71.4 (C-6), 73.8, 74.6 (CH2Ph), 80.2 (C-3), 81.4
(C-4), 121.5 (C-1), 130.4 (C-2), 128.2, 128.3, 128.5, 128.6,
128.8, 128.9, 138.4, 138.5, 138.6 (CAr). HRMS: C28H32O4S
calcd. 464.2021; found 464.2032.

4.2.3. 3,4,6-Tri-O-benzyl-1,2-dideoxy-1-phenylthio-D-
arabino-hex-1-enitols (5a). Prepared from commercial
2,3,5-tri-O-benzyl-D-arabinofuranose 3a. Eluent: petroleum
ether–ethyl acetate 85:15; colorless oil. 1H NMR (CDCl3):
E isomer: d 2.73–2.83 (m, 1H, OH), 3.54–3.62 (m, 3H,
H-4, H-6a, H-6b), 4.01 (m, 1H, H-5), 4.16 (ddd, 1H,
J1 – 3¼0.6 Hz, J2 – 3¼7.5 Hz, J3 – 4¼3.5 Hz, H-3), 4.34 and
4.63 (2d, 2H, Jgem¼11.2 Hz, CH2Ph), 4.48 (s, 2H, CH2Ph),
4.52 and 4.58 (2d, 2H, Jgem¼11.4 Hz, CH2Ph), 5.84 (dd, 1H,
J1 – 2¼15.4 Hz, H-2), 6.42 (dd, 1H, H-1), 7.22–7.47 (m,
20H, HAr); Z isomer: d 2.96 (m, 1H, OH), 3.54–3.62 (m,
2H, H-6a, H-6b), 3.69 (dd, 1H, J3 – 4¼3.8 Hz, J4 – 5¼6.6 Hz,
H-4), 4.01 (m, 1H, H-5), 4.35–4.78 (m, 7H, H-3,
3£CH2Ph), 5.95 (dd, 1H, J1 – 2¼9.7 Hz, J2 – 3¼9.7 Hz,

H-2), 6.50 (dd, 1H, J1 – 3¼0.6 Hz, H-1), 7.22–7.47 (m,
20H, HAr).

13C NMR: E isomer: d 70.3 (C-5), 70.9 (CH2Ph),
71.0 (C-6), 73.4, 74.3 (CH2Ph), 79.4 (C-3), 80.7 (C-4),
128.0 (C-1), 128.5 (C-2), 127.2, 127.7, 127.9, 128.0, 128.2,
128.3, 128.4, 128.5, 128.6, 134.4, 137.8, 138.1 (CAr); Z
isomer (selected peaks): d 70.7 (C-5), 71.1 (CH2Ph), 71.2
(C-6), 73.4, 74.1 (CH2Ph), 75.9 (C-3), 80.4 (C-4). HRMS:
C33H34O4S calcd. 526.2178; found 526.2183.

4.2.4. 1,2-Dideoxy-3,4-O-isopropylidene-1-methylthio-6-
O-trityl-D-ribo-hex-1-enitols (4b). Prepared from 2,3-O-
isopropylidene-5-O-trityl-D-ribofuranose 3b.24 Eluent:
petroleum ether–ethyl acetate 90:10; colorless oil. 1H
NMR (CDCl3): E isomer: d 1.32 (s, 6H, Me2C), 2.17 (s,
3H, SMe), 2.64 (m, 1H, OH), 3.25–3.42 (m, 2H, H-6a,
H-6b), 3.68–3.85 (m, 1H, H-5), 4.03–4.24 (m, 1H, H-4),
4.71 (dd, 1H, J2 – 3¼7.8 Hz, J3 – 4¼6.7 Hz, H-3), 5.47 (dd,
1H, J1 – 2¼14.9 Hz, H-2), 6.35 (dd, 1H, H-1), 7.12–7.52 (m,
5H, HAr); Z isomer: d 1.32, 1.35 (2s, 2£3H, Me2C), 2.17 (s,
3H, SMe), 2.64 (m, 1H, OH), 3.25–3.42 (m, 2H, H-6a,
H-6b), 3.68–3.85 (m, 1H, H-5), 4.03–4.24 (m, 1H, H-4),
5.06 (dd, 1H, J2 – 3¼9.2 Hz, J3 – 4¼6.4 Hz, H-3), 5.61 (dd,
1H, J1 – 2¼9.4 Hz, H-2), 6.16 (dd, 1H, H-1), 7.12–7.52 (m,
5H, HAr). 13C NMR: E isomer: d 14.4 (MeS), 25.3, 27.8
(2pMe), 65.1 (C-6), 69.2 (C-5), 77.9 (C-4), 78.6 (C-3), 86.7
(CPh3), 108.4 (CIV-iPrd), 120.0 (C-2), 127.0, 127.8, 128.6
(CAr), 129.2 (C-1), 143.8 (CAr); Z isomer: d 17.4 (MeS),
25.3, 27.7 (2pMe), 65.1 (C-6), 69.8 (C-5), 74.7 (C-3), 77.8
(C-4), 86.6 (CPh3), 108.6 (CIV-iPrd), 123.6 (C-2), 127.0,
127.8, 128.6 (CAr), 131.9 (C-1), 143.8 (CAr). HRMS:
C29H32O4S calcd 476.2021; found 476.2013.

4.2.5. 1,2-Dideoxy-3,4-O-isopropylidene-1-phenylthio-6-
O-trityl-D-ribo-hex-1-enitols (5b). Prepared from 2,3-O-
isopropylidene-5-O-trityl-D-ribofuranose 3b.24 Eluent:
petroleum ether–ethyl acetate 90:10; colorless oil. 1H
NMR (CDCl3): E isomer: d 1.33, 1.36 (2s, 2£3H, Me2C),
2.50 (m, 1H, OH), 3.32–3.37 (m, 2H, H-6a, H-6b), 3.62–
3.75 (m, 1H, H-5), 4.14 (dd, 1H, J3 – 4¼8.7 Hz,
J4 – 5¼6.3 Hz, H-4), 4.74 (dd, 1H, J2 – 3¼7.0 Hz, H-3), 5.92
(dd, 1H, J1 – 2¼15.1 Hz, H-2), 6.49 (dd, 1H, H1); Z isomer: d
1.36, 1.37 (2s, 2£3H, Me2C), 2.34 (m, 1H, OH), 3.32–3.37
(m, 2H, H-6a, H-6b), 3.72–3.85 (m, 1H, H-5), 4.24 (dd, 1H,
J3 – 4¼8.1 Hz, J4 – 5¼6.5 Hz, H-4), 5.20 (dd, 1H,
J2 – 3¼8.7 Hz, H-3), 5.83 (dd, 1H, J1 – 2¼9.3 Hz, H-2), 6.45
(dd, 1H, H-1), 7.22–7.37 (m, 15H, HAr).

13C NMR: E
isomer (selected peaks): d 21.6, 27.9 (2pMe), 65.2 (C-6),
69.3 (C-5), 78.1 (C-4), 78.4 (C-3), 86.9 (CPh3), 109.0 (CIV-
iPrd), 125.4 (C-2), 130.0 (C-1); Z isomer (selected peaks): d
25.5, 27.9 (2pMe), 65.0 (C-6), 69.9 (C-5), 75.0 (C-3), 78.1
(C-4), 86.9 (CPh3), 109.0 (CIV-iPrd), 126.9 (C-2), 128.5
(C-1). HRMS: C34H34O4S calcd 538.2178; found 538.2190.

4.2.6. 1,2-Dideoxy-3,4-O-isopropylidene-1-methylthio-6-
O-pivaloyl-D-ribo-hex-1-enitols (4c). Reaction of 2,3-O-
isopropylidene-5-O-pivaloyl-D-ribofuranose 3c25 with
phosphorane 1 afforded a mixture of 4c, a de-O-acylated
compound 8 and its di-O-pivaloylated derivative 12 that
could easily be separated using standard flash column
chromatography. Due to its contamination with reaction
side-products including triphenylphosphine oxide, 8 could
not be satisfactorily characterized: it was therefore,
peracetylated under standard procedure to give pure 10.
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Vinyl sulfide 4c. Eluent: petroleum ether–ethyl acetate
80:20; yellowish oil. 1H NMR (CDCl3): E isomer: d 1.24 (s,
9H, Me3C), 1.36, 1.47 (2s, 2£3H, Me2C), 2.33 (m, 1H, OH),
2.29 (s, 3H, SMe), 3.75–3.92 (m, 1H, H-5), 4.01–4.21 (m,
3H, H-6b, H-5, H-4), 4.30–4.43 (m, 1H, H-6a), 5.08 (ddd,
1H, J2 – 3¼8.8 Hz, J3 – 4¼6.0 Hz, J1 – 3¼0.9 Hz, H-3), 5.70
(dd, 1H, J1 – 2¼15.1 Hz, H-2), 6.35 (dd, 1H, H-1); Z isomer:
d 1.23 (s, 9H, Me3C), 1.37, 1.47 (2s, 2£3H, Me2C), 2.33 (m,
1H, OH), 2.31 (s, 1H, SMe), 3.75–3.92 (m, 1H, H-5), 4.01–
4.21 (m, 3H, H-6b, H-5, H-4), 4.30–4.43 (m, 1H, H-6a),
4.76 (ddd, 1H, J2 – 3¼7.3 Hz, J3 – 4¼6.0 Hz, J1 – 3¼1.0 Hz,
H-3), 5.51 (dd, 1H, J1 – 2¼15.1 Hz, H-2), 6.35 (dd, 1H, H-1).
13C NMR: E isomer: d 14.7 (MeS), 25.4, 27.8 (2pMe), 27.3
(Me3C), 39.0 (CMe3), 66.7 (C-6), 69.5 (C-5), 77.4 (C-4),
78.6 (C-3), 109.2 (CIV-iPrd), 119.7 (C-2), 132.6 (C-1),
179.2 (CO); Z isomer: d 17.6 (MeS), 25.4, 27.8 (2pMe), 27.3
(Me3C), 39.0 (CMe3), 65.5 (C-6), 69.1 (C-5), 74.7 (C-3),
77.7 (C-4), 108.9 (CIV-iPrd), 123.4 (C-2), 130.2 (C-1),
179.0 (CO). HRMS: C15H26O5S calcd 318.1501; found
318.1497.

4.2.7. 5,6-Di-O-acetyl-1,2-dideoxy-3,4-O-isopropylidene-
1-methylthio-D-ribo-hex-1-enitols (10). Obtained from
acetylation of raw 8. Eluent: petroleum ether–ethyl acetate
90:10; yellow oil. 1H NMR (CDCl3): E isomer: d 1.37, 1.48
(2s, 2£3H, Me2C), 2.02, 2.06 (2s, 2£3H, CH3CO), 2.23 (s,
3H, SMe), 4.04–4.16 (m, 1H, H-6b), 4.25 (dd, 1H,
J3 – 4¼9.0 Hz, J4 – 5¼6.4 Hz, H-4), 4.47–4.62 (m, 1H,
H-6a), 4.75 (ddd, 1H, J2 – 3¼8.2 Hz, J3 – 4¼6.1 Hz,
J1 – 3¼0.9 Hz, H-3), 4.95–5.13 (m, 1H, H-5), 5.25 (dd,
1H, J1 – 2¼14.7 Hz, H-2), 6.43 (dd, 1H, H-1); Z isomer: d
1.39, 1.48 (2s, 2£3H, Me2C), 2.02, 2.06 (2s, 2£3H,
CH3CO), 2.29 (s, 3H, SMe), 4.04–4.16 (m, 1H, H-6b),
4.30 (dd, 1H, J3 – 4¼8.3 Hz, J4 – 5¼6.4 Hz, H-4), 4.47–4.62
(m, 1H, H-6a), 4.95–5.13 (m, 2H, H-3, H-5), 5.56 (dd, 1H,
J1 – 2¼9.8 Hz, H-2), 6.20 (dd, 1H, H-1). 13C NMR: E isomer:
d 14.1 (MeS), 20.8, 21.1 (CH3CO), 25.1, 27.6 (2pMe), 63.3
(C-6), 69.3 (C-5), 75.4 (C-4), 81.6 (C-3), 109.0 (CIV-iPrd),
122.8 (C-1), 130.9 (C-2), 169.9, 170.8 (CO); Z isomer: d
17.5 (MeS), 20.8, 20.9 (CH3CO), 25.2, 27.6 (2pMe), 63.3
(C-6), 69.7 (C-5), 74.5 (C-3), 75.3 (C-4), 109.2 (CIV-iPrd),
117.8 (C-1), 132.4 (C-2), 170.0, 170.8 (CO). HRMS:
C14H22O6S calcd 318.1137; found 318.1124.

4.2.8. 1,2-Dideoxy-3,4-O-isopropylidene-1-methylthio-
5,6-di-O-pivaloyl-D-ribo-hex-1-enitols (12). Eluent:
petroleum ether–ethyl acetate 85:15; yellow oil. 1H NMR
(CDCl3): E isomer: d 1.16 (s, 9H, Me3C), 1.20 (s, 9H,
Me3C), 1.25 (s, 3H, Me2C), 1.36 (s, 3H, Me2C), 2.23 (s, 3H,
SMe), 4.09 (dd, 1H, J6a – 6b¼12.3 Hz, J5 – 6b¼5.1 Hz, H-6b),
4.27 (dd, 1H, J4 – 5¼9.4 Hz, J3 – 4¼6.3 Hz, H-4), 4.51 (dd,
1H, J5 – 6a¼2.2 Hz, H-6a), 4.70 (ddd, J2 – 3¼8.4 Hz,
J1 – 3¼0.6 Hz, H-3), 5.01–5.17 (m, 1H, H-5), 5.25 (dd,
1H, J1 – 2¼15.0 Hz, H-2), 6.39 (dd, 1H, H-1); Z isomer: d
1.17 (s, 9H, Me3C), 1.20 (s, 9H, Me3C), 1.38 (s, 3H, Me2C),
1.48 (s, 3H, Me2C), 2.27 (s, 3H, SMe), 4.09 (dd, 1H,
J6a – 6b¼12.3 Hz, J5 – 6b¼5.1 Hz, H-6b), 4.28 (dd, 1H,
J2 – 3¼7.9 Hz, J3 – 4¼6.3 Hz, H-4), 4.37 (dd, 1H,
J5 – 6a¼2.3 Hz, H-6a), 5.01–5.17 (m, 2H, H-3, H-5), 5.57
(dd, 1H, J1 – 2¼9.7 Hz, J2 – 3¼8.8 Hz, H-2), 6.39 (dd, 1H,
H-1). 13C NMR (CDCl3): E isomer: d 14.2 (MeS), 25.3
(Me2C), 27.1 (2pMe3C), 27.8 (Me2C), 38.9 (2pMe3C), 63.8
(C-6), 68.1 (C-5), 75.6 (C-4), 78.8 (C-3), 109.0 (CIV-iPrd),

122.2 (C-1), 133.4 (C-2), 176.6, 177.0 (CO); Z isomer: d
17.6 (MeS), 25.2 (Me2C), 27.1 (2pMe3C), 27.8 (Me2C), 39.0
(2pMe3C), 63.5 (C-6), 69.6 (C-5), 74.3 (C-3), 75.5 (C-4),
109.1 (CIV-iPrd), 124.1 (C-1), 131.6 (C-2), 176.6, 177.0
(CO). HRMS: C20H34O6S calcd 402.2076; found 402.2068.

4.2.9. 1,2-Dideoxy-3,4-O-isopropylidene-1-phenylthio-6-
O-pivaloyl-D-ribo-hex-1-enitols (5c). Reaction of 2,3-O-
isopropylidene-5-O-pivaloyl-D-ribofuranose 3c25 with
phosphorane 2 afforded a mixture of 5c, a de-O-acylated
compound 9 and its di-O-pivaloylated derivative 13 that
could easily be separated using standard flash column
chromatography. Due to its contamination with reaction
side-products including triphenylphosphine oxide, 9 could
not be satisfactorily characterized: it was therefore
peracetylated under standard procedure to give pure 11.

Vinyl sulfide 5c. Eluent: petroleum ether–ethyl acetate
80:20; yellowish oil. 1H NMR (CDCl3): E isomer: 1.23 (s,
9H, Me3C), 1.35, 1.46 (2s, 2£3H, Me2C), 2.37 (m, 1H, OH),
3.77–3.95 (m, 1H, H-5), 4.02–4.24 (m, 3H, H-4, H-5,
H-6b), 4.33–4.42 (m, 1H, H-6a), 4.78 (dd, 1H, J2 – 3¼
J3 – 4¼6.6 Hz, H-3), 5.92 (dd, 1H, J1 – 2¼14.9 Hz, H-2), 6.57
(dd, 1H, H-1), 7.18–7.42 (m, 5H, HAr); Z isomer: d 1.23 (s,
9H, Me3C), 1.39, 1.50 (2s, 2£3H, Me2C), 2.37 (m, 1H, OH),
3.75–3.92 (m, 1H, H-5), 4.12–4.21 (m, 3H, H-4, H-5,
H-6b), 4.30–4.43 (m, 1H, H-6a), 5.23 (dd, 1H, J2 – 3¼
J3 – 4¼7.7 Hz, H-3), 5.91 (dd, 1H, J1 – 2¼9.6 Hz, H-2), 6.52
(dd, 1H, H-1), 7.18–7.42 (m, 5H, HAr). 13C NMR: E
isomer: d 25.4, 27.9 (2pMe), 27.3 (Me3C), 66.9 (C-6), 69.0
(C-5), 77.6 (C-3), 77.8 (C-4), 109.2 (CIV-iPrd), 127.1 (CAr),
127.2 (C-1), 127.7 (C-2), 129.2, 130.2, 134.6 (CAr), 179.1
(CO); Z isomer: d 25.4, 27.9 (2pMe), 27.3 (Me3C), 66.7
(C-6), 69.5 (C-5), 74.8 (C-3), 78.1 (C-4), 109.3 (CIV-iPrd),
126.7 (C-1), 129.1 (C-2), 127.1, 129.2, 129.8, 135.3 (CAr),
179.1 (CO). HRMS: C20H28O5S calcd 380.1657; found
380.1670.

4.2.10. 5,6-Di-O-acetyl-1,2-dideoxy-3,4-O-isopropyl-
idene-1-phenylthio-D-ribo-hex-1-enitols (11). Obtained
from acetylation of raw 9. Eluent: petroleum ether–ethyl
acetate 90:10; yellow oil. 1H NMR (CDCl3): E isomer: d
1.37, 1.47 (2s, 2£3H, Me2C), 2.03, 2.07 (2s, 2£3H,
CH3CO), 4.11 (dd, 1H, J6a – 6b¼12.4 Hz, J5 – 6b¼4.9 Hz,
H-6b), 4.27 (dd, 1H, J3 – 4¼8.9 Hz, J4 – 5¼6.2 Hz, H-4), 4.55
(dd, 1H, J5 – 6a¼2.6 Hz, H-6a), 4.75 (ddd, 1H,
J2 – 3¼7.25 Hz, J1 – 3¼1.1 Hz, H-3), 4.95 (ddd, 1H, H-5),
5.66 (dd, 1H, J1 – 2¼15.2 Hz, H-2), 6.43 (dd, 1H, H-1),
7.20–7.47 (m, 5H, HAr); Z isomer: d 1.42, 1.51 (2s, 2£3H,
Me2C), 2.04, 2.08 (2s, 2£3H, CH3CO), 4.12 (dd, 1H,
J6a – 6b¼12.6 Hz, J5 – 6b¼5.8 Hz, H-6b), 4.35 (dd, 1H, J3 – 4¼
8.5 Hz, J4 – 5¼6.2 Hz, H-4), 4.56 (dd, 1H, J5 – 6a¼2.6 Hz,
H-6a), 5.04 (ddd, 1H, H-5), 5.19 (ddd, 1H, J2 – 3¼9.2 Hz,
J1 – 3¼0.9 Hz, H-3), 5.77 (dd, 1H, J1 – 2¼9.4 Hz, H-2), 6.46
(dd, 1H, H-1), 7.20–7.47 (m, 5H, HAr). 13C NMR (CDCl3):
E isomer: d 22.9, 23.0 (CH3CO), 27.3, 29.7 (2pMe), 65.0
(C-6), 71.4 (C-5), 77.4 (C-4), 79.9 (C-3), 111.3 (CIV-iPrd),
126.1 (C-1), 130.8 (C-2), 129.2, 131.3, 131.6, 137.0 (CAr),
171.7, 172.0 (CO); Z isomer: d 23.0, 23.2 (CH3CO), 27.4,
29.7 (2pMe), 65.3 (C-6), 71.7 (C-5), 76.6 (C-3), 77.4 (C-4),
111.5 (CIV-iPrd), 127.8 (C-1), 131.0 (C-2), 129.4, 131.3,
132.7, 138.9 (CAr), 171.7, 172.0 (CO). HRMS: C19H24O6S
calcd 380.1293; found 380.1301.
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4.2.11. 1,2-Dideoxy-3,4-O-isopropylidene-1-phenylthio-
5,6-di-O-pivaloyl-D-ribo-hex-1-enitols (13). Eluent:
petroleum ether–ethyl acetate 92:8; yellow oil. 1H NMR
(CDCl3): E isomer: d 1.17 (s, 9H, Me3C), 2.21 (s, 3H,
Me2C), 1.26 (s, 3H, Me2C), 1.37 (s, 3H, Me2C), 4.12 (dd,
1H, J6a – 6b¼12.2 Hz, J6a – 5¼5.3 Hz, H-6b), 4.27–4.38 (m,
1H, H-4), 4.45–4.57 (m, 1H, H-6a), 4.71 (dd, 1H,
J2 – 3¼7.5 Hz, J3 – 4¼6.3 Hz, H-3), 4.96–5.05 (m, 1H,
H-5), 5.66 (dd, 1H, J1 – 2¼14.9 Hz, H-2), 6.50 (d, 1H,
H-1), 7.20–7.48 (m, 5H, HAr); Z isomer: d 1.17 (s, 9H,
Me3C), 2.21 (s, 9H, Me2C), 1.41 (s, 3H, Me2C), 1.51 (s, 3H,
Me2C), 4.12 (dd, 1H, J6a – 6b¼12.2 Hz, J6a – 5¼5.3 Hz,
H-6b), 4.27–4.38 (m, 1H, H-4), 4.52 (dd, J6a – 5¼2.4 Hz,
H-6a), 5.15 (m, 2H, H-3, H-5), 5.78 (dd, 1H, J1 – 2¼9.6 Hz,
H-2), 6.45 (dd, 1H, J1 – 3¼0.6 Hz, H-1), 7.20–7.48 (m, 5H,
HAr). 13C NMR (CDCl3): E isomer: d 25.5 (Me2C), 27.2
(2pMe3C), 27.8 (Me2C), 38.9 (2pCMe3), 63.2 (C-6), 69.3
(C-5), 75.5 (C-4), 78.2 (C-3), 109.2 (CIV-iPrd), 124.5 (C-2),
127.4, 129.5, 130.1 (CAr), 129.5 (C-1), 134.2 (CAr); Z
isomer: d 25.5 (Me2C), 27.2 (2pMe3C), 27.8 (Me2C), 38.9
(2pCMe3), 63.5 (C-6), 69.5 (C-5), 74.3 (C-3), 75.7 (C-4),
109.4 (CIV-iPrd), 124.9 (C-2), 127.2, 129.3, 129.8 (CAr),
130.8 (C-1), 135.1 (CAr). HRMS: C25H36O6S calcd
464.2232; found 464.2221.

4.2.12. 1,2-Dideoxy-3,4,6,7-di-O-isopropylidene-1-
methylthio-D-manno-hept-1-enitols (4d). Prepared from
commercial 2,3:5,6-di-O-isopropylidene-D-mannofuranose
3d. Eluent: petroleum ether–ethyl acetate 85:15; yellowish
oil. 1H NMR (CDCl3): E isomer: d 1.35, 1.40, 1.52 (3s,
4£3H, Me2C), 2.22 (d, 1H, OH, JOH-5¼7.4 Hz), 2.29 (s, 3H,
SMe), 3.45 (ddd, 1H, J5 – 6¼7.4 Hz, J4 – 5¼1.4 Hz, H-5),
3.95–4.12 (m, 3H, H-6, H-7a, H-7b), 4.34 (dd, 1H,
J3 – 4¼7.5 Hz, H-4), 4.78 (dd, 1H, J2 – 3¼8.5 Hz, H-3), 5.62
(dd, 1H, J1 – 2¼14.9 Hz, H-2), 6.47 (dd, 1H, H-1); Z isomer:
d 1.35, 1.40, 1.42, 1.53 (4s, 4£3H, Me2C), 2.13 (d, 1H, OH,
JOH-5¼7.4 Hz), 2.31 (s, 3H, SMe), 3.40 (ddd, 1H,
J5 – 6¼7.6 Hz, J4 – 5¼1.2 Hz, H-5), 3.95–4.12 (m, 3H, H-6,
H-7a, H-7b), 4.44 (dd, 1H, J3 – 4¼7.5 Hz, H-4), 5,11 (ddd,
1H, J2 – 3¼8.7 Hz, J1 – 3¼0.9 Hz, H-3), 5.83 (dd, 1H,
J1 – 2¼9.6 Hz, H-2), 6.22 (dd, 1H, H-1). 13C NMR: E
isomer: d 14.4 (MeS), 24.5, 25.3, 26.7, 26.9 (4pMe), 67.1
(C-7), 70.7 (C-5), 76.2 (C-6), 76.2 (C-4), 79.2 (C-3), 108.2,
109.4 (2pCIV-iPrd), 119.4 (C-2), 132.4 (C-1); Z isomer: 17.5
(MeS), 24.4, 25.4, 26.6, 26.9 (4pMe), 66.8 (C-7), 70.4 (C-5),
74.7 (C-3), 76.1 (C-6), 76.6 (C-4), 108.6, 109.3 (2pCIV-
iPrd), 124.7 (C-2), 131.5 (C-1). HRMS: C14H24O5S calcd
304.1344; found 304.1349.

4.2.13. 1,2-Dideoxy-3,4,6,7-di-O-isopropylidene-1-phe-
nylthio-D-manno-hept-1-enitols (5d). Prepared from com-
mercial 2,3:5,6-di-O-isopropylidene-D-mannofuranose 3d.
Eluent: petroleum ether–ethyl acetate 85:15; yellow oil. 1H
NMR (CDCl3): E isomer: d 1.35, 1.40, 1.51 (3s, 4£3H,
Me2C), 2.14 (d, 1H, OH, JOH-5¼7.7 Hz), 3.45 (ddd, 1H,
J5 – 6¼7.7 Hz, J4 – 5¼1.5 Hz, H-5), 3.95–4.15 (m, 3H, H-6,
H-7a, H-7b), 4.36 (dd, 1H, J3 – 4¼7.3 Hz, H-4), 4.78 (dd, 1H,
J2 – 3¼8.3 Hz, H-3), 6.02 (dd, 1H, J1 – 2¼15.1 Hz, H-2), 6.57
(dd, 1H, H-1); 7.20–7.41 (m, 5H, HAr); Z isomer: d 1.36),
1.42, 1.44, 1.55 (4s, 4£3H, Me2C), 2.18 (d, 1H, OH,
JOH-5¼7.7 Hz), 3.44 (ddd, 1H, J5 – 6¼7.7 Hz, J4 – 5¼0.8 Hz,
H-5), 3.97–4.15 (m, 3H, H-6, H-7a, H-7b), 4.51 (dd, 1H,
J3 – 4¼7.7 Hz, H-4), 5.24 (ddd, 1H, J2 – 3¼7.8 Hz,

J3 – 4¼7.7 Hz, H-3), 6.07 (dd, 1H, J1 – 2¼9.5 Hz, H-2), 6.49
(dd, 1H, H-1); 7.20–7.41 (m, 5H, HAr). 13C NMR: E
isomer: d 24.4, 25.5, 26.7, 27.1 (4pMe), 67.0 (C-7), 70.6
(C-5), 74.7 (C-3), 76.2 (C-6), 76.5 (C-4), 108.9, 109.5
(2pCIV-iPrd), 127.2 (C-2), 128.1 (CAr), 128.2 (C-1), 129.3,
129.6, 135.0 (CAr),; Z isomer: d 24.6, 25.4, 26.8, 26.9
(4pMe), 67.2 (C-7), 70.7 (C-5), 76.2 (C-6), 76.9 (C-4), 78.6
(C-3), 108.7, 109.5 (2pCIV-iPrd), 126.5 (C-2), 130.4 (C-1),
127.4, 129.3, 130.6, 134.4 (CAr). HRMS: C19H26O5S calcd
366.1501; found 366.1511.

4.2.14. 1,2-Dideoxy-3,4,5,7-di-O-isopropylidene-1-
methylthio-D-manno-hept-1-enitols (4e). Prepared from
2,3:4,6-di-O-isopropylidene-D-mannopyranose 3e.26 Eluent:
petroleum ether–ethyl acetate 85:15; yellow oil. 1H NMR
(CDCl3): E isomer: d 1.38, 1.42, 1.48, 1.53 (4s, 4£3H, Me2C),
2.27 (s, 3H, SMe), 3.52–3.69 (m, 2H, H-5, H-7b), 3.85–3.98
(m, 2H, H-6, H-7a), 4.39 (dd, 1H, J3–4¼7.0 Hz, J4–5¼1.3 Hz,
H-4), 4.79 (dd, 1H, J2–3¼6.7 Hz, H-3), 5.76 (dd, 1H,
J1–2¼14.9 Hz, H-2), 6.17 (dd, 1H, H-1); Z isomer: d 1.39,
1.40, 1.42, 1.53 (4s, 4£3H, Me2C), 2.31 (s, 3H, SMe), 2.92–
3.05 (m, 1H, OH), 3.43 (dd, 1H, J5–6¼8.9 Hz, J4–5¼1.5 Hz,
H-5), 3.55–3.67 (m, 1H, H-7b), 3.78–3.93 (m, 2H, H-6,
H-7a), 4.48 (dd, 1H, J3–4¼7.2 Hz, H-4), 5.12 (ddd, 1H,
J2–3¼7.7 Hz, J1–3¼1.3 Hz, H-3,), 5.76 (dd, 1H,
J1–2¼9.8 Hz, H-2), 6.17 (dd, 1H, H-1). 13C NMR: d E
isomer: 14.3 (MeS), 21.1, 26.0, 26.4, 28.6 (4pMe), 60.5 (C-7),
62.7 (C-6), 73.0 (C-5), 75.7 (C-4), 79.0 (C-3), 98.6, 109.3
(2pCIV-iPrd), 118.8 (C-2), 131.9 (C-1); Z isomer: d 17.5
(MeS), 19.2, 26.0, 26.4, 28.6 (4pMe), 62.8 (C-6), 64.9 (C-7),
73.0 (C-5), 74.7 (C-3), 75.1 (C-4), 98.6, 109.4 (2pCIV-iPrd),
124.5 (C-2), 130.9 (C-1). HRMS: C14H24O5S calcd 304.1344;
found 304.1331.

4.2.15. 1,2-Dideoxy-3,4,5,7-di-O-isopropylidene-1-
phenylthio-D-manno-hept-1-enitols (5e). Reaction of 3e
with phosphorane 2 afforded 5e contaminated with side-
products including triphenylphosphine oxide; the crude
mixture was first acetylated under standard procedure to
give pure 6-O-acetyl-1,2-dideoxy-3,4,5,7-di-O-isopropyl-
idene-1-phenylthio-D-manno-hept-1-enitols 14. Eluent:
petroleum ether–ethyl acetate 90:10; colorless oil. 1H
NMR (C6D6): E isomer: d 1.24 (s, 3H, Me2C), 1.29 (s,
3H, Me2C), 1.35 (s, 3H, Me2C), 1.60 (s, 3H, Me2C), 1.59 (s,
3H, CH3CO), 3.54 (dd, 1H, J7a – 7b¼12.0 Hz, J6 – 7b¼6.0 Hz,
H-7b), 3.70 (dd, 1H, J4 – 5¼1.3 Hz, J5 – 6¼8.5 Hz, H-5), 4.07
(dd, 1H, J6 – 7a¼4.5 Hz, H-7a), 4.19 (dd, 1H, J3 – 4¼7.2 Hz,
H-4), 4.59 (dd, 1H, J2 – 3¼7.9 Hz, H-3), 5.34 (ddd, 1H, H-6),
6.12 (dd, 1H, J1 – 2¼15.1 Hz, H-2), 6.32 (d, 1H, H-1), 7,22–
7,42 (m, 5H, HAr); Z isomer: d 1.23 (s, 3H, Me2C), 1.29 (s,
3H, Me2C), 1.30 (s, 3H, Me2C), 1.55 (s, 3H, Me2C), 1.59 (s,
3H, CH3CO), 3.50 (dd, 1H, J7a – 7b¼11.9 Hz, J6 – 7b¼6.2 Hz,
H-7b), 3.70 (dd, 1H, J4 – 5¼1.0 Hz, J5 – 6¼8.0 Hz, H-5), 4.02
(dd, 1H, J6 – 7a¼5.0 Hz, H-7a), 4.44 (dd, 1H, J3 – 4¼7.2 Hz,
H-4), 5.25 (ddd, 1H, H-6), 5.35 (dd, 1H, J2 – 3¼6.2 Hz, H-3),
6.09 (dd, 1H, J1 – 2¼9.5 Hz, H-2), 6.15 (d, 1H, H-1), 7,22–
7,42 (m, 5H, HAr). 13C NMR (C6D6): E isomer: d 20.5,
21.0, 26.1, 26.8 (Me2C), 62.4 (C-7), 68.0 (C-6), 70.2 (C-5),
76.9 (C-4), 78.6 (C-3), 99.7, 109.7 (CIV-iPrd), 127.36 (CAr),
125.0 (C-2), 126.3 (C-1), 129.5, 130.8, 132.4 (CAr), 169.5
(CO); Z isomer: d 20.5, 21.0, 26.7, 27.0 (Me2C), 62.4 (C-6),
67.6 (C-7), 70.3 (C-5), 75.2 (C-3), 76.4 (C-4), 99.6, 109.9
(CIV-iPrd), 126.1 (C-2), 127.1, 129.5, 129.6 (CAr), 129.9
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(C-1), 135.6 (CAr), 169.5 (CO). HRMS: C21H28O6S calcd
408.1606; found 408.1599.

A solution of 14 (409 mg, 1 mmol) in 5 mL methanol was
treated at RT by sodium methoxide (1 M in methanol,
50 mL, 0.05 equiv.). The reaction mixture was let to stand
for 4 h then quenched by silica gel and the solvent was
removed in vacuo. The residue was purified by flash column
chromatography (petroleum ether–ethyl acetate 70:30) to
afford a diastereomeric mixture of vinyl sulfides 5e
(348 mg, 95%). NMR spectra were recorded in C6D6 due
to the slow isomerisation in chloroform of 5e into the more
stable 5d through O-isopropylidene migration promoted by
traces of HCl in commercial CDCl3. 1H NMR (C6D6): E
isomer: d 1.23, 1.38, 1.65 (3s, 4£3H, Me2C), 2.01 (m, 1H,
OH), 3.43–3.54 (m, 2H, H-5, H-7b), 3.78 (dd, 1H,
J7a – 7b¼11.3 Hz, J6 – 7a¼5.5 Hz, H-7a), 3.85–3.90 (m, 1H,
H-6), 4.42 (dd, 1H, J4 – 5¼1.3 Hz, J3 – 4¼7.2 Hz, H-4), 4.61
(dd, 1H, J2 – 3¼J1 – 3¼7.5 Hz, H-3), 6.15 (dd, 1H,
J1 – 2¼15.1 Hz, H-2), 6.33 (d, 1H, H-2), 7.20–7.41 (m,
5H, HAr); Z isomer: d 1.27, 1.38, 1.46, 1.69 (4s, 4£3H,
Me2C), 2.50 (m, 1H, OH), 3.51–3.62 (m, 2H, H-5, H-7b),
3.87 (dd, 1H, J7a – 7b¼11.0 Hz, J6 – 7a¼5.2 Hz, H-7a), 3.96–
4.08 (m, 1H, H-6), 4.75 (dd, 1H, J4 – 5¼1.0 Hz, J3 – 4¼
7.5 Hz, H-4), 5.48 (ddd, 1H, J2 – 3¼7.7 Hz, J1 – 3¼1.2 Hz,
H-3), 6.13–6.25 (m, 2H, H-1, H-2), 7.20–7.41 (m, 5H,
HAr). 13C NMR: E isomer: d 19.2, 26.2, 26.9, 28.7 (4pMe),
63.3 (C-6), 65.2 (C-7), 73.3 (C-5), 76.3 (C-4), 78.8 (C-3),
98.8, 109.5 (2pCIV-iPrd), 127.9 (C-2), 128,3 (C-1), 127.3,
129.5, 130.7, 134.8 (CAr); Z isomer: d 19.2, 26.1, 26.9, 28.9
(4pMe), 63.2 (C-6), 65.3 (C-7), 73.6 (C-5), 75.4 (C-3), 76.1
(C-4), 98.7, 109.8 (2pCIV-iPrd), 126.1 (C-2), 130.0 (C-1),
127.0, 129.4, 129.6, 135.8 (CAr). HRMS: C19H26O5S calcd
366.1501; found 366.1498.

4.2.16. 1,2-Dideoxy-3,4,5,7-di-O-isopropylidene-1-
methylthio-D-gluco-hept-1-enitols (4f). Prepared from
2,3:4,6-di-O-isopropylidene-D-glucopyranose 3f.27 Eluent:
petroleum ether–ethyl acetate 90:10; yellow oil. 1H NMR
(CDCl3): E isomer: d 1.38–1.51 (m, 12H, 2Me2C), 2.27 (s,
3H, SMe), 3.55–3.68 (m, 2H, H-5, H-7b), 3.80–4.02 (m,
3H, H-4, H-6, H-7a), 4.62 (dd, 1H, J2 – 3¼9.0 Hz, J3 – 4¼
8.5 Hz, H-3), 5.33 (dd, 1H, J1 – 2¼14.9 Hz, H-2), 6.43 (dd,
1H, H-1); Z isomer: d 1.42, 1.44, 1.50 (3s, 4£3H, Me2C),
2.29 (s, 3H, MeS), 2.92 (m, 1H, OH), 3.55–3.68 (m, 2H,
H-5, H-7b), 3.80–3.95 (m, 2H, H-6, H-7a), 4.02 (dd, 1H,
J3 – 4¼8.2 Hz, J4 – 5¼2.3 Hz, H-4), 5.00 (dd, 1H, J2 – 3¼
8.5 Hz, H-3), 5.56 (dd, 1H, J1 – 2¼9.4 Hz, H-2), 6.22 (d, 1H,
H-1). 13C NMR: E isomer: d 14.4 (MeS), 19.6, 26.5, 27.2,
28.2 (4pMe), 63.7 (C-6), 64.6 (C-7), 71.1 (C-5), 77.2 (C-3),
79.3 (C-4), 99.0, 109.2 (2pCIV-iPrd), 125.9 (C-2), 130.9
(C-1); Z isomer: d 17.5 (MeS), 19.5, 26.3, 27.3, 28.4 2
(4pMe), 63.6 (C-6), 64.6 (C-7), 71.3 (C-5), 72.6 (C-3), 79.2
(C-4), 99.0, 109.7 (2pCIV-iPrd), 124.7 (C-2), 133.3 (C-1).
HRMS: C14H24O5S calcd 304.1344; found 304.1351.

4.2.17. 1,2-Dideoxy-3,4,5,7-di-O-isopropylidene-1-phe-
nylthio-D-gluco-hept-1-enitols (5f). Prepared from
2,3:4,6-di-O-isopropylidene-D-glucopyranose 3f.27 Eluent:
petroleum ether–ethyl acetate 90:10; yellow oil. 1H NMR
(CDCl3): E isomer (selected peaks): d 4.62 (dd, 1H, J2 – 3¼
6.9 Hz, J3 – 4¼8.3 Hz, H-3), 5.80 (dd, 1H, J1 – 2¼15.1 Hz,
H-2), 6.54 (dd, 1H, H-1); Z isomer: d 1.44 (s, 3£3H, Me2C),

1.53 (s, 3H, Me2C), 2.39 (m, 1H, OH), 3.64–3.74 (m, 2H,
H-5, H-7b), 3.89–3.99 (m, 2H, H-6, H-7a), 4.10 (dd, 1H,
J3 – 4¼8.2 Hz, J4 – 5¼2.5 Hz, H-4), 5.13 (dd, 1H, J2 – 3¼
9.1 Hz, H-3), 5.78 (dd, 1H, J1 – 2¼9.4 Hz, H-2), 6.48 (d, 1H,
H-1), 7.22–7.42 (m, 5H, HAr). 13C NMR: Z isomer: d 19.6,
26.5, 27.3, 28.4 (4pMe), 63.9 (C-6), 64.6 (C-7), 71.4 (C-5),
72.8 (C-3), 79.4 (C-4), 99.2, 109.2 (2pCIV-iPrd), 128.0
(C-2), 129.8 (C-1), 127.1, 129.3, 135.5, 139.7 (CAr). HRMS:
C19H26O5S calcd 366.1501; found 366.1507.

4.2.18. 1,2,3-Trideoxy-3,4-O-isopropylidene-1-
methylthio-D-erythro-hex-1-enitols (4h). Prepared from
2-deoxy-3,4-O-isopropylidene-D-ribopyranose 3h.28 Eluent:
petroleum ether–ethyl acetate 90:10; yellow oil. 1H NMR
(CDCl3): E isomer: d 1.37 (s, 1H, Me2C), 1.48 (s, 3H,
Me2C), 2.24 (s, 3H, SMe), 2.25–2.51 (m, 2H, H-3a, H-3b),
3.61–3.72 (m, 2H, H-6a, H-6b), 4.13–4.28 (m, 2H, H-4,
H-5), 5.41 (ddd, 1H, J1 – 2¼15.1 Hz, J2 – 3a¼7.5 Hz, J2 – 3b¼
6.3 Hz, H-2), 6.12 (ddd, 1H, J1 – 3a¼J1 – 3b¼1.3 Hz, H-1); Z
isomer: d 1.37 (s, 3H, Me2C), 1.48 (s, 3H, Me2C), 2.29 (s,
3H, SMe), 2.25–2.51 (m, 2H, H-3a, H-3b), 3.61–3.72 (m,
2H, H-6a, H-6b), 4.13–4.28 (m, 2H, H-4, H-5), 5.57 (ddd,
1H, J1 – 2¼9.4 Hz, J2 – 3a¼8.2 Hz, J2 – 3b¼6.6 Hz, H-2), 6.12
(ddd, 1H, J1 – 3a¼J1 – 3b¼1.5 Hz, H-1). 13C NMR: E isomer:
d 14.9 (MeS), 25.5, 28.2 (2pMe), 33.2 (C-3), 61.7 (C-6),
76.1, 78.0 (C-4 and C-5), 108.4 (CIV-iPrd), 121.6 (C-2),
127.1 (C-1); Z isomer: d 17.1 (MeS), 25.5, 28.2 (2pMe), 29.4
(C-3), 61.7 (C-6), 76.6, 77.8 (C-4 and C-5), 108.4 (CIV-
iPrd), 123.5 (C-2), 129.6 (C-1). HRMS: C10H18O3S calcd
218.0977; found 218.0988.

4.2.19. 1,2,3-Trideoxy-3,4-O-isopropylidene-1-phe-
nylthio-D-erythro-hex-1-enitols (5h). Prepared from
2-deoxy-3,4-O-isopropylidene-D-ribopyranose 3h.28 Elu-
ent: petroleum ether–ethyl acetate 90:10; yellow oil. 1H
NMR (CDCl3): E isomer: d 1.38 (s, 3H, Me2C), 1.50 (s, 3H,
Me2C), 1.97 (m, 1H, OH), 2.32–2.58 (m, 2H, H-3a, H-3b),
3.61–3.76 (m, 2H, H-6a, H-6b), 4.13–4.35 (m, 2H, H-4,
H-5), 5.95 (ddd, 1H, J1 – 2¼15.0 Hz, J2 – 3a¼7.3 Hz, J2 – 3b¼
6.5 Hz, H-2), 6.28 (ddd, 1H, J1 – 3a¼J1 – 3b¼1.2 Hz, H-1),
7.18–7.42 (m, 5H, HAr); Z isomer: d 1.37 (s, 3H, Me2C),
1.49 (s, 3H, Me2C), 1.86–2.08 (m, 1H, OH), 2.32–2.58 (m,
2H, H-3a, H-3b), 3.61–3.76 (m, 2H, H-6a, H-6b), 4.13–
4.35 (m, 2H, H-4, H-5), 5.87 (ddd, 1H, J1 – 2¼9.5 Hz,
J2 – 3a¼J2 – 3b¼7.3 Hz, H-2), 6.34 (ddd, 1H, J1 – 3¼1.4 Hz,
H-1), 7.18–7.42 (m, 5H, HAr). 13C NMR: E isomer: d 28.2,
29.6 (2pMe), 33.2 (C-3), 61.8 (C-6), 76.3, 77.9 (C-4 and
C-5), 108.6 (CIV-iPrd), 126.0 (C-1), 127.8 (C-2), 126.7,
129.1, 129.3 (CAr); Z isomer: d 25.5, 28.2 (2pMe), 33.2
(C-3), 61.7 (C-6), 76.2, 77.8 (C-4 and C-5), 108.5 (CIV-
iPrd), 124.8 (C-1), 131.0 (C-2), 126.6, 129.1, 129.2, 135.9
(CAr). HRMS: C15H20O3S calcd 280.1133; found 280.1124.

4.2.20. 3,4,6-Tri-O-benzyl-1,2-O-isopropylidene-b-D-
mannopyranose (16) and 3,4,6-tri-O-benzyl-1,2-O-iso-
propylidène-a-D-glucopyranose (17). Vinyl sulfide 4a
(300 mg, 0.647 mmol) was dissolved in a 3:1 mixture of
acetone and water (4 mL). A 2.5% solution of OsO4 in
tBuOH was added (363 mL, 0.05 equiv.), followed by a 1:1
mixture of N-methylmorpholine N-oxide (1.33 mL,
10 equiv.). The resulting dark solution was stirred at room
temperature during 3 days. The reaction mixture was then
cooled to 0 8C and quenched by the addition of a saturated

V. Aucagne et al. / Tetrahedron 60 (2004) 1817–18261824



solution of NaHSO3 (3 mL). The resulting solution was
stirred during 10 min at RT, then extracted by AcOEt
(3£5 mL) and the organic phases were dried over MgSO4.
After filtration, the solvent was removed in vacuo. The
residue was purified by flash column chromatography
(petroleum ether–ethyl acetate 70:30 then 20:80) to afford
a mixture of lactols 15 that could not be satisfactorily
characterized, due to the anomeric equilibrium of both gluco
and manno lactols. To overcome this problem, the yellowish
oil was dissolved in 2,2-dimethoxypropane (5 mL) and CSA
was added (15 mg, 0.1 equiv.). The solution was stirred
overnight then quenched by a saturated solution of NaHCO3

(5 mL) and extracted with AcOEt (3£5 mL). Organic
phases were dried over MgSO4. After filtration, the solvent
was removed in vacuo. The residue was purified by flash
column chromatography (petroleum ether–ethyl acetate
85:15) to afford 32 mg (10%) of 17 then 257 mg of 16
(81%).

Isomer 17. Colorless oil; [a]D¼þ35 (c 1.0, CHCl3) (lit.20a

þ37.3, c¼2.9, CHCl3, lit.20b þ39.4, c¼1.0, CHCl3).
Spectroscopic data were identical to previous descrip-
tion.20b 1H NMR (CDCl3): 1.36 and 1.54 (2s, 2£3H, Me2C),
3.63–3.67 (m, 2H, H-6a and H-6b), 3.71 (dd, 1H, H-4,
J3 – 4¼3.8 Hz, J4 – 5¼9.6 Hz), 3.86–3.98 (m, 2H, H-3 and
H-5), 4.26 (dd, 1H, H-2, J1 – 2¼4.9 Hz, J2 – 3¼4.2 Hz), 4.39
(d, 1H, CH2Ph, Jgem¼11.5 Hz), 4.49 (d, 1H, CH2Ph,
Jgem¼12.2 Hz), 4.54–4.65 (m, 3H, CH2Ph), 4.71 (d, 1H,
CH2Ph, Jgem¼11.9 Hz), 5.64 (d, 1H, H-1), 7.15–7.43 (m,
15H, HAr)

13C NMR (CDCl3): d 26.1 and 27.1 (Me2C); 69.4
(C-6); 70.5 (C-5); 72.1, 73.1 and 73.5 (CH2Ph); 75.3 (C-4);
75.9 (C-2); 79.4 (C-3); 97.5 (C-1); 109.2 (CMe2); 127.7,
127.9, 128.0, 128.1, 128.2, 128.5, 128.6, 138.0, 138.1 and
138.9 (CAr).

Isomer 16. White solid; [a]D¼þ38 (c 1.0, CHCl3); mp
(Et2O) 106–108 8C. 1H NMR (CDCl3): d 1.38 and 1.62 (2s,
2£3H, Me2C), 3.37 (ddd, 1H, H-5, J4 – 5¼9.5 Hz, J5 – 6a¼
4.0 Hz, J5 – 6b¼2.4 Hz), 3.37–3.81 (m, 3H, H-3, H-6a and
H-6b), 3.99 (dd, 1H, J3 – 4¼9.5 Hz), 4.19 (dd, 1H, H-2,
J1 – 2¼2.0 Hz, J5 – 6a¼3.7 Hz), 4.53 (d, 1H, CH2Ph,
Jgem¼12.2 Hz), 4.54–4.67 (m, 2H, CH2Ph), 4.78 (s, 1H,
CH2Ph), 4.90 (d, 1H, CH2Ph, Jgem¼10.9 Hz), 5.15 (d, 1H,
H-1), 7.17–7.43 (m, 15H, HAr)

13C NMR (CDCl3): d 25.9
and 28.1 (Me2C); 69.0 (C-6); 72.1 and 73.3 (CH2Ph); 74.2
(C-5); 74.5 (C-4); 75.2 (CH2Ph); 76.5 (C-2); 79.0 (C-3);
97.3 (C-1); 112.2 (CMe2); 127.4, 127.5, 127.7, 127.9, 128.0,
143.2 and 143, 6 (CAr). HRMS: C30H34O6 calcd 490.2355;
found 490.2343.

4.2.21. 1(E)-3,4,6-Tri-O-benzyl-1,2-dideoxy-1-methylsul-
fonyl-D-arabino-hex-1-enitol (18). To an ice-cold solution
of vinyl sulfide 4a (464 mg, 1.00 mmol) in dry CH2Cl2
(10 mL), dry m-CPBA (518 mg, 3.0 equiv.) was added and
the reaction mixture was warmed slowly to RT. After 4 h
stirring at this temperature, the mixture was cooled to 0 8C
and quenched by a saturated solution of NaHSO3 (10 mL).
The resulting biphasic mixture was vigorously stirred during
10 min, then extracted by CH2Cl2 (3£20 mL). The organic
phases were pooled, washed with a saturated solution of
NaHCO3 (3£5 mL) then dried over MgSO4. After filtration,
the solvent was removed in vacuo. The residue was purified
by flash column chromatography (petroleum ether–ethyl

acetate 65:35) to afford the desired vinyl sulfone 18
(452 mg, 91%) as a colorless oil; [a]D¼þ21 (c 1.0,
CHCl3). 1H NMR (CDCl3): d 2.70–2.85 (s, 1H, OH),
3.55–3.68 (m, 3H, H-4, H-6a, H-6b), 3.90–4.00 (m, 1H,
H-5), 4.39–4.44 (m, 1H, H-3), 4.45–4.63 (m, 6H, CH2Ph),
6.65 (dd, 1H, J1 – 2¼15.3 Hz, J1 – 3¼1.6 Hz, H-1), 7,00 (dd,
1H, J2 – 3¼4.4 Hz, H-2), 7.17–7.48 (m, 15H, HAr). 13C
NMR (CDCl3): d 42.7 (MeSO2), 70.2 (C-5), 71.4 (C-6),
73.8, 74.6 (CH2Ph), 77.7 (C-3), 79.8 (C-4), 128.1, 128.2,
128.4, 128.6, 128.7 (CAr), 131.1 (C-1), 137.2, 137.6, 137.8
(CAr), 145.4 (C-2). HRMS: C28H32O6S calcd 496.1919;
found 496.1923.

4.2.22. 1(E)-3,4,6-Tri-O-benzyl-1,2-dideoxy-1-methylsul-
finyl-D-arabino-hex-1-enitols (19). To an ice-cold solution
of vinyl sulfide 4a (1.00 g, 2.16 mmol) in dry CH2Cl2
(20 mL), dry m-CPBA (373 mg, 1.0 equiv.) was added and
the reaction mixture was warmed slowly to RT. After 20 h
stirring at this temperature, a saturated solution of NaHCO3

(20 mL) was carefully added. The reaction medium was
extracted by CH2Cl2 (3£20 mL) and the organic phases
were dried over MgSO4. After filtration, the solvent was
removed in vacuo. The residue was purified by flash column
chromatography (petroleum ether–ethyl acetate 30:70) to
afford a 1:1 mixture of S-epimers of vinyl sulfoxides 19
(894 mg, 86%) as a colorless oil. 1H NMR (CDCl3): d 2.47,
2.51 (2s, MeSO), 3.52–3.68 (m, H-4, H-6a, H-6b), 3.89–
4.05 (m, H-5), 4.36–4.67 (m, H-3, CH2Ph), 6.50–6.57 (m,
H-1, H-2), 7.16–7.38 (m, HAr). 13C NMR (CDCl3): d 40.6,
40.7 (MeSO), 70.2 (C-5), 70.9 (C-6), 72.4, 72.6, 73.6, 74.3,
74.5 (CH2Ph), 78.3 (C-3), 80.0 (C-4), 128.0, 128.2, 128.3,
128.4, 128.5, 128.6 (CAr), 135.8, 136.3, 136.4, 136.5 (C-1,
C-2), 137.5, 137.5, 137.8, 137.9, 138.0 (CAr). HRMS:
C28H32O5S calcd 480.1970; found 480.1981.
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Highly diastereoselective cycloaddition reactions of variously
substituted 1-thia- and 1-thia-3-aza-buta-1,3-dienes. Synthesis

of enantiomerically pure 5,6-dihydro-4H-[1,3]thiazines
and 3,4-dihydro-2H-thiopyrans

Anne Harrison-Marchand,a,† Sylvain Collet,a André Guingant,a,* Jean-Paul Pradèrea
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Abstract—The cycloaddition of 2- or 2,3-substituted 1-thia- and 1-thia-3-aza-4-dimethylamino-buta-1,3-dienes with various dienophiles in
the presence of a Lewis acid provides a rapid and diastereoselective access to the 3,4-dihydro-2H-thiopyran and 5,6-dihydro-4H-
[1,3]thiazine backbones. The generally observed trans relationship between the two newly created strereogenic centres was demonstrated to
be the expression of a thermodynamic control of the reaction. The use of chiral dienophile derived from chiral oxazolidin-2-ones allowed us
to prepare enantiopure 5,6-dihydro-4H-[1,3]thiazines and 3,4-dihydro-2H-thiopyrans. In the asymmetric synthetic process the chiral
auxiliary removal step was best accomplished in the presence of samarium triflate in methanol.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Heterocycles containing nitrogen or sulphur (or both) are
common features incorporated in the structures of numerous
natural products and pharmaceutical compounds and the
development of simple and effective methods for their
preparation is a point of major concern in medicinal
chemistry. In this regard, the utilisation of the hetero
Diels–Alder reaction undoubtedly represents one of the
most attractive route for preparing these heterocycles with
maximum atom economy and high selectivity.1

In our laboratory there has been a long-standing interest for
heterodienes incorporating sulphur or sulphur and nitrogen
atoms in their structures such as the 1-thia- and 1-thia-3-aza-
buta-1,3-dienes 1 and 2, respectively. In particular, it was
demonstrated2 that these dienes experienced thermal Diels–
Alder cycloadditions with electrophilic olefins to give the

adducts 3 or their evolution products 4 resulting from the
facile loss of dimethylamine as illustrated in general terms
in Scheme 1.

Since in the early investigations the major synthetic
objective to be pursued was to find routes to the synthesis
of cephem analogues from 6H-[1,3]thiazines,3 little atten-
tion had been paid to the relative stereochemistry in
cycloadducts 3 although it was recognised in two occasions
that the two substituents at the newly created chiral centres
adopted a trans relative disposition.2c,4

As part of our continuing program towards the reactivity of
heterodienes and the synthesis of potentially pharmacologi-
cally active heterocycles we have now investigated the
possibility of preparing 5,6-dihydro-4H-[1,3]thiazines 3
(X¼N) and 3,4-dihydro-2H-thiopyran analogues 3 (X¼CH)
in chiral non-racemic form. Since, based on a large body of
literature data, the asymmetric synthesis of labile hetero-
cycles 3 could most certainly not be achieved without the
help of a Lewis acid, the question arises of knowing whether
such acidic conditions are compatible with the maintenance
of their integrity. In this context, we decided to reinvestigate
the cycloaddition reaction depicted in Scheme 1 under
different activation protocols, paying particular attention in
its stereochemical aspects. The results of this study are
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presented in this paper along with the successful achieve-
ment of the first asymmetric synthesis of heterocycles 3.
Additionally, we will offer arguments proving that the high
propensity of this cycloaddition reaction to deliver, in most
examples, adducts of relative trans stereochemistry is the
result of a readily established thermodynamic control.

2. Results and discussion

2.1. Cycloaddition reaction of heterodienes 1, 2 and 10

The cycloaddition reactions of diene 25 to methyl vinyl
ketone, methyl acrylate and 3-acryloyl-oxazolidin-2-one,
5a–c, under thermal and Lewis acid activations were
considered first (Scheme 2).6

The thermal cycloaddition of diene 2 with a 10-fold excess
of methyl vinyl ketone 5a in toluene (80 8C, 2 h) led mainly
to the 6H-1,3-thiazine 7 as a result of a dimethylamine
elimination process (ratio trans-6a/7¼10:90). The initiation
of such a facile elimination seems to be attributable to the

basicity of the diene. Indeed, when trans-6a (prepared under
Lewis acid activation, vide infra) was heated in toluene
(80 8C, 2 h) it was recovered unchanged whereas, in the
presence of 1 molar equivalent of diene 2, in the same
conditions as above, the elimination product 7 was
quantitatively formed. As expected from the observation,
slow addition of diene 2 to an excess of methyl vinyl ketone
heated at 80 8C in toluene solution gave adduct trans-6a
though in an always synthetically unfavourable ratio (trans-
6a/7¼1:1). The reaction of 2 with methyl acrylate 5b and
3-acryloyl-oxazolidin-2-one 5c in toluene solution (60 8C,
2 h and reflux, 20 h, respectively) led to trans-adducts 6b,c
in good chemical yields (80%) when an excess of the
dienophile was used. No traces of elimination products were
detected in the crude materials by 1H NMR.

Attention was next turned to the approach of forming the
adducts 6 under Lewis acid activation. We were initially
apprehensive for the success of this activation mode due to
the possibility of Lewis acid-induced NHMe2 elimination in
the adducts. Fortunately, our concerns proved unfounded
since several Lewis acids could be employed to activate the

Scheme 2.

      

     

Scheme 1.

Scheme 3.
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cycloaddition reactions and deliver the adducts in good to
excellent chemical yields. Of the various Lewis acids
examined, titanium and zinc derivatives (typically 1 molar
equivalent with respect to a dienophile) were the best
promotors for obtaining adduct trans-6a when used at low
temperature whereas the syntheses of adducts trans-6b,c
were best accomplished in the presence of magnesium
bromide at room temperature (Scheme 3).

At this point it seems important to notice that the thermal
and Lewis acid-promoted reactions are all highly stereo-
selective and led to the exclusive formation of trans adducts
irrespective of the activation mode, the solvent and
temperature employed. This remarkable feature is some-
what striking because closely related dienes were reported
to give predominantly cis adducts in the cycloaddition with
various electron-poor dienophiles, even at relatively high
temperatures.7 We will return to this problem later.

For comparison purposes we next examined the behaviour
of diene 18,9 toward the same set of dienophiles as above
(Scheme 4). The main differences between the two dienes
reside in the greater reactivity of 1 and its marked tendency
to give cis adducts predominantly at low temperatures.
Thus, whereas diene 2 needed long reaction time and
elevated temperature to undergo cycloaddition with methyl
acrylate, the reaction with diene 1 was complete within
1.5 h at 230 8C producing a mixture of adducts 8b and 9b
(ratio cis-8b/trans-9b: 91:9) in almost quantitative yield. A
similar result was also achieved with 3-acryloyl-oxazolidin-
2-one as the dienophile. Another noticeable point associated

with the reactivity of 1 is the reversal in stereochemistry of
the cis adducts as the reaction temperature is raised. Thus,
when a sample of the initially formed 90:10 mixture of
adducts cis-8b/trans-9b was heated at 80 8C in toluene for
3 h, the trans adduct 9b only resulted. The reversal in
stereochemistry was even more easier for adduct cis-8c
since it occurred on standing the corresponding cis-8c/trans-
9c mixture at 20 8C for 3 h.

By recourse to competitive crossover experiments, for
instance by exposing cis-8b to a large excess of 3-acryloyl-
oxazolidin-2-one 5c or, conversely, cis-8c to an excess of
methyl acrylate, the evolution of the cis-adducts toward the
more stable trans-adducts was demonstrated to arise via a
sequential retro Diels – Alder—Diels – Alder sequence
(thermodynamic control). The equilibration process was
facilitated under Lewis acid conditions. For instance, the
reaction of 1 with 3-acryloyl-oxazolidin-2-one 5c in the
presence of magnesium bromide in methylene chloride at
278 8C gave a ca. 1 to 1 mixture of the corresponding
adducts cis-8c and trans-9c, whereas adduct trans-9c was
largely predominant at 0 8C (ratio cis-8c/trans-9c¼7:93).
The ease with which the thermodynamic control establishes
also depends on the nature of the substituents in the diene.
Thus, the cycloaddition reactions of diene 1010 with methyl
acrylate 5b and 3-acryloyl-oxazolidin-2-one 5c afforded the
sole cis-adducts 11 at 20 8C (Scheme 5). Trans adducts were
formed, however, in the presence of magnesium bromide
(vide infra).

The results displayed by diene 1 now bring us to the

Scheme 4. Ratios of diastereomers were derived by integration of the NMe2 peaks (or CO2Me, if present) in the 1H NMR spectra (400 MHz) of the unpurified
cycloaddition products.

Scheme 5.
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question of whether trans-adducts 6, originating from diene
2, were also the result of an equilibration process that would
establish rapidly, even at very low temperature. The answer
to that question emerged fortuity as we studied the
condensation of 2 with methyl acrylate on basic alumina
(Scheme 6). In these particular conditions the cycloaddition
reaction continued to give preference to the trans-adduct 6b
although, for the first time, small amount of the cis-adduct
12 could be detected in the NMR spectrum of the crude
material. Interestingly, decrease of the reaction temperature
favoured the formation of the cis-adduct (ratio trans-6b/cis-
12¼13:87 at 2 20 8C). Without real surprise, brief heating
of the cis/trans adduct mixture in chloroform at 40 8C
transformed the cis-adduct 12 towards its more stable
trans-diastereomer 6b,11 thereby demonstrating its high
thermodynamic instability. Thus, by comparison with the
behaviour of cis-adducts 8, it may be concluded that the
nitrogen N-3 greatly accelerates the conversion of primary
(generally not appeared) cis-adducts resulting from the
cycloaddition of diene 2 with dienophiles, into their most
stable trans diastereomers 6.12

Two salient points emerged from the studies reported above:
(1) the cycloaddition reactions of diene 2 can be realised in
the presence of a Lewis acid without compromising the
structural integrity of the adducts formed (no loss of
dimethylamine), (2) rapid establishment of the thermo-
dynamic control results in isolation of the sole trans-
adducts. These observations will be now exploited to
develop an efficient route to prepare the 5,6-dihydro-4H-
1,3-thiazine and 3,4-dihydro-2H-thiopyran heterocycles in
chiral non-racemic form.

2.2. Asymmetric cycloaddition reactions

When designing an asymmetric diastereoselective synthesis
of heterocycle 6b, two strategies presented itself, i.e. (1)
recourse to a chiral heterodiene or (2) utilisation of a chiral
dienophile. At first glance, the first strategy seems attractive
since it may be envisaged to exchange the dimethylamino
group to a chiral amine and excellent selectivities in [4þ2]
cycloaddition processes had already been displayed with
chiral 1-aza-buta-1,3-dienes13,14 bearing a proline-derived
amino-substituent at the N-1 position. However, in the case
at hand, any attempts to recover the chiral amino moiety
would most certainly be thwarted by a chirality destructive
b-elimination process. Attachment of a chiral auxiliary at
carbon C-2 represents a second distinct possibility to

introducing chirality on the diene. This possibility was
already tested in our laboratory3 but the results were rather
disappointing in terms of diastereoselectivity. For all the
above reasons it finally appeared to us that a strategy based
on an appropriately chosen chiral dienophile would
certainly be the most secured method for achieving our
goal. Within this context the chiral acrylate derived from
ethyl-(S)-lactate could be a good candidate as it is easily
prepared and reported to give excellent diastereo-
selectivities in Diels–Alder reactions.15 While its cyclo-
addition with diene 2 in the presence of TiCl4 proceeded in a
respectable yield of 80% the diastereoselectivity was poor.
The weakness of this route prompted us to explore a
different approach based on the utilisation of chiral
3-acryloyl-oxazolidin-2-one as a dienophile. If these
dienophiles were known, in combination with chelating
Lewis acids, to react with carbodienes to give adducts with
good to excellent diastereoselectivities,16 there existed,
somewhat surprisingly, no reported examples of their use in
hetero Diels–Alder reactions at the outset of our study.
However, when our work was in progress, Saito and
colleagues17 reported the Lewis-acid-promoted hetero
Diels–Alder reaction of a variety of a,b-unsaturated
thiocarbonyl compounds (1-thia-buta-1,3-dienes) with some
(4S)-benzyl-3-alkenoyl-oxazolidin-2-ones to give [4þ2]
cycloadducts with fair to excellent diastereomeric excesses.

Cycloaddition reaction of diene 2 with (4S)-3-acryloyl-4-
benzyl-oxazolidin-2-one 13 was studied under thermal and
Lewis acid activations.18 Thus, when diene 2 and an excess
(1.5 equiv.) of chiral 13 was heated in toluene for 20 h, a
20:80 mixture of trans diastereomeric adducts 14 and 15
was produced in 75% yield (Scheme 7). This diastereo-
selectivity was reasonably high for an uncatalysed process
and each of the diastereomers was obtained in pure form
after simple flash-chromatography on silica gel. In light of
our previous investigations (vide supra) we next performed
the reaction in the presence of magnesium bromide-etherate
in CH2Cl2. In these conditions we were gratified to find that
the reaction was regulated with much higher diastereo-
selectivity than that previously observed under thermal
conditions, and led to the formation of a single trans
diastereomer 15. Thus, depending on the way the reaction is
performed, it was possible to direct the process toward the
formation of either trans-14 or trans-15. The absolute
configurations at carbons C-4 and C-5 of 15, and therefore
14, were firmly established by single crystal X-ray
analysis19,20 of trans-15 (Fig. 1).

Scheme 6. Ratios of diastereomers were derived by integration of the NMe2 peaks (or CO2Me peaks) in the 1H NMR spectra (400 MHz) of the unpurified
cycloaddition products.
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The preferential formation of the (4R,5R)-adduct 15 under
Lewis acid activation may be interpreted by recourse to the
Evans model16 in which magnesium bromide acts as the
chelating species. In chelate 16 (R¼Ph, X¼N), the benzyl
group efficiently blocks one diastereotopic face (Ca-Re) of
the s-cis disposed double bond, forcing the heterodiene 2 to
approach from the opposite Ca-Si face, as depicted in
Scheme 8. Under thermal activation, the stereochemical
bias provided by the benzyl group in a reactive dienophile
conformation close from that shown in 17 (R¼Ph, X¼N)
leads to the preferential formation of the diastereomer
(4S,5S)-14 (Scheme 8).

The cycloaddition reaction of diene 1 to chiral olefin 13 was
less rewarding from a synthetic point of view because each
of the four possible cis and trans stereomers 18–21 were
formed. If none of these diastereomers could be easily

separated from the three others, it was nevertheless possible
to determine the diastereomeric ratios for each of the cis and
trans pairs by inspection of the NMR spectra of the crude
reaction mixtures (Scheme 9).

The structures attributed to adducts 18–21 were made, as
for 14 and 15, on the basis of the Evans model.16 As the data
indicate, the diastereomeric ratios for trans adducts 20 and
21 are quite close to those of the trans 14 and 15 adducts
obtained under the thermal and Lewis acid-promoted
conditions, whereas the corresponding diastereomeric ratios
of the cis adducts 18 and 19, respectively, indicate less
selective reactions.

More interesting results were obtained in the reaction of 10
with the 3-acryloyl-4-benzyl-oxazolidin-2-one 13.
Scheme 10 and the accompanying data show that the
presence (or the absence) of a Lewis acid as well as
the reaction temperature are crucial parameters for the
establishment of the cis/trans ratios. Similarly to the
precedent reported examples, the cycloaddition reaction
can be carried out with high level of diastereoselection when
magnesium bromide is the Lewis acid promotor. In these
conditions cis-22 and trans-24 are the sole diastereomers
formed. Changing the nature of the Lewis acid did not alter
the diastereoselectivity for the trans adducts (once again 25
was the sole adduct formed when Et2AlCl was used in place
of MgBr2) while the diastereoselectivity for the cis adducts
22 and 23 was significantly affected.

Each of the three diastereomers 22, 23 and 24 that were
detected in the above reactions could be easily isolated in
pure form by simple flash chromatography on silica.
Moreover, the structure of trans-24 was fully ascertained
by X-ray analysis.21 Its formation can be accounted for by

Scheme 7. Ratios of diastereomers were derived by integration of the NMe2 peaks in the 1H NMR spectra (400 MHz) of the unpurified cycloaddition products.

Figure 1. ORTEP drawing of 15.

Scheme 8.
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the Evans transition state model16 16 (R¼CO2Me, X¼C–
CO2Me) already invoked for the formation of trans-15
adduct (Scheme 8). The structures attributed to the adducts
cis-22 and cis-23, respectively, are based on the reasonable
assumption that Evans model is also operative in transition
state topographies leading to cis adducts.

2.3. Removal of the chiral auxiliary: synthesis of
chiral non-racemic heterocycles (1)-6b, (2)-6b,
(2)-10b, (2)-27

We have demonstrated that the association (4S)-3-acryloyl-
4-benzyl-oxazolidin-2-one MgBr2, permitted the highly
diastereoselective formation of 5,6-dihydro-4H-thiopyrans
and 5,6-dihydro-4H-[1,3]thiazines when reacted with dienes
1, 10 and 2, respectively. It remains now to be demonstrated
that the chiral 4-benzyl-oxazolidin-2-one moiety can be
easily recovered from the primary Diels–Alder adducts by a

simple and high yielding operation. To achieve this ultimate
goal, it is necessary that an appropriately chosen nucleo-
phile may be selectively directed to the exocyclic carbonyl
of these adducts. While several procedures do succeed in
achieving this chemoselective operation,16 many of them
suffer from low efficiency as soon as steric hindrance is
involved. Thus, it has been already reported that, in the case
where the exocyclic carbonyl is hindered by substituents
affixed on the six-membered ring, the nucleophile may well
be directed mainly, if not exclusively, to the endocyclic
carbonyl, thereby leading to the undesired oxazolidinone
ring opening.16 Due to the presence of the dimethylamino
substituent in the vicinity of the exocyclic carbonyl we were
thus not surprised to experience some difficulties with
adduct 15 upon attempting to recover the chiral auxiliary.
To circumvent that problem, the use of lithium peroxide or
lithium benzylate, ultimately leading to the replacement of
the chiral oxazolin-2-one moiety by an acid or a benzylester,

Scheme 9. Ratios of diastereomers were derived by integration of the NMe2 peaks in the 1H NMR spectra (400 MHz) of the unpurified cycloaddition products.

Scheme 10. Ratios of diastereomers were derived by integration of the NMe2 peaks (or CO2Me peaks) in the 1H NMR spectra (400 MHz) of the unpurified
cycloaddition products.
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has been equally recommended.16 In the case at hand,
treatment of adduct 15 with lithium peroxide in THF proved
unsuccessful, leading to unidentified decomposition
products. However, the action of lithium benzylate in
THF did afford the expected benzylic ester (2)-26 in
enantiomeric pure form22 though in unsatisfying low yields
(30–40%). At this stage it is not without interest to note
that, under the action of the same reagent, the racemic
adduct 6c led to racemic 26 in 56% isolated yield
(Scheme 11). This suggests that not only the dimethylamino
residue but also the chiral auxiliary benzyl substituent exert
an undesirable shielding of the external carbonyl, forcing
the benzylate anion to preferentially attack the oxazolidi-
none ring carbonyl.

After several unsuccessful attempts we were delighted to
find that chiral auxiliary removal could be achieved in an
acceptable yield of 75% by exposure of adduct 15 to a
catalytic amount (0.1 equiv.) of samarium triflate in a 1:1
CH2Cl2/MeOH mixture23 to give (2)-6b.21 Due to the high
oxophilicity of samarium, this reaction proceeds most
certainly via a chelated intermediate 27 as shown in
Scheme 12.

The use of this procedure was also successfully achieved in
several other examples, showing its general applicability for
substituted 5,6-dihydro-4H-[1,3]thiazine and 5,6-dihydro-
4H-thiopyran compounds (Scheme 13, ee.95% in all
examples21).

The ability of samarium triflate to form six-membered ring

chelates prompts us to determine if this Lewis acid is
capable of effecting the [4þ2] cycloaddition of diene 2 with
chiral dienophile 13 (cf. Scheme 7). Admixture of both
components in the presence of a catalytic amount of
Sm(OTf)3 in dichloromethane solution led to the expected
formation of trans adducts 14 and 15 with an encouraging
diastereoselection of 89:11 in favour of 15. By contrast,
almost no selectivity was obtained under ytterbium and
scandium triflate activations. The preferred formation of
adduct 15 in the presence of Sm(OTf)3 can be accounted for
by invoking a transition state topography similar to that
depicted in Scheme 8 (15, R¼Ph, X¼N, samarium triflate
for magnesium bromide). A distinct feature of the Sm(OTf)3

procedure is that the primary adduct need not to be isolated
but can be directly transformed in its methyl ester derivative
(one pot transformation) by simply adding methanol to the
reactional mixture after completion of the cycloaddition.
This was demonstrated for the reaction depicted in
Scheme 14.

Another potential interest is that the utilisation of samarium
triflate in catalytic amount opens the door for achieving a
catalytic asymmetric synthesis of the above adducts, using a
in situ generated chiral Lewis acid as the reaction promotor.

3. Conclusions

We have described the first approach towards the
asymmetric synthesis of the 5,6-dihydro-4H-[1,3]thiazine
skeleton. The strategy featured the use of the chiral

Scheme 11.

Scheme 13.

Scheme 12.
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non-racemic (4S)-3-acryloyl-4-benzyl-oxazolidin-2-one 13
which was condensed with the 1-thia-3-aza-buta-1,3-diene
2. The cycloaddition reaction can be carried out with a very
high level of diastereoselection provided magnesium
bromide is added to form a chelate with 13. The only
formation of adduct trans-15 in these conditions may be
rationalised on the basis of the Evans model. The decisive
role of magnesium bromide was also appreciated when
chiral dienophile 13 was reacted with 1-thia-buta-1,3-dienes
1 and 10 to give 5,6-dihydro-4H-thiopyrans with the same
high level of diastereoselection as above. Interestingly, in
the absence of a Lewis acid, a still synthetically useful
diastereoselectivity of 70% was recorded in all the examples
studied. The removal of the chiral auxiliary moiety from the
adducts proved to be a non-trivial operation. We discovered
that it could be accomplished at best by employing a
catalytic amount of samarium triflate in a 1:1 CH2Cl2/
MeOH mixture. Under these reaction conditions the
resulting adducts bearing a methyl ester functionality at
C-5 were isolated in yields ranging from 60 to 86%. Finally,
it was demonstrated that the general trend of diene 2 to lead
to the most stable trans adducts, even at low temperatures
and in the absence of a Lewis acid, was the result of a
thermodynamic control of the cycloaddition reaction.

4. Experimental

4.1. General

Melting points were determined using a Reichert-Jung
Thermo Galen Kofler block. Optical rotations were
measured at ambient temperature using an Optical Activity
Ltd AA-10 polarimeter and [a]D values are given in
1021 deg cm2 g21. Microanalysis was carried out at the
‘Services de Microanalyses du CNRS de Vernaison—
France’. IR spectra were recorded on a Bruker IFS 45 WHR
spectrometer. 1H NMR spectra were recorded on a Bruker
AC200 spectrometer at 200 MHz or on a Bruker ARX400
spectrometer at 400 MHz. 13C NMR spectra were recorded
on a Bruker AC200 spectrometer at 50 MHz or on a Bruker
ARX400 spectrometer at 100 MHz. All NMR spectra used
tetramethylsilane as the internal standard and were run in
deuterated solvents. J Values are given in Hz. The mass
spectra were obtained in GC/MS mode (EI, 70 eV). Thin
layer chromatography (TLC) was carried out on Merck
5735 Kieselgel 60 F254 fluorescent plates. Flash chroma-
tography was performed with silica gel (Merck Geduran SI
60 Art.11567).

Reactions carried out under an inert atmosphere refer to the
use of argon or nitrogen. Diethyl ether, tetrahydrofuran (THF)
and benzene were dried by being distilled from sodium and
benzophenone. Dichloromethane, toluene, acetone and carbon
tetrachloride were dried by distillation from calcium hydride.
All other reagents were purified by distillation, the pressure
being reduced if the boiling point of the compound was greater
than 110 8C at atmospheric pressure.

4.2. Synthesis of racemic heterocycles

4.2.1. 1-(2-Phenyl-6H-1,3-thiazin-5-yl)-ethanone: 7. To a
solution of 4-dimethylamino-2-phenyl-1-thia-3-aza-buta-
1,3-diene (N-[(dimethyl-amino)methylene]-benzene-
carbothioamide) 2 (0.25 g, 1.3£1023 mol) in dry toluene
(10 mL) were added methyl vinyl ketone (1 mL,
12£1023 mol) and hydroquinone (few crystals). The
reaction mixture was stirred for 2 h at 110 8C then, after
cooling at room temperature, concentrated under reduced
pressure. Analysis of the crude product by 1H NMR showed
the presence of both 6a and 7 in a 1:9 ratio. Purification of
the residue by chromatography on silica (petroleum ether/
ethyl acetate 4:1) gave 7 (90%) as a yellow solid; Rf 0.59
(petroleum ether/ethyl acetate 4:1); mp 108–109 8C
(diethyl ether/petroleum ether); nmax/cm21 1689, 1648,
1504, 693; dH (200 MHz; CDCl3): 2.46 (3H, s), 3.70 (2H, s),
7.50 and 8.05 (6H, 2m); dC (50 MHz; CDCl3): 21.1, 25.7,
116.4, 129.0, 129.1, 132.9, 137.2, 147.9, 169.4, 196.4; m/z
(EI) 217 (Mþ

z, 31), 202 (27), 175 (100), 174 (54), 121 (19),
105 (83), 77 (58), 51 (20), 43 (14), 39 (7), 15 (3).

4.2.2. trans-1-[4-(Dimethylamino)-2-phenyl-5,6-dihydro-
4H-1,3-thiazin-5-yl]ethanone: 6a. Zinc chloride activation.
A 1 M zinc chloride solution in diethyl ether (1 mL, 1023 mol)
was diluted at room temperature in dry THF (4 mL) placed
under inert atmosphere. Methyl vinyl ketone (0.21 mL,
2.5£1023 mol) was added and the mixture was stirred for
10 min. After cooling at 220 8C, a solution of 4-dimethyla-
mino-2-phenyl-1-thia-3-aza-buta-1,3-diene 2 (0.2 g,
1.04£1023 mol) in dry THF (1 mL) was syringed in. The
reaction mixture was stirred for 2 h between220 and210 8C.
After dilution with ethyl acetate (10 mL) at room temperature
then successive washings with 10% aqueous potassium
hydrogen carbonate (2£10 mL) and brine (2£10 mL), the
organic layer was extracted, dried (MgSO4), filtered and
concentrated. Purification by crystallisation (diethyl ether/
petroleum ether) gave 6a as yellow crystals (0.2 g, 75%).

Titanium dichlorodiisopropoxide activation. Titanium
tetrachloride (0.22 mL, 2£1023 mol) then titanium

Scheme 14.
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tetraisopropoxide (0.6 mL, 2£1023 mol) were sequentially
added at room temperature to dry THF (20 mL) placed
under inert atmosphere. The mixture was stirred for 10 min
then cooled at 278 8C. Methyl vinyl ketone (0.32 mL,
3.8£1023 mol) was added. After 20 min, a solution of
4-dimethylamino-2-phenyl-1-thia-3-aza-buta-1,3-diene 2
(0.5 g, 2.6£1023 mol) in dry THF (4 mL) was syringed in.
The reaction mixture was stirred for 3 h allowing to warm to
220 8C. After dilution with ethyl acetate (20 mL) at room
temperature then successive washings with 10% aqueous
potassium hydrogen carbonate (2£20 mL) and brine
(2£20 mL), the organic layer was extracted, dried
(MgSO4), filtered and concentrated. Purification by crystal-
lisation (diethyl ether/petroleum ether) gave 6a as yellow
crystals (0.53 g, 78%); mp 73–74 8C; nmax/cm21 1710,
1700, 690; dH (200 MHz; CDCl3): 2.30 (3H, s), 2.42 (6H, s),
2.83 (1H, ddd, J¼3.8, 10.0, 11.9 Hz), 2.94 (1H, dd, J¼3.8,
12.1 Hz), 3.44 (1H, dd, J¼11.9, 12.1 Hz), 4.39 (1H, d,
J¼10.0 Hz), 7.38 and 7.83 (5H, 2m); dC (50 MHz; CDCl3)
27.8, 30.4, 40.3, 45.0, 79.8, 126.6, 128.4, 129.1, 138.5,
157.5, 210.3; m/z (EI) 262 (Mþ

z, 1), 192 (100), 159 (80), 121
(79), 89 (85), 77 (35), 44 (66); Anal. calcd for C14H18N2OS:
C, 64.09; H, 6.92; N, 10.68; found: C, 63.87; H, 6.85; N,
10.58.

4.2.3. trans-Methyl 4-(dimethylamino)-2-phenyl-5,6-
dihydro-4H-1,3-thiazine-5-carboxylate: 6b. Thermal
activation. To a solution of 4-dimethylamino-2-phenyl-1-
thia-3-aza-buta-1,3-diene 2 (0.5 g, 2.6£1023 mol) in dry
dichloromethane (30 mL) were added methyl acrylate
(2.1 mL, 23.3£1023 mol) and hydroquinone (few crystals).
The reaction mixture was stirred for 24 h at 40 8C then, after
cooling at room temperature, concentrated under reduced
pressure. Purification by flash chromatography on silica
(petroleum ether/ethyl acetate 80:20) gave 6b as a pale
yellow solid (0.59 g, 81%).

Magnesium bromide activation. Magnesium turnings
(0.08 g, 3.29£1023 mol) in dry diethyl ether (4 mL) were
placed under inert atmosphere. 1,2-Dibromoethane
(0.28 mL, 3.25£1023 mol) was added dropwise and the
reaction mixture was slightly heated to induce the formation
of magnesium bromide. When all the magnesium turnings
were consumed, diethyl ether was removed by several
pumping and venting cycles (argon) to leave a white
powder. Dichloromethane (8 mL), then methyl acrylate
(0.175 mL, 1.94£1023 mol) were syringed in at room
temperature. After 10 min, a solution of 4-dimethylamino-
2-phenyl-1-thia-3-aza-buta-1,3-diene 2 (0.25 g, 1.3£
1023 mol) in dry dichloromethane (2 mL) was added and
the reaction mixture was stirred at room temperature for 3 h.
After dilution with dichloromethane (10 mL) then succes-
sive washings with 10% aqueous potassium hydrogen
carbonate (2£10 mL) and brine (2£10 mL), the organic
layer was extracted, dried (MgSO4), filtered and concen-
trated. Purification by flash chromatography on silica
(petroleum ether/ethyl acetate 4:1) gave 6b as a pale yellow
solid (0.34 g, 95%).

Diethylaluminium chloride activation. Diethylaluminium
chloride (1 M in hexane) (1.95 mL, 1.95£1023 mol) was
added under inert atmosphere to dichloromethane (10 mL)
cooled at 278 8C followed by methyl acrylate (0.175 mL,

1.94£1023 mol). The mixture was stirred for 10 min
allowing to warm to 220 8C. After cooling at 278 8C, a
solution of 4-dimethylamino-2-phenyl-1-thia-3-aza-buta-
1,3-diene 2 (0.25 g, 1.3£1023 mol) in dry dichloromethane
(2 mL) was added and the reaction mixture was stirred at
260 8C for 3 h. After dilution with dichloromethane
(10 mL) at room temperature then successive washings
with 10% aqueous potassium hydrogen carbonate
(2£10 mL) and brine (2£10 mL), the organic layer was
extracted, dried (MgSO4), filtered and concentrated. Puri-
fication by flash chromatography on silica (petroleum ether/
ethyl acetate 4:1) gave 6b as a pale yellow solid (0.22 g,
61%); Rf 0.32 (petroleum ether/ethyl acetate 4:1); mp 78 8C
(ethyl acetate/petroleum ether); nmax/cm21 1725, 1612,
1356, 690; dH (400 MHz; CDCl3) 2.42 (6H, s), 2.73 (1H,
ddd, J¼3.8, 10.2, 12.1 Hz), 3.10 (1H, dd, J¼3.8, 12.2 Hz),
3.52 (1H, dd, J¼12.1, 12.2 Hz), 3.78 (3H, s), 4.44 (1H, d,
J¼10.2 Hz), 7.40 and 7.84 (5H, 2m); dC (50 MHz;
CD3COCD3) 28.7, 40.3, 40.8, 52.4, 80.1, 127.2, 129.3,
131.6, 139.5, 158.2, 174.1; m/z (EI): 278 (Mþ

z, 1), 192 (80),
159 (59), 121 (44), 89 (100), 77 (19), 51 (8), 44 (56).

4.2.4. trans-3-{[4-(Dimethylamino)-2-phenyl-5,6-di-
hydro-4H-1,3-thiazine-5-yl]carbonyl}-1,3-oxazolidin-2-
one: 6c. Thermal activation. To a solution of 4-dimethyl-
amino-2-phenyl-1-thia-3-aza-buta-1,3-diene 2 (0.05 g, 2.6£
1024 mol) in dry toluene (2 mL) was added a solution of
3-(prop-2-enoyl)-oxazolidin-2-one (0.055 g, 3.9£1024 mol)
in dry toluene (8 mL). The reaction mixture was stirred for
20 h at 110 8C then, after cooling at room temperature,
concentrated under reduced pressure. Purification by flash
chromatography on silica (petroleum ether/acetone 2:3)
gave 6c as white needles (0.07 g, 81%).

Magnesium bromide activation. Compound 6c was prepared
according to the same procedure as compound 6b. Flash-
chromatography on silica (petroleum ether/acetone 2:3)
produced the title compound as white needles (0.16 g,
68%); Rf 0.67 (petroleum ether/acetone 2:3); mp 108–
109 8C (ethyl acetate/petroleum ether); nmax/cm21 1768,
1700, 1616, 1393, 1225, 685; dH (200 MHz; CDCl3): 2.41
(6H, s), 3.10 (1H, dd, J¼3.8, 12.2 Hz), 3.47 (1H, dd,
J¼12.2, 12.2 Hz), 4.10 (2H, m), 4.33 (1H, ddd, J¼3.8, 10.2,
12.2 Hz), 4.45 (2H, m), 4.68 (1H, d, J¼10.2 Hz), 7.60 and
7.85 (5H, 2m); dC (50 MHz; CDCl3): 28.5, 36.7, 40.7, 43.1,
62.1, 79.5, 126.7, 128.5, 130.9, 138.6, 153.6, 157.5, 174.6;
m/z (EI): 333 (Mþ

z, 1), 192 (100), 159 (70), 141 (13), 121
(83), 113 (32), 89 (56), 77 (32), 44 (54).

4.2.5. cis and trans Methyl 4-(dimethylamino)-6-phenyl-
3,4-dihydro-2H-1,3-thiopyran-3-carboxylate: 8b and 9b.
The title compounds and 8c and 9c were prepared according
to the same procedure as compounds 6b and 6c. They were
separated and obtained pure (except for 8c) by chromato-
graphy on silica (petroleum ether/ethyl acetate 3:2) and
isolated in yields greater than 90% (see text for information
about the cis/trans ratios).

Compound 8b. Pale yellow solid; Rf 0.40 (petroleum ether/
ethyl acetate 3:2); mp 83–84 8C (ethyl acetate); nmax/cm21

1734, 1342, 691; dH (400 MHz; CDCl3): 2.37 (6H, s), 2.90
(1H, ddd, J¼3.4, 5.0, 13.1 Hz), 3.00 (1H, dd, J¼3.4,
13.1 Hz), 3.36 (1H, dd, J¼13.1, 13.1 Hz), 3.76 (3H, s and

A. Harrison-Marchand et al. / Tetrahedron 60 (2004) 1827–1839 1835



1H, m), 6.16 (1H, d, J¼6.0 Hz), 7.34 and 7.50 (5H, 2m); dH

(400 MHz; C6D6): 2.21 (6H, s), 2.71 (1H, ddd, J¼3.4, 5.0,
13.1 Hz), 2.80 (1H, dd, J¼3.4, 13.1 Hz), 3.41 (1H, m and
3H, s), 3.62 (1H, dd, J¼5.0, 6.0 Hz), 6.01 (1H, d,
J¼6.0 Hz), 7.12 and 7.55 (5H, 2m); dC (50 MHz; CDCl3):
24.3, 44.7, 46.0, 51.8, 58.3, 116.8, 126.7, 128.5, 137.6,
139.7 (2C), 173.4; m/z (EI): 277 (Mþ

z, 1), 233 (6), 191 (50),
158 (100), 121 (13), 115 (18), 77 (8); Anal. calcd for
C15H19NO2S: C, 64.95; H, 6.90; N, 5.05; found: C, 65.15;
H, 6.67; N, 5.05.

Compound 9b. Pale yellow solid; Rf 0.21 (petroleum ether/
ethyl acetate 3:2); mp 60–61 8C (diethyl ether/petroleum
ether); nmax/cm21 1740, 1347; dH (400 MHz; CDCl3): 2.36
(6H, s), 2.99 (1H, dd, J¼2.8, 12.4 Hz), 3.03 (1H, ddd,
J¼2.8, 9.3, 10.5 Hz), 3.30 (1H, dd, J¼10.5, 12.4 Hz), 3.75
(3H, s), 3.82 (1H, dd, J¼2.9, 9.3 Hz), 6.04 (1H, d,
J¼2.9 Hz), 7.33 and 7.48 (5H, 2m); dC (50 MHz; CDCl3):
29.4, 41.0, 42.6, 52.4, 61.9, 118.4, 126.6, 128.6, 137.1,
139.4 (2C), 174.6; m/z (EI): 277 (Mþ

z, 6), 262 (14), 246 (2),
233 (9), 191 (34), 158 (100); Anal. calcd for C15H19NO2S:
C, 64.95; H, 6.90; N, 5.05; found: C, 65.18; H, 6.89; N, 4.83.

4.2.6. cis and trans 3-{[4-(Dimethylamino)-6-phenyl-3,4-
dihydro-2H-thiopyran-3-yl]carbonyl}-1,3-oxazolin-2-
one: 8c and 9c. Compound 8c. dH (400 MHz; C6D6): 2.19
(6H, s), 2.76 (1H, dd, J¼3.2, 13.2 Hz), 3.18 (4H, m), 3.60
(1H, dd, J¼13.2, 13.2 Hz), 4.16 (1H, ddd, J¼3.2, 6.9,
13.2 Hz), 4.36 (1H, dd, J¼5.0, 6.9 Hz), 6.14 (1H, d,
J¼5.0 Hz), 7.11 and 7.57 (5H, 2m).

Compound 9c. Rf 0.36 (ethyl acetate/acetone 1:1); mp 131–
132 8C (ethyl acetate/petroleum ether); nmax/cm21 1770,
1693, 694; dH (400 MHz; CDCl3): 2.35 (6H, s), 2.98 (1H,
dd, J¼2.8, 12.7 Hz), 3.25 (1H, dd, J¼11.0, 12.7 Hz), 4.07
(3H, m), 4.44 (2H, ddd, J¼2.5, 7.7, 8.6 Hz), 4.47 (1H, ddd,
J¼2.8, 10.1, 11.0 Hz), 6.07 (1H, d, J¼2.7 Hz), 7.33, 7.48
(5H, 2m); dH (400 MHz; C6D6): 2.25 (6H, s), 2.78 (1H, dd,
J¼2.8, 12.6 Hz), 3.00 (4H, m), 3.24 (1H, dd, J¼11.2,
12.6 Hz), 4.10 (1H, dd, J¼2.6, 10.4 Hz), 4.82 (1H, ddd,
J¼2.8, 10.4, 11.2 Hz), 6.04 (1H, d, J¼2.6 Hz), 7.12 and
7.60 (5H, 2m); dC (100 MHz; CDCl3): 29.9, 40.3, 41.2,
43.1, 62.1, 62.2, 117.8, 126.7, 128.6, 137.2, 139.5, 131.9,
153.5, 174.5; m/z (EI: 332 (Mþ

z, 1), 191 (49), 158 (100), 143
(21), 121 (26), 115 (34), 55 (98); Anal. calcd for
C17H20N2O3S: C, 61.43; H, 6.06; N, 8.43; found: C,
61.00; H, 6.09; N, 8.22.

4.2.7. cis-Trimethyl-4-(dimethylamino)-3,4-dihydro-2H-
thiopyran-3,5,6-tricarboxylate: 11b. To a solution of 4-
dimethylamino-2,3-dimethoxycarbonyl-1-thia-buta-1,3-diene
10 (0.1 g, 4.33£1024 mol) in dry dichloromethane (5 mL) was
added methyl acrylate (0.06 mL, 6.66£1024 mol). The reac-
tion mixture was stirred for 4 h at room temperature then
concentrated under reduced pressure. Purification by flash
chromatography on silica (petroleum ether/ethyl acetate 1:1)
gave 11b as white crystals (0.124 g, 91%); Rf 0.66 (petroleum
ether/ethyl acetate 1:1; mp 76 8C (diethyl ether); nmax/cm21

1735, 1725, 1440, 1314, 1247, 729; dH (400 MHz; CDCl3):
2.34 (6H, s), 2.59 (1H, ddd, J¼3.2, 3.6, 13.2 Hz), 3.08 (1H,
ddd, J¼1.6, 3.2, 13.2 Hz), 3.31 (1H, dd, J¼13.2, 13.2 Hz), 3.77
(3H, 3s), 3.79 (3H, 3s), 3.84 (3H, 3s), 4.33 (1H, dd, J¼1.6,
3.3 Hz); dC (100 MHz; CDCl3): 22.8, 44.7, 44.9, 52.1, 52.5,

53.3, 56.8, 123.0, 142.1, 166.0, 166.3, 172.0; m/z (EI): 317
(Mþ

z, 11), 286 (7), 270 (7), 258 (17), 231 (50), 213 (20), 199
(100), 184 (19), 172 (61), 141 (40), 129 (13), 113 (13), 72 (24),
42 (32), 15 (22); Anal. calcd for C13H19NO6S: C, 49.20; H,
6.03; N, 4.41; found: C, 49.34; H, 6.26; N, 4.51.

4.2.8. cis-Dimethyl 4-(dimethylamino)-3-[(2-oxo-1,3-oxa-
zolidin-3-yl)carbonyl]-3,4-dihydro-2H-thiopyran-5,6-
dicarboxylate: 11c. The title compound was prepared
according to the same procedure as compound 11b starting
from 0.2 g of diene 10. White crystals (0.216 g, 75%); Rf

0.25 (petroleum ether/ethyl acetate 3:7; mp 114 8C
(petroleum ether/ethyl acetate); nmax/cm21 1776, 1739,
1710, 1693, 1447, 1333, 1262, 1242, 719; dH (200 MHz;
CDCl3): 2.32 (6H, s), 2.89 (1H, dd, J¼3.0, 13.0 Hz), 3.47
(1H, dd, J¼2.1, 13.0 Hz), 3.72 (1H, ddd, J¼3.0, 3.0,
13.0 Hz), 3.77 (3H, s), 3.84 (3H, s), 4.09 (2H, m), 4.40 (1H,
d, J¼3.0 Hz), 4.46 (1H, m); dC (100 MHz; CDCl3): 22.9,
42.8, 44.5, 44.6, 52.4, 53.2, 57.0, 62.4, 123.5, 141.7, 153.1,
165.7, 166.1, 172.1; m/z (EI): 372 (Mþ

z, 6), 231 (50), 199
(100), 172 (65), 141 (37), 113 (28), 55 (39); calcd for
C14H20N2O6S: C, 48.83; H, 5.85; N, 8.13; found: C, 49.03;
H, 6.47; N, 8.25. HRMS (LSIMS): m/z¼373 [MþH]þ, calcd
for C15H21N2O7S: 373.1070; found: 373.1066.

4.3. Cycloaddition of diene 2 with methyl acrylate
catalysed by alumina: obtention of the cis- and -trans
methyl 4-(dimethylamino)-2-phenyl-5,6-dihydro-4H-
1,3-thiazine-5-carboxylates 12 and 6b

A solution of 4-dimethylamino-2-phenyl-1-thia-3-aza-buta-
1,3-diene 2 (0.5 g, 2.6£1023 mol) and methyl acrylate
(2.3 mL, 26£1023 mol) in dry dichloromethane (5 mL) was
added to 1.5 g of basic alumina (Merck, type E). The
reaction mixture was vigorously stirred for 1 h at 20 8C (or
0 8C). After addition of dichloromethane (40 mL) the
resulting slurry was filtered on a pad of celite and the
solvent concentrated (no heating!) under reduced pressure.
NMR analysis of the crude mixture revealed, next to
unreacted material, the presence of two diastereomeric
adducts, 6b and 12, in a ratio depending on the reaction
temperature (see text). Flash chromatography on silica
(petroleum ether/ethyl acetate 80:20) gave 6b (0.477 g,
66%). Due to its extremely facile conversion into trans-6b,
the cis adduct 12 could not be isolated. Main NMR
characteristic values for 12 (cf. 6b): dH (200 MHz;
CDCl3): 2.52 (3H, s); 3.75 (3H, s); 4.62 (1H, d, J¼4.0 Hz).

4.4. Synthesis of chiral non-racemic heterocycles

Thermal activation. To a solution of 4-dimethylamino-2-
phenyl-1-thia-3-aza-buta-1,3-diene 2 (0.05 g, 2.6£
1024 mol) in dry toluene (2 mL) was added a solution of
(4S)-4-benzyl-3-(prop-2-enoyl)-oxazolidin-2-one 13
(0.09 g, 3.9£1024 mol) in dry toluene (10 mL). The reaction
mixture was stirred for 20 h at 110 8C then, after cooling at
room temperature, concentrated under reduced pressure.
Purification by flash chromatography on silica (petroleum
ether/ethyl acetate 1:1 then 1:4) gave 14 and 15 (ratio:
85:15) as white needles (0.082 g, 75%).

Magnesium bromide activation. Magnesium turnings
(0.021 g, 8.6£1024 mol) in dry diethyl ether (4 mL) were
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placed under inert atmosphere. 1,2-Dibromoethane
(0.073 mL, 8.47£1024 mol) was added dropwise and the
reaction mixture was slightly heated to start the formation of
the catalyst MgBr2. When all the magnesium turnings were
consumed, diethyl ether was removed by several pumping
and venting cycles (argon) to leave a white powder.
Dichloromethane (8 mL) was syringed in, then the tem-
perature was cooled to 0 8C. A solution of (4S)-4-benzyl-3-
(prop-2-enoyl)-oxazolidin-2-one 13 (0.09 g, 3.9£1024 mol)
in dry dichloromethane (1 mL) was added followed, after
15 min, by a solution of 4-dimethylamino-2-phenyl-1-thia-
3-aza-buta-1,3-diene 2 (0.05 g, 2.6£1024 mol) also in dry
dichloromethane (1 mL). The reaction mixture was stirred
at 0 8C for 3 h. After dilution with dichloromethane (10 mL)
at room temperature then successive washings with 10%
aqueous potassium hydrogen carbonate (2£15 mL) and
brine (2£15 mL), the organic layer was extracted, dried
(MgSO4), filtered and concentrated. A washing of the
residue with cold diethyl ether gave 15 as white needles
(0.075 g, 68%).

4.4.1. (4S)-3-{[(4S,5S)-4-(Dimethylamino)-2-phenyl-5,6-
dihydro-4H-1,3-thiazine-5-yl] carbonyl}-4-benzyl-1,3-
oxazolidin-2-one: 14. Compound 14. Rf 0.40 (petroleum
ether/ethyl acetate 1:4); mp 107–108 8C (diethyl ether/
petroleum ether); [a]D

21.5¼þ196.4 (c 0.28, CHCl3); nmax/
cm21 1762, 1692, 1616, 1396, 1256, 690; dH (400 MHz;
CDCl3): 2.40 (6H, s), 2.82 (1H, dd, J¼8.6, 13.7 Hz),
3.14 (1H, dd, J¼3.7, 12.0 Hz), 3.30 (1H, dd, J¼3.2,
13.7 Hz), 3.47 (1H, dd, J¼12.0, 12.0 Hz), 4.24 (2H, m),
4.26 (1H, ddd, J¼3.7, 10.1, 12.0 Hz), 4.71 (1H, d,
J¼10.1 Hz), 4.79 (1H, m), 7.32 and 7.85 (10H, 2m); dC

(100 MHz; CDCl3): 28.5, 37.0, 38.1, 40.7, 55.8, 66.5, 79.2,
126.7, 127.5, 128.4, 129.1, 129.5, 130.8, 135.2, 138.5,
153.5, 157.5, 174.2; m/z (CI): 423 (Mþ

z); (EI): 192 (28), 159
(20), 121 (24), 55 (100), 44 (25); Anal. calcd for
C23H25N3O3S: C, 65.23; H, 5.95; N, 9.92; found: C,
64.69; H, 5.93; N, 9.87.

4.4.2. (4S)-3-{[(4R,5R)-4-(Dimethylamino)-2-phenyl-5,6-
dihydro-4H-1,3-thiazine-5-yl] carbonyl}-4-benzyl-1,3-
oxazolidin-2-one: 15. Compound 15. Rf 0.88 (petroleum
ether/ethyl acetate 1:4); mp 125–126 8C (diethyl ether/
petroleum ether); [a]D

20¼265.4 (c 0.52, CHCl3); nmax/cm21

1762, 1692, 1616, 1396, 690; dH (400 MHz; CDCl3): 2.47
(6H, s), 2.88 (1H, dd, J¼8.6, 13.7 Hz), 3.10 (1H, dd, J¼3.7,
12.0 Hz), 3.26 (1H, dd, J¼3.2, 13.7 Hz), 3.55 (1H, dd,
J¼12.0, 12.0 Hz), 4.20 (2H, m), 4.38 (1H, ddd, J¼3.7, 10.1,
12.0 Hz), 4.69 (1H, d, J¼10.1 Hz), 4.79 (1H, m), 7.35 and
7.85 (10H, 2m); dC (100 MHz; CDCl3): 28.3, 36.7, 37.4,
40.7, 55.3, 65.9, 80.5, 126.7, 127.4, 128.4, 129.0, 129.8,
130.8, 135.3, 138.6, 153.5, 157.5, 174.9; m/z (CI): 423
(Mþ

z); (EI): 192 (28), 159 (20), 121 (24), 55 (100), 44 (25);
HRMS (LSIMS): m/z¼424 [MþH]þ, calcd for
C23H25N3O3S: 424.1695; found: 424.1694.

Thermal activation. A mixture of dimethyl (2E)-[(dimethyl-
amino)methylene]-3-thiosuccinate 10 (1.10 mmol) and
(4S)-3-acryloyl-4-benzyl-1,3-oxazolidin-2-one 13 (1.10
mmol) in anhydrous CH2Cl2 (10 mL) was stirred at
room temperature during 16 h. The concentrated crude
mixture was then flash-chromatographed on silica
(eluent: petroleum ether/AcOEt, 7:3) to afford cis-23

(310 mg, 61%) along with its diastereoisomer cis-22
(50 mg, 10%).

Magnesium bromide activation. To a suspension of
activated magnesium turnings (3.25 mmol) in dry Et2O
was added 1,2-dibromoethane (3.25 mmol). The resulting
mixture was stirred until disappearance of all magnesium
turnings and solvent evaporated under N2 draught. After
addition of dry CH2Cl2 (10 mL), (4S)-3-acryloyl-4-benzyl-
1,3-oxazolidin-2-one 13 (1.10 mmol) in anhydrous CH2Cl2
(3 mL) was added at 210 8C. After 15 min stirring at
210 8C, dimethyl (2E)-[(dimethylamino)methylene]-3-
thiosuccinate 10 (1.10 mmol) was slowly added. The
reaction mixture was then stirred at 210 8C for 3 h.
Saturated NaHCO3 (5 mL) was added and the organic
layer was washed with saturated NaHCO3 (2£5 mL), water
(5 mL) and brine (5 mL). The CH2Cl2 extract was then dried
over anhydrous MgSO4, filtered and concentrated. The
crude mixture was flash-chromatographed on silica (eluent:
petroleum ether/AcOEt, 7:3) to afford trans-25 (285 mg,
57%) as white crystals along with its diastereoisomer cis-22
(142 mg, 28%).

4.4.3. Dimethyl (3R,4R)-4-(dimethylamino)-3-{[(4S)-4-
benzyl-2-oxo-1,3-oxazolidin-3-yl] carbonyl}-3,4-di-
hydro-2H-thiopyran-5,6-dicarboxylate: 22. Compound
(3R,4R)-22. [a]D

20¼þ371.0 (c 0.52, CHCl3); dH (400 MHz;
CDCl3): 2.39 (6H, s); 2.70 (1H, dd, J¼13.0, 11.4 Hz); 2.92
(1H, ddd, J¼12.4, 2.3, 1.6 Hz); 3.50–3.57 (2H, m); 3.67
(1H, m); 3.79, 3.84 (6H, 2s); 4.20 (2H, m); 4.56 (1H, dd,
J¼3.3, 1.6 Hz); 4.74 (1H, m); 7.25–7.37 (5H, m); dC

(100 MHz; CDCl3): 23.2, 38.5, 44.9, 45.1, 52.5, 53.3,
55.6, 60.5, 66.9, 123.9, 127.5, 129.2, 129.4, 135.5, 141.4,
153.2, 166.1, 172.0, 184.9; HRMS (LSIMS): m/z¼463
[MþH]þ, calcd for C22H27N2O7S: 463.1539; found:
463.1534.

4.4.4. Dimethyl (3S,4S)-4-(dimethylamino)-3-{[(4S)-4-
benzyl-2-oxo-1,3-oxazolidin-3-yl] carbonyl}-3,4-di-
hydro-2H-thiopyran-5,6-dicarboxylate: 23. Compound
(3S,4S)-23. [a]D

20¼2310.4 (c 0.52, CHCl3); dH (400 MHz;
CDCl3): 2.35 (6H, s), 2.78 and 3.41 (2H, AB part of an ABX
system, J¼13.3, 9.8, 3.2 Hz), 2.97 and 3.52 (2H, AB part of
an ABX system, J¼13.1, 13.0, 3.0 Hz), 3.72–3.82 (1H, m),
3.76, 3.84 (6H, 2s), 4.23 (2H, m), 4.30 (1H, dd, J¼3.4,
1.2 Hz), 4.63 (1H, m), 7.22–7.36 (5H, m); dC (100 MHz;
CDCl3): 23.1, 37.8, 44.8, 52.5, 53.3, 56.4, 57.2, 66.6, 123.4,
127.6, 129.1, 129.5, 135.3, 141.9, 153.0, 165.8, 166.2,
172.1; HRMS (LSIMS): m/z¼463 [MþH]þ, calcd for
C22H27N2O7S: 463.1539; found: 463.1535.

4.4.5. Dimethyl (3R,4S)-4-(dimethylamino)-3-{[(4S)-4-
benzyl-2-oxo-1,3-oxazolidin-3-yl] carbonyl}-3,4-di-
hydro-2H-thiopyran-5,6-dicarboxylate 24. Compound
(3R,4S)-24. Mp 134 8C. [a]D

20¼2102.1 (c 0.52, CHCl3);
dH (400 MHz; CDCl3): 2.36 (6H, s), 2.70 and 3.31 (2H, AB
part of an ABX system, J¼12.8, 9.8, 3.2 Hz), 3.14 (2H, d,
J¼4.7 Hz), 3.80, 3.81 (6H, 2s), 4.17–4.26 (3H, m), 4.53
(1H, dd, J¼4.9, 4.7 Hz), 4.69 (1H, m), 7.20–7.35 (5H, m);
dC (100 MHz; CDCl3): 27.2, 37.6, 38.8, 41.9, 52.5, 53.1,
55.6, 60.1, 66.5, 127.5, 129.1, 129.5, 135.2, 130.7, 136.4,
153.3, 165.2, 167.5, 171.5; HRMS (LSIMS): m/z¼463
[MþH]þ, calcd for C22H27N2O7S: 463.1539. Found:
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463.1534; Anal. calcd for C22H26N2O7S (462.52): C, 57.13;
H, 5.67; N, 6.06; found: C, 57.22; H, 5.79; N, 5.98.

4.5. Chiral auxiliary removal

4.5.1. Preparation of an authentic sample of benzyl-4-
(dimethylamino)-2-phenyl-5,6-dihydro-4H-1,3-thiazine-
5-carboxylate: 26. To a solution of 4-dimethylamino-2-
phenyl-1-thia-3-aza-buta-1,3-diene 2 (0.5 g, 2.6£1023 mol)
in dry toluene (30 mL) were added benzyl acrylate (1 g,
6.17£1023 mol) and hydroquinone (few crystals). The
reaction mixture was stirred for 5 h at 110 8C then, after
cooling at room temperature, concentrated under reduced
pressure. Purification by flash chromatography on silica
(petroleum ether/ethyl acetate 7:3) gave the title compound
as a white solid (0.87 g, 95%).

4.5.2. Benzyl (4R,5R)-4-(dimethylamino)-2-phenyl-5,6-
dihydro-4H-1,3-thiazine-5-carboxylate: 26. Benzyl
alcohol (0.073 mL, 7£1024 mol) was diluted in dry THF
(6 mL) and placed under inert atmosphere. The solution was
cooled to 278 8C and n-butyllithium (1.6 M in hexane,
0.33 mL, 5.28£1024 mol) was added dropwise. After 5 min,
a solution of adduct 15 (0.15 g, 3.5£1024 mol) in dry THF
(0.45 mL) was syringed in. The temperature was allowed to
warm to room temperature and after 5 h, saturated aqueous
ammonium chloride (3 mL) was added. The reaction
mixture was concentrated under reduced pressure. The
residue was diluted with dichloromethane (10 mL) and
washed with brine (1£10 mL). The organic layer was
extracted, dried (MgSO4), filtered and concentrated. Puri-
fication by flash chromatography on silica (petroleum ether/
ethyl acetate 7:3) gave 26 as white needles (0.04 g, 32%); Rf

0.47 (petroleum ether/ethyl acetate 1:1); mp 88–89 8C
(diethyl ether/petroleum ether); [a]D

20¼2123.1 (c 0.26,
CHCl3); nmax/cm21 1733, 1612; dH (400 MHz; CDCl3):
2.41 (6H, s), 2.76 (1H, ddd, J¼3.9, 10.1, 12.2 Hz), 3.11 (1H,
dd, J¼3.9, 12.2 Hz), 3.54 (1H, dd, J¼12.2, 12.2 Hz), 4.45
(1H, d, J¼10.1 Hz), 5.20 (1H, d, J¼12.4 Hz), 5.25 (1H, d,
J¼12.4 Hz), 7.38 and 7.83 (10H, 2m); dC (100 MHz;
CDCl3): 28.3, 40.1, 40.3, 66.8, 79.2, 126.6, 128.2, 128.3,
128.4, 128.6, 130.8, 136.0, 138.5, 157.8, 173.4; m/z (EI):
354 (Mþ

z, 3), 192 (100), 159 (68), 121 (55), 89 (89), 77 (34),
55 (33), 44 (52); Anal. calcd for C20H22N2O2S: C, 67.77; H,
6.26; N, 7.90; found: C, 67.40; H, 6.29; N, 7.89.

4.5.3. General procedure with Sm(OTf)3. To a mixture of
cycloadduct (0.2 mmol) in anhydrous CH2Cl2 (2 mL) was
added samarium triflate (0.25 equiv.). The resulting solution
was stirred for 15 min at room temperature before the
addition of MeOH (2 mL). After an additional 18 h of
stirring the reaction mixture was concentrated to a residue
that was purified by silica gel chromatography (petroleum
ether/AcOEt 4:1).

Trimethyl (3S,4S)-4-dimethylamino-3,4-dihydro-2H-thio-
pyran-3,5,6-dicarboxylate: (2)-11b

White solid; mp 99 8C. [a]D
20¼2440.0 (c 0.75, CHCl3).

4.5.4. Trimethyl (3R,4S)-4-dimethylamino-3,4-dihydro-
2H-thiopyran-3,5,6-dicarboxylate: (2)-28. [a]D

20¼2
162.2 (c 1.0, CHCl3); nmax/cm21 1734, 1716, 1700, 1436,

1258, 730; dH (400 MHz; CDCl3): 2.31 (6H, s); 3.09–3.13
(1H, m); 3.21–3.28 (2H, m,); 3.72 (3H, s), 3.77 (3H, s), 3.79
(3H, s), 4.16 (1H, dd, J¼1.2, 5.2 Hz); dC (100 MHz;
CDCl3): 26.3, 39.3, 42.0, 52.4, 52.5, 53.1, 59.2, 129.6,
136.6, 165.3, 167.2, 171.9; HRMS (ESIþ), [MþH]þ calcd
for C13H20NO6S: 318.1011; found: 318.1016.

4.5.5. Methyl (R,R)- and methyl (S,S)-4-(dimethyl-
amino)-2-phenyl-5,6-dihydro-4H-1,3-thiazine-5-car-
boxylates. (þ)-6b. [a]D

20¼þ155.5 (c¼0.67, CHCl3).

(2)-6b. [a]D
20¼2156.2 (c¼0.86, CHCl3).
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Atomic scattering factors from International tables for X-ray

crystallography (1992).20 Ortep views realized with

PLATON98 (Spek, 1998)20 and Ortep-3 for windows

(Farrugia, 1997).20.

20. (a) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.;

Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori,

G.; Spagna, R. Sir97: a new tool for crystal structure

determination and refinement. J. Appl. Crystallogr. 1999, 32,

115–119. (b) International tables for X-ray crystallography;

Vol. C, Wilson, A. J. C., Ed.; Kluwer Academic: Dordrecht,

1992. (c) Fair, C. K. MolEN, an interactive intelligent system

for crystal structure analysis, user manual; Enraf-Nonius:

Delft, The Netherlands, 1990. (d) Farrugia, L. J. J. Appl.

Crystallogr. 1997, 30, 565. (e) Sheldrick, G. M. SHELX97.

Program for the refinement of crystal structures; University of

Göttingen: Germany, 1997. (f) Spek, A. L. PLATON. A

multipurpose crystallographic tool; Utrecht University:

Utrecht, The Netherlands, 1998. (g) Spek, A. L. HELENA.

Program for the handling of CAD4-diffractometer output

SHELX(S/L); Utrecht University: Utrecht, The Netherlands,

1997.

21. Evain, M.; Collet, S.; Guingant, A. Acta Crystallogr. 2002,

E58, 1123–1124.

22. Enantiomeric excesses were determined by using (S)-mandelic

acid derivatives as chiral solvating agents Prestat, G.;

Marchand, A.; Lebreton, J.; Guingant, A.; Pradère, J. P.

Tetrahedron: Asymmetry 1998, 9, 197–201.

23. Evans, D. A.; Coleman, P. J.; Carlos Dias, L. Angew. Chem.

Int. Ed. Engl. 1997, 36, 2738–2741.
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Abstract—Oxidative free radical reactions of enamino esters are described. Electrophilic carbon-centered radicals produced by the
cerium(IV) ammonium nitrate (CAN) oxidation of b-dicarbonyl compounds undergo efficient addition to the C–C double bond of enamino
esters. This CAN mediated free radical reaction between enamino esters and b-dicarbonyl compounds provides a novel method for the
synthesis of highly substituted pyrroles. The direct CAN oxidation of b-enaminocinnamates gave the dimerization products effectively.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Free radical reactions have become increasingly important
in organic synthesis in the last two decades.1 The oxidative
addition of an electrophilic carbon-centered radicals to
alkenes mediated by metal salts has received considerable
attention in the organic synthesis for the construction of
carbon – carbon bonds. Among these, manganese(III)
acetate and cerium(IV) ammonium nitrate (CAN) have
been used most efficiently.1d – f,2,3 These reactions can be
performed intermolecularly and intramolecularly. Pyrroles
are important substructures of pharmaceutically important
compounds and also of numerous natural products.4

Accordingly, substantial attention has been paid to develop
efficient methods for the synthesis of pyrroles.5 We describe
here a novel method for the synthesis of highly substituted
pyrroles via the oxidative free radical reactions of enamino
esters.

2. Results and discussion

The CAN mediated reaction between b-aminocinnamate 1
and b-dicarbonyl compound 2 was first examined (Eq. 1).
When b-anilinocinnamate 1a was treated with ethyl
acetoacetate (2a) and CAN in methanol at room tempera-
ture, 3a was obtained in 54% yield (Table 1, entry 1). A
plausible mechanism for this reaction is shown in Scheme 1.
Initiation occurs with CAN oxidation of 2a to produce
radical 5a. This radical intermediate 5a undergoes inter-
molecular addition followed by oxidation to give 7a, which
undergoes condensation reaction to produce 3a (path a).

There is no trace of another expected product 10a can be
detected, which is presumably derived from the intra-
molecular cyclization followed by retro Claisen conden-
sation and oxidation of radical intermediate 8a (path b).
This high selectivity for the formation of pyrrole 3a can be
ascribed to the strong oxaphilicity of cerium salt and it
enhances the condensation rate of 7a.6 With other b-keto
esters (R2¼OR), in addition to the desired major product 3,
a competitive oxidative dimerization product 4 was also
obtained (entries 2–4). The ratios of 3/4 decrease as the size
of substituents (R1) on b-keto esters increases. This is
presumably due to the steric effect exerted by R1 group—the
addition rate (1!6) was retarded by the larger R1 and the
oxidative dimerization of 1a occurred. With 1,3-diones,
the reaction of 1a resulted in the formation of 3 and 4
(entries 5 and 6). The scope of this reaction was explored
using a variety of b-aminocinnamate 1 and the results were
also shown in Table 1. In all cases, b-aminocinnamate 1 was
smoothly converted to the corresponding pyrrole 3 as the
major (only) product (entries 7–13). In addition, when
b-anilinocrotonate 11 was treated with ethyl acetoacetate
(2a) and CAN under similar reaction conditions, no desired

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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Table 1. Free radical reactions of b-aminocinnamate 1

Entry Cinnamate b-Dicarbonyl compound Product (yield (%))

1 1a 2a: R1¼Me, R2¼OEt 3a (54) 4a (0)
2 1a 2b: R1¼Et, R2¼OMe 3b (51) 4a (trace)
3 1a 2c: R1¼Pr, R2¼OEt 3c (44) 4a (9)
4 1a 2d: R1¼i -Pr, R2¼OEt 3d (29) 4a (12)
5 1a 2e: R1¼Me, R2¼Me 3e (36) 4a (10)
6 1a 2f: R1¼Et, R2¼Et 3f (35) 4a (14)
7 1b 2a: R1¼Me, R2¼OEt 3g (54) 4b (0)
8 1b 2f: R1¼Et, R2¼Et 3h (33) 4b (18)
9 1c 2a: R1¼Me, R2¼OEt 3i (54) 4c (0)
10 1c 2f: R1¼Et, R2¼Et 3j (37) 4c (16)
11 1d 2a: R1¼Me, R2¼OEt 3k (45) 4d (0)
12 1e 2a: R1¼Me, R2¼OEt 3l (53) 4e (0)
13 1e 2f: R1¼Et, R2¼Et 3m (39) 4e (9)* Corresponding author. Fax: þ886-6-2740552; e-mail address:

cpchuang@mail.ncku.edu.tw

Keywords: Cerium(IV) ammonium nitrate; Oxidative; Free radical;
Enamino esters.



product could be found. It is probably due to the CAN
liability of 11.

ð1Þ

The preparation of highly substituted C2-symmetric
pyrroles by the oxidative dimerization of enamino esters
has been reported.7 On the basis of the generation of 4 in
above reaction, we expected that the direct oxidation of 1
would produce 4 effectively. Indeed, the formation of 4a

(48%) was achieved by the reaction of 1a with CAN in
methanol at room temperature (Eq. 2). Results of the CAN
mediated oxidative dimerization of 1 are summarized in
Table 2. While b-anilinocinnamates 1a–1d were converted
to the corresponding dimerization products in fair yields
(entries 1–4), the dimerization of b-alkylaminocinnamate
1e was less productive (entry 5).

ð2Þ

We next study this oxidative free radical reaction with
2-aminofumarate 12 (Eq. 3). The reaction of 2-anilino-
fumarate 12a with ethyl acetoacetate (2a) and CAN in
methanol at room temperature afforded 13a in 60% yield
(Table 3, entry 1). Pyrrole 13a was formed presumably via a
similar route shown in Scheme 1. The results of this reaction
with a variety of b-dicarbonyl compounds are summarized
in Table 3. In contrast to 1, pyrrole 13 was obtained as the
only product and no dimerization product 148 could be

Scheme 1.

Table 2. Oxidative dimerizations of b-aminocinnamate 1

Entry Cinnamate Product (yield (%))

1 1a 4a (48)
2 1b 4b (46)
3 1c 4c (56)
4 1d 4d (58)
5 1e 4e (22)
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found. We speculate that it may be due to some unknown
effects of the additional methoxycarbonyl group of 12. For
unknown reason, the reaction yield was rather poor when
this reaction was performed with 2,4-pentanedione (2c)
(entries 3, 7, 11, 14 and 17).

ð3Þ

In conclusion, radical 5 generated from the CAN oxidation
of b-dicarbonyl compounds undergoes efficient addition to
the C–C double bond of enamino esters. This free radical
reaction provides a novel method for the synthesis of highly
substituted pyrroles from readily available enamino esters
and b-dicarbonyl compounds. The dimerization product 4
can also be synthesized effectively by the direct CAN
oxidation of b-aminocinnamates.

3. Experimental

3.1. General considerations

Melting points are uncorrected. Infrared spectra were taken
with a Hitachi 260-30 spectrometer. 1H and 13C NMR
spectra were recorded on a Bruker AMX-400 or AVANCE-
300 spectrometer. Chemical shifts are reported in ppm

relative to TMS as internal reference. Elemental analyses
were performed with Heraeus CHN-Rapid Analyzer.
Analytical thin-layer chromatography was performed with
precoated silica gel 60 F-254 plates (0.25 mm thick) from
EM Laboratories and visualized by UV. The reaction
mixture was purified by column chromatography over EM
Laboratories silica gel (70–230 mesh). The starting
enamino esters 17b,9b and 127a,9a were synthesized accord-
ing to literature procedures.

3.2. Typical experimental procedure for the reaction
between b-aminocinnamate 1 and b-dicarbonyl
compounds

A solution of 134 mg (0.44 mmol) of 1a, 349 mg
(2.68 mmol) of ethyl acetoacetate, 223 mg (2.65 mmol) of
sodium bicarbonate and 729 mg (1.33 mmol) of CAN in
10 mL of methanol was stirred at room temperature for
10 min. The reaction mixture was diluted with 100 mL of
ethyl acetate, washed with 50 mL of saturated aqueous
sodium bisulfite, three 50 mL portions of water, dried
(Na2SO4), and concentrated in vacuo. The residue was
chromatographed over 15 g of silica gel (eluted with 1:8
ethyl acetate – hexane) followed by recrystallization
(hexane–ethyl acetate) to give 99 mg (54%) of 3a.

3.3. Typical experimental procedure for the oxidative
dimerization reaction of b-aminocinnamate 1

A solution of 135 mg (0.44 mmol) of 1a, 145 mg
(1.72 mmol) of sodium bicarbonate and 541 mg
(0.98 mmol) of CAN in 10 mL of methanol was stirred at
room temperature for 10 min. The reaction mixture was
diluted with 100 mL of ethyl acetate, washed with 50 mL of
saturated aqueous sodium bisulfite, three 50 mL portions of
water, dried (Na2SO4), and concentrated in vacuo. The
residue was chromatographed over 15 g of silica gel (eluted
with 1:7 ethyl acetate–hexane) followed by recrystalliza-
tion (hexane–ethyl acetate) to give 52 mg (48%) of 4a.

3.4. Typical experimental procedure for the reaction
between 2-aminofumarate 12 and b-dicarbonyl
compounds

A solution of 122 mg (0.40 mmol) of 12a, 218 mg
(1.68 mmol) of ethyl acetoacetate and 430 mg
(0.79 mmol) of CAN in 10 mL of methanol was stirred at
room temperature for 15 min. The reaction mixture was
diluted with 100 mL of ethyl acetate, washed with 50 mL of
saturated aqueous sodium bisulfite, three 50 mL portions of
water, dried (Na2SO4), and concentrated in vacuo. The
residue was chromatographed over 15 g of silica gel (eluted
with 1:3.5 ethyl acetate–hexane) followed by recrystalliza-
tion (hexane–ethyl acetate) to give 100 mg (60%) of 13a

3.4.1. 1-(p-Chlorophenyl)-3,4-diethoxycarbonyl-2-
methyl-5-phenylpyrrole 3a. Colorless crystals; mp 112–
113 8C; IR(CHCl3) 2990, 1705, 1535, 1495, 1430 cm21; 1H
NMR (300 MHz, CDCl3) d 1.16 (t, J¼7.1 Hz, 3H, CH3),
1.35 (t, J¼7.1 Hz, 3H, CH3), 2.31 (s, 3H, CH3), 4.17 (q,
J¼7.1 Hz, 2H, OCH2), 4.32 (q, J¼7.1 Hz, 2H, OCH2), 6.99
(d, J¼8.6 Hz, 2H, ArH), 7.09–7.22 (m, 5H, ArH), 7.30 (d,
J¼8.6 Hz, 2H, ArH); 13C NMR (75.5 MHz, CDCl3) d 12.2

Table 3. Free radical reactions of 2-aminofumarate 12

Entry Fumarate b-Dicarbonyl compound Product (yield (%))

1 12a 2a: R1¼Me, R2¼OEt 13a (60)
2 12a 2b: R1¼Et, R2¼OMe 13b (65)
3 12a 2c: R1¼Me, R2¼Me 13c (41)
4 12a 2d: R1¼Et, R2¼Et 13d (61)
5 12b 2a: R1¼Me, R2¼OEt 13e (69)
7 12b 2c: R1¼Me, R2¼Me 13f (33)
8 12b 2d: R1¼Et, R2¼Et 13g (62)
9 12c 2a: R1¼Me, R2¼OEt 13h (67)
10 12c 2b: R1¼Et, R2¼OMe 13i (61)
11 12c 2c: R1¼Me, R2¼Me 13j (41)
12 12c 2d: R1¼Et, R2¼Et 13k (53)
13 12d 2a: R1¼Me, R2¼OEt 13l (57)
14 12d 2c: R1¼Me, R2¼Me 13m (32)
15 12e 2a: R1¼Me, R2¼OEt 13n (68)
16 12e 2b: R1¼Et, R2¼OMe 13o (70)
17 12e 2c: R1¼Me, R2¼Me 13p (40)
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(q), 13.9 (q), 14.2 (q), 60.2 (t), 60.7 (t), 112.4 (s), 116.1 (s),
127.8 (d), 127.9 (d), 129.4 (d), 129.7 (d), 130.1 (s), 130.3
(d), 134.4 (s), 134.5 (s), 135.5 (s), 136.0 (s), 164.7 (s), 165.8
(s). Anal. calcd for C23H22ClNO4: C, 67.07; H, 5.38; N,3.40.
Found: C, 67.04; H, 5.36; N, 3.38.

3.4.2. 1-(p-Chlorophenyl)-3-ethoxycarbonyl-2-ethyl-4-
methoxycarbonyl-5-phenylpyrrole 3b. Colorless crystals;
mp 121–122 8C; IR(CHCl3) 2990, 1710, 1495, 1440,
1295 cm21; 1H NMR (400 MHz, CDCl3) d 1.02 (t,
J¼7.4 Hz, 3H, CH3), 1.15 (t, J¼7.1 Hz, 3H, CH3), 2.74
(q, J¼7.4 Hz, 2H, CH2), 3.85 (s, 3H, OCH3), 4.17 (q,
J¼7.1 Hz, 2H, OCH2), 7.03 (d, J¼8.6 Hz, 2H, ArH), 7.09–
7.14 (m, 2H, ArH), 7.15–7.21 (m, 3H, ArH), 7.30 (d,
J¼8.6 Hz, 2H, ArH); 13C NMR (100.6 MHz, CDCl3) d 14.0
(q), 14.3 (q), 19.0 (t), 51.3 (q), 60.7 (t), 111.4 (s), 116.1 (s),
127.8 (d), 127.9 (d), 129.3 (d), 129.9 (d), 130.1 (s), 130.4
(d), 134.6 (s), 134.7 (s), 135.4 (s), 142.0 (s), 165.0 (s), 165.8
(s). Anal. calcd for C23H22ClNO4: C, 67.07; H, 5.38; N,
3.40. Found: C, 67.18; H, 5.46; N, 3.35.

3.4.3. 1-(p-Chlorophenyl)-3,4-diethoxycarbonyl-2-phe-
nyl-5-propylpyrrole 3c. Colorless crystals; mp 92–93 8C;
IR(CHCl3) 2975, 1705, 1495, 1435, 1280, 1195 cm21; 1H
NMR (400 MHz, CDCl3) d 0.80 (t, J¼7.6 Hz, 3H, CH3),
1.14 (t, J¼7.1 Hz, 3H, CH3), 1.35 (t, J¼7.1 Hz, 3H, CH3),
1.43 (sextet, J¼7.6 Hz, 2H, CH2), 2.66–2.72 (m, 2H, CH2),
4.17 (q, J¼7.1 Hz, 2H, OCH2), 4.32 (q, J¼7.1 Hz, 2H,
OCH2), 7.01 (d, J¼8.6 Hz, 2H, ArH), 7.09–7.13 (m, 2H,
ArH), 7.15–7.20 (m, 3H, ArH), 7.29 (d, J¼8.6 Hz, 2H,
ArH); 13C NMR (100.6 MHz, CDCl3) d 13.9 (q), 14.0 (q),
14.2 (q), 23.2 (t), 27.5 (t), 60.1 (t), 60.7 (t), 112.1 (s), 116.3
(s), 127.7 (d), 127.9 (d), 129.2 (d), 130.0 (d), 130.1 (s),
130.4 (d), 134.5 (s), 135.5 (s), 140.5 (s), 164.5 (s), 165.9 (s).
Anal. calcd for C25H26ClNO4: C, 68.25; H, 5.96; N, 3.18.
Found: C, 68.24; H, 6.02; N, 3.20.

3.4.4. 1-(p-Chlorophenyl)-3,4-diethoxycarbonyl-2-iso-
propyl-5-phenylpyrrole 3d. Colorless needles; mp 154–
155 8C; IR(CHCl3) 2985, 1715, 1495, 1270, 1190 cm21; 1H
NMR (400 MHz, CDCl3) d 1.10 (t, J¼7.2 Hz, 3H, CH3),
1.25 (d, J¼7.1 Hz, 6H, CH3), 1.38 (t, J¼7.1 Hz, 3H, CH3),
2.87 (septet, J¼7.1 Hz, 1H, CH), 4.11 (q, J¼7.2 Hz, 2H,
OCH2), 4.36 (q, J¼7.1 Hz, 2H, OCH2), 7.00 (d, J¼8.6 Hz,
2H, ArH), 7.09–7.13 (m, 2H, ArH), 7.14–7.21 (m, 3H,
ArH), 7.27 (d, J¼8.6 Hz, 2H, ArH); 13C NMR (100.6 MHz,
CDCl3) d 13.9 (q), 14.2 (q), 21.5 (q), 26.6 (d), 60.3 (t), 60.8
(t), 113.1 (s), 114.8 (s), 127.5 (d), 128.0 (d), 129.2 (d), 130.3
(d), 130.5 (s), 130.8 (d), 134.6 (s), 135.78 (s), 135.81 (s),
141.9 (s), 164.8 (s), 166.2 (s). Anal. calcd for C25H26ClNO4:
C, 68.25; H, 5.96; N, 3.18. Found: C, 68.27; H, 6.01; N, 3.21.

3.4.5. 3-Acetyl-1-(p-chlorophenyl)-4-ethoxycarbonyl-2-
methyl-5-phenylpyrrole 3e. Colorless crystals; mp 127–
128 8C; IR(CHCl3) 3010, 1705, 1660, 1495, 1415 cm21; 1H
NMR (400 MHz, CDCl3) d 1.08 (t, J¼7.1 Hz, 3H, CH3),
2.21 (s, 3H, CH3), 2.51 (s, 3H, CH3), 4.13 (q, J¼7.1 Hz, 2H,
OCH2), 6.98 (q, J¼8.6 Hz, 2H, ArH), 7.10–7.15 (m, 2H,
ArH), 7.16–7.25 (m, 3H, ArH), 7.29 (d, J¼8.6 Hz, 2H,
ArH); 13C NMR (100.6 MHz, CDCl3) d 12.4 (q), 13.8 (q),
31.0 (q), 60.6 (t), 114.4 (s), 123.1 (s), 127.6 (d), 128.1 (d),
129.4 (d), 129.7 (d), 130.5 (s), 130.8 (d), 134.2 (s), 134.6 (s),
135.3 (s), 136.9 (s), 165.2 (s), 197.7 (s). Anal. calcd for

C22H20ClNO3: C, 69.20; H, 5.28; N, 3.67. Found: C, 69.20;
H, 5.30; N, 3.62.

3.4.6. 1-(p-Chlorophenyl)-3-ethoxycarbonyl-5-ethyl-2-
phenyl-4-propionylpyrrole 3f. Colorless needles; mp
123–124 8C; IR(CHCl3) 2985, 1700, 1495, 1420,
1170 cm21; 1H NMR (400 MHz, CDCl3) d 0.97 (t,
J¼7.4 Hz, 3H, CH3), 1.05 (t, J¼7.1 Hz, 3H, CH3), 1.20 (t,
J¼7.3 Hz, 3H, CH3), 2.59 (q, J¼7.4 Hz, 2H, CH2), 2.84 (q,
J¼7.3 Hz, 2H, CH2), 4.10 (q, J¼7.1 Hz, 2H, OCH2), 7.02
(d, J¼8.5 Hz, 2H, ArH), 7.09–7.13 (m, 2H, ArH), 7.15–
7.22 (m, 3H, ArH), 7.28 (d, J¼8.5 Hz (2H, ArH); 13C NMR
(100.6 MHz, CDCl3) d 8.6 (q), 13.8 (q), 14.6 (q), 18.8 (t),
36.5 (t), 60.3 (t), 113.7 (s), 112.6 (s), 127.5 (d), 128.0 (d),
129.2 (d), 130.0 (d), 130.7 (s), 130.9 (d), 134.6 (s), 135.4 (s),
137.1 (s), 138.8 (s), 165.1 (s), 201.8 (s). Anal. calcd for
C24H24ClNO3: C, 70.32; H, 5.90; N, 3.42. Found: C, 70.27;
H, 5.90; N, 3.36.

3.4.7. 1-(p-Bromophenyl)-3,4-diethoxycarbonyl-2-
methyl-5-phenylpyrrole 3g. Colorless crystals; mp 109–
110 8C; IR(CHCl3) 2990, 1705, 1495, 1425, 1280 cm21; 1H
NMR (400 MHz, CDCl3) d 1.16 (t, J¼7.1 Hz, 3H, CH3),
1.35 (t, J¼7.1 Hz, 3H, CH3), 2.31 (s, 3H, CH3), 4.17 (q,
J¼7.1 Hz, 2H, OCH2), 4.32 (q, J¼7.1 Hz, 2H, OCH2), 6.92
(d, J¼8.5 Hz, 2H, ArH) (7.08–7.23 (m, 5H, ArH), 7.45 (d,
J¼8.5 Hz( 2H, ArH); 13C NMR (100.6 MHz, CDCl3) d 12.2
(q), 14.0 (q), 14.3 (q), 60.2 (t), 60.7 (t), 112.4 (s), 116.2 (s),
122.5 (s), 127.8 (d), 128.0 (d), 130.0 (d), 130.1 (s), 130.4
(d), 132.4 (d), 134.5 (s), 135.97 (s), 136.00 (s), 164.7 (s),
165.8 (s). Anal. calcd for C23H22BrNO4: C, 60.54; H, 4.86;
N, 3.07. Found: C, 60.62; H, 4.96; N, 3.08.

3.4.8. 1-(p-Bromophenyl)-3-ethoxycarbonyl-5-ethyl-2-
phenyl-4-propionylpyrrole 3h. Colorless needles; mp
131–132 8C; IR(CHCl3) 2985, 1695, 1490, 1420, 1170,
1125 cm21; 1H NMR (400 MHz, CDCl3) d 0.97 (t,
J¼7.4 Hz, 3H, CH3), 1.05 (t, J¼7.1 Hz, 3H, CH3), 1.20 (t,
J¼7.3 Hz, 3H, CH3), 2.59 (q, J¼7.4 Hz, 2H, CH2), 2.84 (q,
J¼7.3 Hz, 2H, CH2), 4.10 (q, J¼7.1 Hz, 2H, OCH2), 6.96
(d, J¼8.6 Hz, 2H, ArH), 7.09–7.13 (m, 2H, ArH), 7.16–
7.23 (m, 3H, ArH), 7.43 (d, J¼8.6 Hz, 2H, ArH); 13C NMR
(100.6 MHz, CDCl3) d 8.6 (q), 13.8 (q), 14.7 (q), 18.8 (t),
36.5 (t), 60.4 (t), 113.7 (s), 122.57 (s), 122.63 (s), 127.6 (d),
128.1 (d), 130.2 (d), 130.6 (s), 130.8 (d), 132.2 (d), 135.9
(s), 137.1 (s), 138.8 (s), 165.1 (s), 201.9 (s). Anal. calcd for
C24H24BrNO3: C, 63.44; H, 5.32; N, 3.08. Found: C, 63.45;
H, 5.37; N, 3.12.

3.4.9. 3,4-Diethoxycarbonyl-1-(p-ethoxycarbonylphe-
nyl)-2-methyl-5-phenylpyrrole 3i. Colorless crystals; mp
117–118 8C; IR(CHCl3) 2990, 1715, 1485, 1270,
1190 cm21; 1H NMR (400 MHz, CDCl3) d 1.16 (t,
J¼7.1 Hz, 3H, CH3), 1.35 (t, J¼7.1 Hz, 3H, CH3), 1.37 (t,
J¼7.1 Hz, 3H, CH3), 2.23 (s, 3H, CH3), 4.18 (q, J¼7.1 Hz,
2H, OCH2), 4.33 (q, J¼7.1 Hz, 2H, OCH2), 4.36 (q,
J¼7.1 Hz, 2H, OCH2), 7.09–7.20 (m, 7H, ArH), 8.01 (d,
J¼8.5 Hz (2H, ArH); 13C NMR (100.6 MHz, CDCl3) d 12.2
(q), 14.0 (q), 14.2 (q), 14.3 (q), 60.2 (t), 60.7 (t), 61.3 (t),
112.7 (s), 116.4 (s), 127.8 (d), 128.0 (d), 128.5 (d), 130.0 (s),
130.36 (d), 130.41 (d), 134.4 (s), 135.9 (s), 140.9 (s), 164.7
(s), 165.5 (s), 165.7 (s). Anal. calcd for C26H27NO6: C,
69.47; H, 6.05; N, 3.12. Found: C, 69.45; H, 6.05; N, 3.04.
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3.4.10. 3-Ethoxycarbonyl-1-(p-ethoxycarbonylphenyl)-5-
ethyl-2-phenyl-4-propionylpyrrole 3j. Colorless needles;
mp 111–112 8C; IR(CHCl3) 2990, 1715, 1485, 1415,
1280 cm21; 1H NMR(400 MHz, CDCl3) d 0.95 (t,
J¼7.4 Hz, 3H, CH3), 1.06 (t, J¼7.1 Hz, 3H, CH3), 1.21 (t,
J¼7.3 Hz, 3H, CH3), 1.38 (t, J¼7.1 Hz, 3H, CH3), 2.60 (q,
J¼7.4 Hz, 2H, CH2), 2.85 (q, J¼7.3 Hz, 2H, CH2, 4.11 (q,
J¼7.1 Hz, 2H, OCH2), 4.36 (q, J¼7.1 Hz, 2H, OCH2),
7.09–7.23 (m, 7H, ArH), 7.99 (d, J¼8.5 Hz (2H, ArH); 13C
NMR (100.6 MHz, CDCl3) d 8.6 (q), 13.8 (q), 14.2 (q), 14.6
(q), 18.9 (t), 36.6 (t), 60.4 (t), 61.4 (t), 113.8 (s), 122.8 (s),
127.6 (d), 128.1 (d), 128.7 (d), 130.3 (d), 130.6 (s), 130.9
(d), 137.1 (s), 138.7 (s), 140.8 (s), 165.1 (s), 165.5 (s), 201.9
(s). Anal. calcd for C27H29NO5: C, 72.46; H, 6.53; N, 3.13.
Found: C, 72.42; H, 6.55; N, 3.06.

3.4.11. 3,4-Diethoxycarbonyl-2-methyl-1,5-diphenyl-
pyrrole 3k. Colorless crystals; mp 94–95 8C; IR(CHCl3)
2990, 1705, 1495, 1425, 1280 cm21; 1H NMR (400 MHz,
CDCl3) d 1.16 (t, J¼7.1 Hz, 3H, CH3), 1.35 (t, J¼7.1 Hz,
3H, CH3), 2.32 (s, 3H, CH3), 4.18 (q, J¼7.1 Hz, 2H, OCH2),
4.32 (q, J¼7.1 Hz, 2H, OCH2), 7.02–7.08 (m, 2H, ArH),
7.14 (s, 5H, ArH), 7.28–7.35 (m, 3H, ArH); 13C NMR
(100.6 MHz, CDCl3) d 12.2 (q), 13.9 (q), 14.2 (q), 60.0 (t),
60.6 (t), 112.0 (s), 115.9 (s), 127.6 (d), 127.7 (d), 128.41 (d),
128.43 (d), 129.0 (d), 130.3 (d), 134.5 (s), 136.2 (s), 136.9
(s), 164.8 (s), 166.0 (s). Anal. calcd for C23H23NO4: C,
73.19; H, 6.14; N, 3.71. Found: C, 73.14; H, 6.13; N, 3.71.

3.4.12. 1-Cyanomethyl-3,4-diethoxycarbonyl-2-methyl-
5-phenylpyrrole 3l. Colorless crystals; mp 79–80 8C;
IR(CHCl3) 2990, 1710, 1445, 1425, 1300, 1240,
1185 cm21; 1H NMR (300 MHz, CDCl3) d 1.09 (t,
J¼7.1 Hz, 3H, CH3), 1.34 (t, J¼7.1 Hz, 3H, CH3), 2.61 (s,
3H, CH3), 4.10 (q, J¼7.1 Hz, 2H, OCH2), 4.30 (q,
J¼7.1 Hz, 2H, OCH2), 4.55 (s, H, NCH2), 7.36–7.42 (m,
2H, ArH), 7.44–7.50 (m, 3H, ArH); 13C NMR (75.5 MHz,
CDCl3) d 11.0 (q), 13.8 (q), 14.2 (q), 32.5 (t), 60.4 (t), 60.6
(t), 113.5 (s), 113.9 (s), 116.3 (s), 128.8 (d), 129.0 (s), 129.5
(d), 130.4 (d), 134.4 (s), 134.7 (s), 164.3 (s), 164.7 (s). Anal.
calcd for C19H20N2O4: C, 67.05; H, 5.92; N, 8.23. Found: C,
66.99; H, 5.93; N, 8.22.

3.4.13. 1-Cyanomethyl-3-ethoxycarbonyl-5-ethyl-2-phe-
nyl-4-propionylpyrrole 3m. Colorless needles; mp 84–
85 8C; IR(CHCl3) 2990, 1700, 1485, 1430, 1285,
1155 cm21; 1H NMR (400 MHz, CDCl3) d 1.00 (t,
J¼7.2 Hz, 3H, CH3), 1.17 (t, J¼7.3 Hz, 3H, CH3), 1.30 (t,
J¼7.5 Hz, 3H, CH3), 2.79 (q, J¼7.3 Hz, 2H, CH2), 2.81 (q,
J¼7.5 Hz, 2H, CH2), 4.05 (q, J¼7.2 Hz, 2H, OCH2), 4.53
(s, 2H, NCH2), 7.36–7.41 (m, 2H, ArH), 7.46–7.52 (m, 3H,
ArH); 13C NMR (75.5 MHz, CDCl3) d 8.5 (q), 13.6 (q), 14.5
(q), 18.5 (t), 32.1 (t), 36.7 (t), 60.3 (t), 114.0 (s), 114.3 (s),
123.6 (s), 128.6 (d), 129.5 (d), 129.7 (s), 130.6 (d), 136.8 (s),
136.9 (s), 164.1 (s), 202.0 (s). Anal. calcd for C20H22N2O3:
C, 70.99; H, 6.55; N, 8.28. Found: C, 70.93; H, 6.58; N,
8.32.

3.4.14. 1-(p-Chlorophenyl)-3,4-diethoxycarbonyl-2,5-
diphenylpyrrole 4a. Colorless crystals; mp 174–175 8C;
IR(CHCl3) 2990, 1715, 1490, 1375, 1280 cm21; 1H NMR
(300 MHz, CDCl3) d 1.16 (t, J¼7.1 Hz, 6H, CH3), 4.19 (q,
J¼7.1 Hz, 4H, OCH2), 6.76 (d, J¼8.5 Hz, 2H, ArH), 7.05

(d, J¼8.5 Hz, 2H, ArH), 7.14–7.27 (m, 10H, ArH); 13C
NMR (75.5 MHz, CDCl3), d 13.9 (q), 60.0 (t), 115.4 (s),
127.7 (d), 128.2 (d), 128.8 (d), 129.9 (d), 130.2 (s), 130.8
(d), 133.7 (s), 135.5 (s), 136.4 (s), 164.8 (s). Anal. calcd for
C28H24ClNO4: C, 70.98; H, 5.10; N, 2.96. Found: C, 70.95;
H, 5.18; N, 3.04.

3.4.15. 1-(p-Bromophenyl)-3,4-diethoxycarbonyl-2,5-
diphenylpyrrole 4b. Colorless crystals; mp 165–166 8C;
IR(CHCl3) 2990, 1715, 1490, 1375, 1275 cm21; 1H NMR
(300 MHz, CDCl3) d 1.15 (t, J¼7.1 Hz, 6H, CH3), 4.18 (q,
J¼7.1 Hz, 4H, OCH2), 6.70 (d, J¼8.3 Hz, 2H, ArH), 7.31–
7.14 (m, 12H, ArH); 13C NMR (75.5 MHz, CDCl3), d 13.9
(q), 60.6 (t), 115.5 (s), 121.8 (s), 127.8 (d), 128.2 (d), 130.2
(d), 130.8 (d), 131.8 (d), 136.1 (s), 136.4 (s), 164.8 (s). Anal.
calcd for C28H24BrNO4: C, 64.87; H, 4.67; N, 2.70. Found:
C, 64.98; H, 4.71; N, 2.73.

3.4.16. 3,4-Diethoxycarbonyl-1-(p-ethoxycarbonyl-
phenyl)-2,5-diphenylpyrrole 4c. Colorless crystals; mp
183–184 8C; IR(CHCl3) 2990, 1715, 1485, 1275,
1190 cm21; 1H NMR (400 MHz, CDCl3), 1.16 (t,
J¼7.1 Hz, 6H, CH3), 1.33 (t, J¼7.1 Hz, 3H, CH3), 4.19
(q, J¼7.1 Hz, 4H, OCH2), 4.29 (q, J¼7.1 Hz, 2H, OCH2),
6.89 (d, J¼8.6 Hz, 2H, ArH), 7.15–7.25 (m, 10H, ArH),
7.76 (d, J¼8.6 Hz, 2H, ArH); 13C NMR (100.6 MHz,
CDCl3) d 13.9 (q), 14.2 (q), 60.6 (t), 61.2 (t), 115.7 (s),
127.7 (d), 128.3 (d), 128.7 (d), 129.6 (s), 129.8 (d), 130.1
(s), 130.8 (d), 136.4 (s), 140.9 (s), 164.8 (s), 165.5 (s). Anal.
calcd for C31H29NO6: C, 72.78; H, 5.71; N, 2.74. Found: C,
72.80; H, 5.80; N, 2.82.

3.4.17. 3,4-Diethoxycarbonyl-1,2,5-triphenylpyrrole 4d.
Colorless crystals; mp 139–140 8C; IR(CHCl3) 2990, 1715,
1485, 1270, 1190 cm21; 1H NMR (400 MHz, CDCl3) d 1.16
(t, J¼7.1 Hz, 6H, CH3), 4.19 (q, J¼7.1 Hz, 4H, OCH2),
6.81–6.86 (m, 2H ArH), 7.04–7.11 (m, 3H, ArH), 7.16–
7.24 (m, 10H, ArH); 13C NMR (100.6 MHz, CDCl3) d 13.9
(q), 60.5 (t), 115.1 (s), 127.5 (d), 127.8 (d), 128.0 (d), 128.5
(d), 128.8 (d), 130.5 (s), 130.8 (d), 136.6 (s), 137.0 (s), 165.0
(s). Anal. calcd for C28H25NO4: C, 76.52; H, 5.93; N, 3.19.
Found: C, 76.45; H, 5.80; N, 3.17.

3.4.18. 1-Cyanomethyl-3,4-diethoxycarbonyl-2,5-phe-
nylpyrrole 4e. Colorless needles; mp 155–156 8C;
IR(CHCl3) 2990, 1725, 1485, 1445, 1310 cm21; 1H NMR
(400 MHz, CDCl3) d 1.10 (t, J¼7.1 Hz, 6H, CH3), 4.13 (q,
J¼7.1 Hz, 4H, OCH2), 4.37 (s, 2H, NCH2), 7.52 (s, 10H,
ArH), 13C NMR (100.6 MHz, CDCl3) d 13.8 (q), 33.6 (t),
60.6 (t), 114.7 (s), 116.0 (s), 128.8 (d), 129.2 (s), 129.7 (d),
130.6 (d), 136.6 (s), 164.1 (s). Anal. calcd for C24H22N2O4:
C, 71.63; H, 5.51; N, 6.96. Found: C, 71.51; H, 5.52; N,
6.96.

3.4.19. 3-Ethoxycarbonyl-1-(p-ethoxycarbonylphenyl)-
4,5-dimethoxycarbonyl-2-methylpyrrole 13a. Colorless
needles; mp 141–142 8C; IR(CHCl3) 2990, 1715, 1610,
1510, 1450 cm21; 1H NMR (400 MHz, CDCl3) d 1.35 (t,
J¼7.1 Hz, 3H, CH3), 1.42 (t, J¼7.1 Hz, 3H, CH3), 2.28 (s,
3H, CH3), 3.64 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 4.30 (q,
J¼7.1 Hz, 2H, OCH2), 4.42 (q, J¼7.1 Hz, 2H, OCH2), 7.28
(d, J¼8.2 Hz, 2H, ArH), 8.20 (d, J¼8.2 Hz, 2H, ArH); 13C
NMR (100.6 MHz, CDCl3) d 12.2 (q), 14.1 (q), 14.2 (q),
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51.7 (q), 52.6 (q), 60.4 (t), 61.3 (t), 111.7 (s), 120.2 (s),
125.9 (s), 127.7 (d), 130.5 (d), 131.3 (s), 141.1 (s), 141.6 (s),
159.1 (s), 163.0 (s), 165.4 (s), 166.4 (s). Anal. calcd for
C21H23NO8: C, 60.43; H, 5.55; N, 3.36; Fond: C, 60.39; H,
5.60; N, 3.30.

3.4.20. 1-(p-Ethoxycarbonylphenyl)-2-ethyl-3,4,5-tri-
methoxycarbonylpyrrole 13b. Colorless needles; mp
97–98 8C; IR(CHCl3) 2990, 1715, 1510, 1465,
1275 cm21; 1H NMR (400 MHz, CDCl3) d 1.00 (t,
J¼7.4 Hz, 3H, CH3), 1.42 (t, J¼7.1 Hz, 3H, CH3), 2.69
(q, J¼7.4 Hz, 2H, CH2), 3.63 (s, 3H, OCH3), 3.85 (s, 3H,
OCH3), 3.97 (s, 3H, OCH3), 4.42 (q, J¼7.1 Hz, 2H, OCH2),
7.31 (d, J¼8.4 Hz, 2H, ArH), 8.20 (d, J¼8.4 Hz, 2H, ArH);
13C NMR (100.6 MHz, CDCl3) d 13.8 (q), 14.3 (q), 19.1 (t),
51.6 (q), 51.8 (q), 52.8 (q), 61.3 (t), 110.9 (s), 120.2 (s),
126.1 (s), 127.9 (d), 130.4 (d), 131.4 (s), 141.0 (s), 147.4 (s),
159.1 (s), 163.2 (s), 165.4 (s), 166.6 (s). Anal. calcd for
C21H23NO8: C, 60.43; N, 3.36; H, 5.55. Found: C, 60.42; N,
3.34; H, 5.61.

3.4.21. 3-Acetyl-1-(p-ethoxycarbonylphenyl)-4,5-
dimethoxycarbonyl-2-methylpyrrole 13c. Colorless
crystals; mp 129–130 8C; IR(CHCl3) 3010, 1720, 1670,
1445, 1275 cm21; 1H NMR (400 MHz, CDCl3) d 1.42 (t,
J¼7.1 Hz, 3H, CH3), 2.27 (s, 3H, CH3), 2.43 (s, 3H, CH3),
3.64 (s, 3H, OCH3), 3.98 (s, 3H, OCH3), 4.42 (q, J¼7.1 Hz,
2H, OCH2), 7.28 (d, J¼8.2 Hz, 2H, ArH), 8.20 (d,
J¼8.2 Hz, 2H, ArH); 13C NMR (100.6 MHz, CDCl3) d
13.0 (q), 14.3 (q), 29.6 (q), 51.9 (q), 52.9 (q), 61.4 (t), 120.85
(s), 120.93 (s), 125.0 (s), 127.8 (d), 130.6 (d), 131.4 (s),
140.6 (s), 141.0 (s), 159.3 (s), 165.4 (s), 167.0 (s), 193.2 (s).
Anal. calcd for C20H21NO7: C, 62.01; H, 5.46; N, 3.62.
Found: C, 61.90; H, 5.42; N, 3.57.

3.4.22. 1-(p-Ethoxycarbonylphenyl)-2-ethyl-4,5-
dimethoxycarbonyl-3-propionylpyrrole 13d. Colorless
needles; mp 104–105 8C; IR(CHCl3) 2990, 1720, 1670,
1495, 1460 cm21; 1H NMR (400 MHz, CDCl3) d 1.01 (t,
J¼7.4 Hz, 3H, CH3), 1.16 (t, J¼7.1 Hz, 3H, CH3), 1.42 (t,
J¼7.1 Hz, 3H, CH3), 2.66 (q, J¼7.4 Hz, 2H, CH2), 2.76 (q,
J¼7.1 Hz, 2H, CH2), 3.62 (s, 3H, OCH3), 3.98 (s, 3H,
OCH3), 4.42 (q, J¼7.1 Hz, 2H, OCH2), 7.31 (d, J¼8.2 Hz,
2H, ArH), 8.20 (d, J¼8.2 Hz, 2H, ArH); 13C NMR
(100.6 MHz, CDCl3) d 7.8 (q), 13.8 (q), 14.2 (q), 19.5 (t),
34.1 (t), 51.8 (q), 52.9 (q), 61.3 (t), 119.9 (s), 120.8 (s),
124.6 (s), 127.9 (d), 130.3 (d), 131.4 (s), 140.9 (s), 146.1 (s),
159.3 (s), 165.4 (s), 167.3 (s), 196.1 (s). Anal. calcd for
C22H25NO7: C, 63.60; N, 3.37; H, 6.07. Found: C, 63.46; N,
3.35; H, 6.07.

3.4.23. 1-(p-Cyanophenyl)-3-ethoxycarbonyl-4,5-
dimethoxycarbonyl-2-methylpyrrole 13e. Colorless
crystals; mp 156–157 8C; IR(CHCl3) 3010, 2235, 1715,
1510, 1445, 1280 cm21; 1H NMR (400 MHz, CDCl3) d 1.34
(t, J¼7.1 Hz, 3H, CH3), 2.28 (s, 3H, CH3), 3.66 (s, 3H,
OCH3), 3.95 (s, 3H, OCH3), 4.30 (q, J¼7.1 Hz, 2H, OCH2),
7.34 (d, J¼8.4 Hz, 2H, ArH), 7.83 (d, J¼8.4 Hz, 2H, ArH);
13C NMR (100.6 MHz, CDCl3) d 12.2 (q), 14.1 (q), 51.9 (q),
52.7 (q), 60.5 (t), 112.2 (s), 113.5 (s), 117.6 (s), 120.2 (s),
126.2 (s), 128.8 (d), 133.1 (d), 141.2 (s), 141.5 (s), 159.1 (s),
162.8 (s), 166.1 (s). Anal. calcd for C19H18N2O6: C, 61.62;
N, 7.56; H, 4.90. Found: C, 61.64; N, 7.54; H, 5.01.

3.4.24. 3-Acetyl-1-(p-cyanophenyl)-4,5-dimethoxycar-
bonyl-2-methylpyrrole 13f. Colorless crystals; mp 200–
201 8C; IR(CHCl3) 3010, 2955, 2235, 1720, 1670, 1495,
1445 cm21; 1H NMR (400 MHz, CDCl3) d 2.27 (s, 3H,
CH3), 2.43 (s, 3H, CH3), 3.66 (s, 3H, OCH3), 3.98 (s, 3H,
OCH3), 7.35 (d, J¼8.4 Hz, 2H, ArH), 7.83 (d, J¼8.4 Hz,
2H, ArH); 13C NMR (100.6 MHz, CDCl3) d 13.0 (q), 29.5
(q), 52.0 (q), 53.0 (q), 113.6 (s), 117.6 (s), 120.7 (s), 121.2
(s), 125.2 (s), 128.9 (d), 133.2 (d), 140.5 (s), 141.1 (s), 159.2
(s), 166.8 (s), 193.1 (s). Anal. calcd for C18H16N2O5: C,
63.52; N, 8.23; H, 4.74. Found: C, 63.44; N, 8.11; H, 4.70.

3.4.25. 1-(p-Cyanophenyl)-2-ethyl-4,5-dimethoxycar-
bonyl-3-propionylpyrrole 13g. Colorless needles; mp
117–118 8C; IR(CHCl3) 2990, 2235, 1720, 1670, 1495,
1445 cm21; 1H NMR (400 MHz, CDCl3) d 1.01 (t,
J¼7.4 Hz, 3H, CH3), 1.16 (t, J¼7.1 Hz, 3H, CH3), 2.65
(q, J¼7.4 Hz, 2H, CH2), 2.75 (q, J¼7.1 Hz, 2H, CH2), 3.65
(s, 3H, OCH3), 3.98 (s, 3H, OCH3), 7.37 (d, J¼8.2 Hz, 2H,
ArH), 7.83 (d, J¼8.2, 2H, ArH); 13C NMR (100.6 MHz,
CDCl3) ( 7.8 (q), 13.8 (q), 19.5 (t), 34.2 (t), 52.0 (q), 53.0
(q), 113.6 (s), 117.6 (s), 120.1 (s), 120.6 (s), 124.9 (s), 129.0
(d), 133.0 (d), 141.0 (s), 146.1 (s), 159.2 (s), 167.1 (s), 196.0
(s). Anal. calcd for C20H20N2O5: C, 65.21; N, 7.60; H, 5.47.
Found: C, 65.26; N, 7.50; H, 5.52.

3.4.26. 1-(p-Bromophenyl)-3-ethoxycarbonyl-4,5-
dimethoxycarbonyl-2-methylpyrrole 13h. Colorless
crystals; mp 151–152 8C; IR(CHCl3) 3005, 2955, 1710,
1510, 1495, 1445 cm21; 1H NMR (400 MHz, CDCl3) d 1.34
(t, J¼7.1 Hz, 3H, CH3), 2.28 (s, 3H, CH3), 3.66 (s, 3H,
OCH3), 3.95 (s, 3H, OCH3), 4.29 (q, J¼7.1 Hz, 2H, OCH2),
7.07 (d, J¼8.6 Hz, 2H, ArH), 7.63 (d, J¼8.6 Hz, 2H, ArH);
13C NMR (100.6 MHz, CDCl3) d 12.2 (q), 14.1 (q), 51.8 (q),
52.6 (q), 60.4 (t), 111.6 (s), 120.2 (s), 123.3 (s), 125.8 (s),
129.2 (d), 132.4 (d), 136.3 (s), 141.8 (s), 159.1 (s), 163.0 (s),
166.4 (s). Anal. calcd for C18H18BrNO6: C, 50.96; H, 4.28;
N, 3.30. Found: C, 50.97; H, 4.30; N, 3.30.

3.4.27. 1-(p-Bromophenyl)-2-ethyl-3,4,5-trimethoxy-
carbonylpyrrole 13i. Colorless crystals; mp 122–123 8C;
IR(CHCl3) 3010, 2955, 1715, 1510, 1495, 1465 cm21; 1H
NMR (400 MHz, CDCl3) d 1.01 (t, J¼7.4 Hz, 3H, CH3),
2.69 (q, J¼7.4 Hz, 2H, CH2), 3.65 (s, 3H, OCH3), 3.84 (s,
3H, OCH3), 3.96 (s, 3H, OCH3), 7.10 (d, J¼8.4 Hz, 2H,
ArH), 7.63 (d, J¼8.4 Hz, 2H, ArH); 13C NMR (100.6 MHz,
CDCl3) d 13.9 (q), 19.0 (t), 51.6 (q), 51.9 (q), 52.8 (q), 110.8
(s), 120.1 (s), 123.5 (s), 126.0 (s), 129.4 (d), 132.4 (d), 136.1
(s), 147.6 (s), 159.2 (s), 163.2 (s), 166.6 (s). Anal. calcd for
C18H18BrNO6: C, 50.96; H, 4.28; N, 3.30; Found: C, 50.96;
H, 4.34; N, 3.29.

3.4.28. 3-Acetyl-1-(p-bromophenyl)-4,5-dimethoxy-
carbonyl-2-methylpyrrole 13j. Colorless crystals; mp
176–177 8C; IR(CHCl3) 3010, 2955, 1725, 1670, 1495,
1445 cm21; 1H NMR (400 MHz, CDCl3) d 2.27 (s, 3H,
CH3), 2.43 (s, 3H, CH3), 3.66 (s, 3H, OCH3), 3.97 (s, 3H,
OCH3), 7.08 (d, J¼8.6 Hz, 2H, ArH), 7.64 (d, J¼8.6 Hz,
2H, ArH); 13C NMR (100.6 MHz, CDCl3) d 13.1 (q), 29.6
(q), 51.9 (q), 52.9 (q), 120.8 (s), 123.5 (s), 124.9 (s), 129.3
(d), 132.5 (d), 136.2 (s), 140.8 (s), 159.3 (s), 167.1 (s), 193.2
(s). Anal. calcd for C17H16BrNO5: C, 51.79; H, 4.09; N,
3.55. Found: C, 51.75; H, 4.09; N, 3.51.
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3.4.29. 1-(p-Bromophenyl)-2-ethyl-4,5-dimethoxycar-
bonyl-3-propionylpyrrole 13k. Colorless crystals; mp
91–92 8C; IR(CHCl3) 2985, 2955, 1725, 1670, 1495,
1460 cm21; 1H NMR (400 MHz, CDCl3) d 1.01 (t,
J¼7.4 Hz, 3H, CH3), 1.16 (t, J¼7.1 Hz, 3H, CH3), 2.66
(q, J¼7.4 Hz, 2H, CH2), 2.75 (q, J¼7.1 Hz, 2H, CH2), 3.65
(s, 3H, OCH3), 3.98 (s, 3H, OCH3), 7.10 (d, J¼8.5 Hz, 2H,
ArH), 7.63 (d, J¼8.5 Hz, 2H, ArH); 13C NMR (100.6 MHz,
CDCl3) d 7.8 (q), 13.9 (q), 19.5 (t), 34.2 (t), 51.9 (q), 52.9
(q), 119.8 (s), 120.8 (s), 123.5 (s), 124.6 (s), 129.5 (d), 132.4
(d), 136.1 (s), 146.4 (s), 159.4 (s), 167.4 (s), 196.2 (s). Anal.
calcd for C19H20BrNO5: C, 54.04; H, 4.77; N, 3.32. Found:
C, 54.06, H, 4.83; N, 3.33.

3.4.30. 1-Benzyl-3-ethoxycarbonyl-4,5-dimethoxycar-
bonyl-2-methylpyrrole 13l. Colorless crystals; mp 111–
112 8C; IR(CHCl3) 3010, 2955, 1705, 1470, 1445 cm21; 1H
NMR (400 MHz, CDCl3) d 1.32 (t, J¼7.1 Hz, 3H, CH3),
2.50 (s, 3H, CH3), 3.75 (s, 3H, OCH3), 3.92 (s, 3H, OCH3),
4.26 (q, J¼7.1 Hz, 2H, OCH2), 5.63 (s, 2H, NCH2), 6.93–
6.99 (m, 2H, ArH), 7.21–7.33 (m, 3H, ArH); 13C NMR
(100.6 MHz, CDCl3) d 11.3 (q), 14.1 (q), 48.4 (t), 51.8 (q),
52.4 (q), 60.2 (t), 111.3 (s), 118.9 (s), 125.8 (d), 126.2 (s),
127.4 (d), 128.8 (d), 136.2 (s), 141.6 (s), 160.0 (s), 163.2 (s),
166.8 (s). Anal. calcd for C19H21NO6: C, 63.50; N, 3.90; H,
5.89. Found: C, 63.41; N, 3.85; H, 5.95.

3.4.31. 3-Acetyl-1-benzyl-4,5-dimethoxycarbonyl-2-
methylpyrrole 13m. Colorless crystals; mp 138–139 8C;
IR(CHCl3) 3010, 1715, 1665, 1505, 1445 cm21; 1H
(400 MHz, CDCl3) d 2.39 (s, 3H, CH3), 2.47 (s, 3H,
CH3), 3.76 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 5.63 (s,2H,
NCH2), 6.94–6.99 (m, 2H, ArH), 7.22–7.34 (m, 3H, ArH);
13C NMR (100.6 MHz, CDCl3) d 12.0 (q), 29.5 (q), 48.3 (t),
51.9 (q), 52.7 (q), 119.5 (s), 120.6 (s), 125.1 (s), 125.8 (d),
127.5 (d), 128.8 (d), 136.1 (s), 140.6 (s), 160.1 (s), 167.5 (s),
193.4 (s). Anal. calcd for C18H19NO5: C, 65.64; N, 4.25; H,
5.81. Found: C, 65.68; N, 4.18; H, 5.88.

3.4.32. 3-Ethoxycarbonyl-4,5-dimethoxycarbonyl-1-
methoxycarbonylmethyl-2-methylpyrrole 13n. Colorless
crystals; mp 121–122 8C; IR(CHCl3) 3005, 2960, 1745,
1715, 1515 cm21; 1H NMR (400 MHz, CDCl3) d 1.32 (t,
J¼7.1 Hz, 3H, CH3), 2.52 (s, 3H, CH3), 3.78 (s, 3H, OCH3),
3.79 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 4.26 (q, J¼7.1 Hz,
2H, OCH2), 5.08 (s, 2H, NCH2); 13C NMR (100.6 MHz,
CDCl3) ( 11.0 (q), 14.1 (q), 46.5 (t), 51.9 (q), 52.4 (q), 52.7
(q), 60.3 (t), 112.2 (s), 118.8 (s), 126.0 (s), 141.5 (s), 160.2
(s), 163.0 (s), 166.5 (s), 167.8 (s). Anal. calcd for
C15H19NO8: C, 52.78; N, 4.10; H, 5.61. Found: C, 52.77;
N, 4.07; H, 5.68.

3.4.33. 2-Ethyl-3,4,5-trimethoxycarbonyl-1-methoxy-
carbonylmethylpyrrole 13o. Colorless crystals; mp 113–
114 8C; IR(CHCl3) 3010, 2960, 1745, 1710, 1605 cm21; 1H
NMR (400 MHz, CDCl3) d 1.15 (t, J¼7.5 Hz, 3H, CH3),
2.96 (q, J¼7.5 Hz, 2H, CH2), 3.78 (s, 3H, OCH3), 3.79 (s,
3H, OCH3), 3.81 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 5.05 (s,
2H, NCH2); 13C NMR (100.6 MHz, CDCl3) d 13.2 (q), 18.4
(t), 46.5 (t), 51.5 (q), 51.9 (q), 52.5 (q), 52.7 (q), 110.5 (s),
118.9 (s), 126.1 (s), 146.8 (s), 160.2 (s), 163.2 (s), 166.6 (s),
168.0 (s). Anal. calcd for C15H19NO8: C, 52.78; N, 4.10; H,
5.61. Found: C, 52.81; N, 4.06; H, 5.64.

3.4.34. 3-Acetyl-4,5-dimethoxycarbonyl-1-methoxy-
carbonylmethyl-2-methylpyrrole 13p. Colorless crystals;
mp 101–102 8C; IR(CHCl3) 3010, 2955, 1740, 1715,
1670 cm21; 1H NMR (400 MHz, CDCl3) d 2.38 (s, 3H,
CH3), 2.50 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 3.80 (s, 3H,
OCH3), 3.93 (s, 3H, OCH3), 5.09 (s, 2H, NCH2); 13C NMR
(100.6 MHz, CDCl3) ( 11.8 (q), 29.5 (q), 46.4 (t), 52.0 (q),
52.8 (q), 119.2 (s), 120.5 (s), 125.1 (s), 140.6 (s), 160.3 (s),
167.2 (s), 167.8 (s), 193.3 (s). Anal. calcd for C14H17NO7:
C, 54.02; N, 4.50; H, 5.50. Found: C, 54.04; N, 4.47; H,
5.57.

Acknowledgements

We are grateful to the National Science Council of the ROC
for financial support (Grant No. NSC-91-2113-M-006-008).

References and notes

1. (a) Hart, D. J. Science 1984, 223, 883. (b) Neumann, W. P.

Synthesis 1987, 665. (c) Curran, D. P. Synthesis 1988, 417, 489.

(d) Melikyan, G. G. Synthesis 1993, 833. (e) Iqbal, J.; Bhatia,

B.; Nayyar, N. K. Chem. Rev. 1994, 94, 519. (f) Snider, B. B.

Chem. Rev. 1996, 96, 339.

2. (a) Oumar-Mahamat, H.; Moustrou, C.; Surzur, J.-M.;

Berstrand, M. P. J. Org. Chem. 1989, 54, 5684. (b) Snider,

B. B.; Wan, B. Y. F.; Buckman, B. O.; Foxman, B. M. J. Org.

Chem. 1991, 56, 328.

3. (a) Citterio, A.; Sebastiano, R.; Carvayal, M. C. J. Org. Chem.

1991, 56, 5335. (b) Citterio, A.; Sebastiano, R.; Nicolini, M.

Tetrahedron 1993, 49, 7743. (c) Jiang, M.-C.; Chuang, C.-P.

J. Org. Chem. 2000, 65, 5409. (d) Wu, Y.-L.; Chuang, C.-P.;

Lin, P.-Y. Tetrahedron 2001, 57, 5543.

4. Gossauer, A. Houben-Weyl, Methoden der Organischen

Chemie; Kreher, R. R., Ed.; Thieme: Stuttgart, 1994; Vol. E

6a, pp 556–798, Part 1.

5. (a) Gilchrist, T. L. J. Chem. Soc., Perkin Trans. 1 1999, 2849.

(b) Borger, D. L.; Boyce, C. W.; Labroli, M. A.; Sehon, C. A.;

Jin, Q. J. Am. Chem. Soc. 1999, 121, 54. (c) Lee, C.-F.; Yang,

L.-M.; Hwu, T.-Y.; Feng, A.-S.; Tseng, J.-C.; Luh, T.-Y. J. Am.

Chem. Soc. 2000, 122, 4992. (d) Kelin, A. V.; Sromek, A. W.;

Gevorgyan, V. J. Am. Chem. Soc. 2001, 123, 2074. (e) Ferreira,

P. M. T.; Maia, H. L. S.; Monteiro, L. S. Tetrahedron Lett. 2002,

43, 4491. (f) Bashiardes, G.; Safir, I.; Barbot, F.; Laduranty, J.

Tetrahedron Lett. 2003, 44, 8417.

6. Similar rate enhancement by cerium salt has been reported. See:

(a) Imamoto, T.; Sugiura, Y.; Takiyama, N. Tetrahedron Lett.

1984, 25, 4233. (b) Imamoto, T.; Takiyama, N.; Nakamura, K.

Tetrahedron Lett. 1985, 26, 4763. (c) Tseng, C.-C.; Wu, Y.-L.;

Chuang, C.-P. Tetrahedron 2002, 58, 7625.

7. (a) Carr, R. M.; Norman, R. O. C.; Vernon, J. M. J. Chem. Soc.,

Perkin Trans. 1 1980, 156. (b) Sukari, M. A.; Vernon, J. M.

Tetrahedron 1983, 39, 793. (c) Zhang, P.-F.; Chen, Z.-C. Synth.

Commun. 2001, 31, 1619.

8. Reaction of 12c with CAN in methanol only resulted in the

decomposition of starting material and no desired dimerization

product 14c could be isolated.

9. (a) Paulvannan, K.; Stille, J. R. J. Org. Chem. 1994, 59, 1613.

(b) Toda, J.; Fuse, T.; Kishikawa, E.; Ando, N.; Negishi, R.;

Horiguchi, Y.; Sano, T. Heterocycles 1994, 38, 2091.

C.-P. Chuang, Y.-L. Wu / Tetrahedron 60 (2004) 1841–1847 1847



Copper(II)salen catalysed, asymmetric synthesis of
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Abstract—Cu(salen) complex 1 was found to be a versatile catalyst for the asymmetric alkylation of a range of enolates derived from
a-amino acids, leading to a,a-disubstituted amino acids. The enantioselectivity of the process decreases as the size of the amino acid
sidechain increases, but functionalized amino acids such as allylglycine and aspartic acid are substrates for the process. Benzylic bromides
are found to be more enantioselective alkylating agents than propargylic bromides. As an example of the utility of this chemistry, an
a-propargylic allylglycine derivative is prepared and subjected to ene–yne metathesis using Grubbs’ catalyst to give a non-racemic
cyclopentenyl amino acid.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Phase transfer methodology offers many possibilities in
allowing otherwise unfavourable reactions to be carried
out.1 In particular, liquid–liquid phase transfer catalysis
allows reactions to be carried out involving reagents for
which no convenient mutual solvent is available. Solid–
liquid phase transfer catalysis is potentially even more
general as a solvent only needs to be found for one
component of a reaction.

Recently, there has been an upsurge of interest in
asymmetric phase transfer catalysis in which a chiral, non-
racemic phase transfer catalyst is used to induce the
enantioselective conversion of a prochiral substrate into an
enantiomerically enriched product. Most work in this area
has focused upon the asymmetric synthesis of a-amino
acids or a,a-disubstituted amino acids by the alkylation of
achiral enolates of glycine or alanine derivatives, though
other classes of reactions can also be catalysed. The first
reports in this area were due to O’Donnell who demon-
strated that quaternary ammonium salts derived from
cinchona alkaloids could catalyse the asymmetric alkylation
of a glycine enolate, leading to a-amino acids with
moderate enantiomeric excesses.2 This chemistry was
subsequently developed simultaneously by Lygo3 and
Corey,4 who both showed that the use of a 9-anthracenyl-

methyl group to quaternize the cinchona alkaloid resulted in
a catalyst that exhibited enhanced enantioselectivity.5 In
addition to enolate alkylations,6 this catalyst will also
catalyse Michael additions,7,8 aldol reactions,9 and enone
epoxidations.10 It can also be used in conjunction with
achiral palladium complexes to induce the asymmetric
allylation of enolates.11 However, only glycine derived
imines give products with high enantiomeric excesses.12

Recently, polymer supported8,13 and oligomeric14 versions
of the cinchona derived phase transfer catalysts have been
developed and used for asymmetric amino acid synthesis.
The catalysts have also been used under micellar con-
ditions.15

Maruoka has developed a class of binaphthyl derived
quaternary ammonium salts and has shown that they act as
asymmetric phase transfer catalysts for both the alkylation
and dialkylation (with two different alkylating agents) of a
glycine derived imine, leading to both a-amino acids and
a,a-disubstituted amino acids with excellent enantiomeric
excesses.16 Aldol reactions,17 Michael additions,18 and the
alkylation of b-keto esters19 are also catalysed by this class
of asymmetric phase transfer catalysts. Other groups have
also investigated the use of synthetic ammonium20 and
guanidinium21 salts and crown ethers22 as asymmetric phase
transfer catalysts.

In 1998, Belokon’ and Kagan were the first to demonstrate
that a metal complex could act as an asymmetric phase
transfer catalyst. The sodium salt of TADDOL was found to
catalyse the alkylation of alanine derivatives leading to
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a-methyl-a-amino acids with up to 82% enantiomeric
excess.23 It was subsequently shown that the sodium salts of
both NOBIN24 and BINOLAM25 could act as asymmetric
phase transfer catalysts for the same reaction.

Although chiral transition metal complexes have been used
to catalyse a wide range of asymmetric transformations, we
were the first to show that they could be used to catalyse the
asymmetric alkylation of amino acid enolates under phase
transfer conditions. In particular, we have shown that
copper(II)salen complex 1 will catalyse the asymmetric
alkylation of the enolate of alanine derivative 2 leading to a-
methyl, a-amino acids with up to 90% enantiomeric excess
as shown in Scheme 1.26 The key alkylation reaction is
carried out under solid–liquid phase transfer conditions
using solid sodium hydroxide as base, and toluene as the
solvent. One of the advantages of this chemistry compared
to the quaternary ammonium salt methodologies is the
ability to use the readily available and inexpensive methyl
ester of alanine as substrate, as the nature of the ester
appears to make no significant difference to the level of
asymmetric induction observed in the reactions. Although
the methyl ester is hydrolysed under the reaction conditions,
this appears to be slower than the enolate formation and
alkylation and the product can readily be re-esterified as part
of the work-up procedure.27 In this manuscript, we report
the extension of this chemistry to substrates derived from
amino acids other than alanine.28

2. Results and discussion

The first substrate that we chose to investigate was amino-
butyric acid derivative 3a as this involved only a small
change in the sidechain from methyl to ethyl. Imine 3a was
prepared from (R,S)-aminobutyric acid methyl ester and
para-chlorobenzaldehyde (Scheme 2), and was then alkyl-
ated with allyl bromide under the standard conditions for the
use of catalyst 1, to give a-ethyl allylglycine methyl ester 4a
with 80% enantiomeric excess (Table 1 entry 1). By
doubling the amount of allyl bromide used to 2.4 equiv., the
yield of compound 4a increased to .50%, though at the
expense of a decrease in the enantiomeric excess (Table 1:
entry 2).

The enantiomeric excess of all the a,a-disubstituted amino
esters prepared in this work was determined by reaction of a
sample of the amino ester with an excess of (S)-a-methyl

benzylisocyanate followed by analysis of the resulting
diastereomeric ureas 5 by 1H NMR spectroscopy. When
substrate 3a was alkylated using benzyl bromide to give
a-ethyl phenylalanine methyl ester 4b, the standard
conditions (Table 1: entry 3) gave a product with good
enantiomeric excess but in very low yield. Simply extending
the reaction time from 1 to 2 days increased the chemical
yield to .90% whilst leaving the enantiomeric excess of the
product essentially unchanged (Table 1: entry 4). The final
alkylating agent studied in conjunction with substrate 3a
was 4-nitrobenzyl bromide. In this case, the standard
conditions (Table 1: entry 5) again gave the product 4c with
ca. 80% enantiomeric excess but in low yield. Doubling
either the reaction time (Table 1: entry 6) or the amount of

Scheme 1. (i) NaOH/R0X/1 (2 mol%), toluene, R.T (ii) H3Oþ.

Scheme 2. (i) 4-ClC6H4CHO/MgSO4; (ii) NaOH/R0X/1, toluene, R.T., then
MeOH/AcCl; (iii) SiO2; (iv) excess (S)-PhCHMe-NvCvO, CDCl3, RT.
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4-nitrobenzyl bromide used (Table 1: entry 7) increased the
chemical yield to .80% without significantly reducing the
enantiomeric excess of the product. Thus, by choice of
appropriate concentrations and/or reaction times it was
possible to convert imine 3a into a-ethyl amino acids in
high yield and with ca. 80% enantiomeric excess in each
case. Peptides incorporating a-ethyl amino acids have
recently been shown to adopt unique conformations.29 To
further extend the scope of the chemistry, leucine derivative
3b was used as substrate (Scheme 2, R¼CH2CHMe2). The
presence of a branch at the g-carbon makes this a more
hindered substrate than aminobutyric acid derivative 3a,
which was anticipated to affect the enantioselectivity of the
alkylation reaction. Under the standard conditions (Table 1:
entry 8) no reaction occurred when substrate 3b was treated
with benzyl bromide. Only by increasing the amount of
catalyst to 10 mol% (Table 1: entry 9) could a-benzyl
leucine methyl ester (4d) be isolated in moderate yield and
with low enantiomeric purity. Interestingly, increasing the
reaction time from 1 to 7 days (Table 1: entry 10) resulted in
only a small increase in the isolated yield of compound 4d,
but doubled its enantiomeric purity to a respectable 55%.

para-Nitrobenzyl bromide also reacted with substrate 3b,
giving a,a-disubstituted amino ester 4e with up to 56%

enantiomeric excess (Table 1: entries 11–14). Employing
1.2 equiv. of the alkylating agent (Table 1: entries 11 and
12) gave results which are very similar to those obtained
when benzyl bromide was used as the alkylating agent, with
optimal yield and enantioselectivity being observed after a
reaction time of 7 days. However, by increasing the amount
of alkylating agent to 2.4 equiv., it was possible to reduce
the reaction time to one day (Table 1: entry 13) with no
reduction in the chemical yield, though the enantiomeric
excess of the product was slightly reduced. Subsequent
reduction of the amount of catalyst used back to 2 mol%
(Table 1: entry 14) did give compound 4e, all be it in
reduced chemical yield and with a lower enantiomeric
excess. Finally, allyl bromide reacted with substrate 3b to
give a-allyl leucine methyl ester 4f, though again the
reaction required 10 mol% of catalyst 1 and the
enantiomeric excess of the product was very low (Table 1:
entry 15).

Phenylalanine derived substrate 3c also branches at the
g-position. The initial studies using this substrate were
carried out using allyl bromide as the alkylating agent
(Table 1: entries 16–23). Despite numerous optimization
attempts in which the catalyst concentration, alkylating
agent concentration and reaction time were all varied, the

Table 1. Alkylation of amino acid derivatives 3a– i

Entry Substrate Alkylating agent (equivalents) (product) Catalyst (mol%) Time (days) Yield (%) Enantiomeric excess (%)

1 3a Allyl bromide (1.2) (4a) 2 1 46 80
2 3a Allyl bromide (2.4) (4a) 2 1 54 70
3 3a Benzyl bromide (1.2) (4b) 2 1 39 80
4 3a Benzyl bromide (1.2) (4b) 2 2 91 82
5 3a Para-nitro-benzyl bromide (1.2) (4c) 2 1 23 78
6 3a Para-nitro-benzyl bromide (1.2) (4c) 2 2 83 79
7 3a Para-nitro-benzyl bromide (2.4) (4c) 2 1 95 75
8 3b Benzyl bromide (1.2) (4d) 2 1 0
9 3b Benzyl bromide (1.2) (4d) 10 1 41 27
10 3b Benzyl bromide (1.2) (4d) 10 7 54 55
11 3b Para-nitro-benzyl bromide (1.2) (4e) 10 1 46 40
12 3b Para-nitro-benzyl bromide (1.2) (4e) 10 7 63 56
13 3b Para-nitro-benzyl bromide (2.4) (4e) 10 1 64 47
14 3b Para-nitro-benzyl bromide (2.4) (4e) 2 1 47 43
15 3b Allyl bromide (1.2) (4f) 10 1 46 22
16 3c Allyl bromide (1.2) (4g) 2 1 30 17
17 3c Allyl bromide (1.2) (4g) 2 5 44 17
18 3c Allyl bromide (2.4) (4g) 2 1 53 15
19 3c Allyl bromide (4.8) (4g) 2 1 74 18
20 3c Allyl bromide (4.8) (4g) 10 1 87 20
21 3c Allyl bromide (1.2) (4g) 10 1 40 31
22 3c Allyl bromide (1.2) (4g) 25 1 68 27
23 3c Allyl bromide (1.2) (4g) 50 1 70 19
24 3c Para-nitro-benzyl bromide (1.2) (4h) 10 1 67 34
25 3d Allyl bromide (2.4) 2 7 0
26 3d Allyl bromide (2.4) 10 2 0
27 3d Benzyl bromide (2.4) 10 2 0
28 3e Allyl bromide (1.2) (4i) 2 1 31 48
29 3e Benzyl bromide (1.2) (4j) 2 1 38 42
30 3f Benzyl bromide (1.2) (4k) 2 1 66 57
31 3f Benzyl bromide (2.4) (4k) 2 1 67 57
32 3f Benzyl bromide (1.2) (4k) 10 1 38 43
33 3f Para-nitro-benzyl bromide (1.2) (4l) 2 2 45 47
34 3f 1-Bromo-but-2-yne (4m) 2 2 46 25
35 3f Propargyl bromide (4n) 2 2 49 20
36 3g 1-Bromo-but-2-yne (4m) 2 2 44 25
37 3h Benzyl bromide (7) 2 2 52
38 3i Allyl bromide (1.2) (4o) 2 1 25 17
39 3i Benzyl bromide (1.2) (4p) 2 1 75 10
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highest enantiomeric excess observed for product 4g was
31%, and in a mediocre 40% yield. This enantiomeric
excess was observed using 10 mol% of catalyst 1 (Table 1:
entry 21), and use of a lower (Table 1: entry 16) or higher
(Table 1: entries 22 and 23) concentration of catalyst 1
resulted in reduced enantioselectivity. The only other
alkylating agent studied with substrate 3c was para-
nitrobenzyl bromide, and under the optimized conditions,
this gave product 4h with 34% enantiomeric excess (Table 1:
entry 24) which is essentially identical to that observed
using allyl bromide as the alkylating agent (Table 1:
entry 21).

Valine derived substrate 3d which is b-branched is amongst
the most hindered possible substrates for this type of
alkylation reaction. All attempts to react substrate 3d with
either allyl bromide (Table 1: entries 25 and 26) or benzyl
bromide (Table 1: entry 27) were totally unsuccessful. It
appears that substrate 3d is too hindered to be a substrate for
catalyst 1.

The final unfunctionalized substrate that we have investi-
gated is phenylglycine derivative 3e. This substrate was of
interest since although the sidechain branches at the
b-position, the enolate of compound 3e would be com-
pletely planar, unlike the enolates of compounds 3a–d.
Alkylation of substrate 3e with allyl bromide (Table 1: entry
28) gave a-phenyl allylglycine with 48% enantiomeric
excess. This enantioselectivity, whilst not comparable with
that obtainable from aminobutyric acid derived substrate 31
(Table 1: entry 1), is significantly higher than that obtained
from either leucine or phenylalanine derived substrates 3b
and 3c (Table 1: entries 15 and 21). The alkylation of
substrate 3e by benzyl bromide was also investigated. In this
case, the enantioselectivity was lower than that obtained for
either substrate 3a or 3b, but the latter results are not strictly
comparable due to the different amounts of catalyst used.

Substrates 3a–e are all unfunctionalized but differ in their
steric properties. It appears that the enantioselectivity of the
alkylation of these substrates decreases as the substrate
becomes more sterically hindered. We next decided to study
more functionalized substrates to investigate the compati-
bility of the chemistry with functional groups. The first
substrates chosen for this work were allylglycine derivatives
3f and 3g. Compounds 3f and 3g were prepared by the
palladium catalysed allylation of glycine imines 6a and 6b
as shown in Scheme 3.30,31 This method has the advantage

over a direct alkylation of the enolates of compounds 6a,b in
that no dialkylation occurs.

Imine 3f was subsequently reacted with catalyst 1 and
benzyl bromide according to Scheme 2 to give a-allyl-
phenylalanine methyl ester 4k in 66% yield and with 57%
enantiomeric excess (Table 1: entry 30). Attempts to
increase the enantioselectivity and/or chemical yield with
this substrate by increasing the concentration of substrate or
catalyst were unsuccessful (Table 1: entries 31 and 32).
Optimal yields with all products derived from imines 3f and
3g were obtained by omitting the methanolic HCl treatment
at the end of the alkylation reaction. Presumably, the
products are sufficiently sterically hindered that ester
hydrolysis does not occur on the reaction timescale and
the methanolic HCl treatment reduces the isolated yield by
inducing addition reactions to the alkene and/or alkyne units
within products 4k–4n. Product 4k is constitutionally
identical to product 4g obtained by the allylation of
phenylalanine derivative 3c. However, analysis of the 1H
NMR spectra of the derived ureas 5g and 5k revealed that
the major stereoisomer formed in each case was different.
This implies that products 4g and 4k are enantiomeric, and
this is consistent with the alkylation occurring enantio-
selectively on the re-face of the enolate. Further evidence
for this hypothesis was obtained by hydrolysis of amino
ester 4g to give (þ)-a-allyl-phenylalanine, which is known
to correspond to the (S)-enantiomer of this amino acid.32

Use of para-nitrobenzyl bromide as the alkylating agent
with substrate 3f (Table 1: entry 33) gave a-para-
nitrobenzyl-allylglycine 4l with similar enantiomeric excess
(47%) to that observed using benzyl bromide, though with a
lower isolated yield. However, use of 1-bromo-2-butyne as
the alkylating agent (Table 1: entry 34) gave a-but-2-ynyl-
allylglycine 4m with a much lower enantiomeric excess
(25%) and with propargyl bromide as the alkylating agent,
the enantioselectivity dropped still further (Table 1: entry
35). In this case, use of the para-chlorobenzylidene imine
3g did not increase the enantioselectivity of the alkylation
reaction (Table 1: entry 36). This result is consistent with
our previous results on substrate 2 where propargyl bromide
was found to give a product with lower enantiomeric excess
than that observed using allylic or benzylic halides.26,27

Glutamic acid derivative 3h was felt to be an interesting
substrate for this chemistry since alkylated glutamic acid
derivatives are known to be selective neurotransmitters.33 In
addition, since glutamic acid is branched only at the
d-carbon, it was expected to be a good substrate, and to
lead to a-substituted derivatives with high enantiomeric
excess. However, treatment of substrate 3h with benzyl
bromide in the presence of catalyst 1 (Table 1: entry 37)
gave not the expected a-benzyl glutamic acid dimethyl
ester, but a-benzyl-pyroglutamic acid methyl ester 7 as
shown in Scheme 4. It appears that the alkylation chemistry
works exactly as expected, but on work-up the a-substituted
glutamic acid diester spontaneously cyclises to lactam 7.
Unfortunately, compound 7 failed to react with a-methyl
benzylisocyanate, so we were unable to determine its
enantiomeric excess.

To avoid the cyclisation problem encountered in theScheme 3. (i) H2CvCHCH2OCO2Me/Pd(dppe) (5 mol%).
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synthesis of a-substituted glutamic acid derivatives, we
turned to the lower homologue aspartic acid. Reaction of
imine 3i with allyl bromide gave a-allyl-aspartic acid
dimethyl ester (4o) (Table 1: entry 38), and the correspond-
ing reaction with benzyl bromide gave a-benzyl aspartic
acid dimethyl ester (4p) (Table 1: entry 39). However, the
enantiomeric excesses of products 4o/p were disappointing
(10–20%), possibly reflecting the fact that the sidechain of
aspartic acid branches at the g-carbon.

To demonstrate the utility of this methodology in the
synthesis of complex amino acids, the further manipulation
of adducts 4m and 4n was investigated. Thus, amino esters
4m and 4n were first protected with a Boc group, then
treated with Grubbs’ catalyst (5 mol%) under an ethene
atmosphere to induce ring-closing ene–yne metathesis to
give dienes 8a,b as shown in Scheme 5. Subsequent Diels–
Alder reaction of diene 8a with maleic anhydride gave
tricyclic amino acid derivative 9 as a 1:1 mixture of
diastereomers.

Our model for the alkylation of amino ester enolates
catalysed by complex 1 is shown in Figure 1.26,28 The
enolate is coordinated to both the copper and sodium ions of
a bimetallic complex and is held orthogonal to the plane of
the salen ligand. Alkylation then occurs preferentially on the

re-face of the enolate. This model works well for glycine
and alanine substrates,26 both of which are alkylated with
high enantioselectivity. Other amino acid derived substrates
are more complicated as an additional factor needs to be
considered: rotation around the Ca–Cb-bond of the enolate.
Thus, the R-group shown in Figure 1 could be located over
the re- (as shown) or si-face of the enolate. The former is
more likely since the R-group will be repelled by the same
features of the cyclohexane ring that direct alkylation to the
re-face of the enolate. If the R-group is over the re-face of
the enolate, then it will hinder the approach of the
electrophile to the re-face and this will result in a lower
enantioselectivity during the alkylation. The overall rate of
reaction will also decrease as the size of the R-group
increases. Thus, the model correctly predicts both the
absolute configuration of the product, and the general
relationship between the enantioselectivity of alkylation and
the size of the amino acid sidechain.

Substrate 3e derived from phenylglycine was included in
this study specifically to probe the stereochemical model
shown in Figure 1. Since the sidechain of this substrate
consists of just a phenyl ring, the enolate of substrate 3e
should be completely planar and there should be no
hindrance to alkylation on the preferred re-face of the
enolate. Thus, substrate 3e was expected to undergo highly
enantioselective alkylation despite being a b-substituted
amino acid. In the event, alkylation of enolate 3e by allyl
bromide (Table 1: entry 28) induced by catalyst 1 was not as
highly enantioselective (48%) as the alkylation of the
corresponding alanine26,27 or aminobutyric acid derivatives
(Table 1: entries 1 and 2) (70–80%). It was, however,
considerably more enantioselective than the allylation of
substrates 3b,c,i (Table 1: entries 15, 21, 38) (17–30% ee).
The reason for the lower than expected enantioselectivity
observed with substrate 3e is probably related to the highly
acidic nature of the a-proton of this substrate. Control
experiments have shown that substrates 3 undergo alkyl-
ation to give racemic products 4 under the reaction
conditions, even in the absence of catalyst 1. This
uncatalysed process is expected to be particularly facile in
the case of substrate 3e which will lower the observed
enantiomeric excess of the product, and account for the
enantiomeric excess observed with this substrate being
lower than would be predicted by the model shown in
Figure 1.

Scheme 5. (i) Boc2O; (ii) (PCy3)2Ru(Cl)2vCHPh (5 mol%) /H2CvCH2;
(iii) maleic anhydride.

Figure 1.Scheme 4. (i) 1 (2 mol%)/NaOH/BnBr; (ii) MeOH/AcCl; (iii) SiO2.
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3. Conclusions

Complex 1 has been shown to be a versatile catalyst for the
asymmetric alkylation of enolates derived from a range of
unhindered amino acids. Of the substrates studied, only the
valine derivative failed to react, though for other substrates
the enantioselectivity of the alkylation was found to
diminish as the size of the sidechain increased.

Further work on the mechanism of the catalysis using
complex 1 and the optimization of the catalyst for sterically
hindered substrates is in progress and will be reported in due
course.

4. Experimental

4.1. General

1H NMR and 13C NMR spectra were recorded on a Bruker
Avance 360 Spectrometer, (1H 360 MHz and 13C 90 MHz)
The solvent for a particular spectrum is given in
parentheses. Spectra were referenced to TMS and chemi-
cal-shift (d) values, expressed in parts per million (ppm), are
reported downfield of TMS. The multiplicity of signals is
reported as singlet (s), doublet (d), triplet (t), quartet (q),
multiplet (m), broad (br) or a combination of any of these.
For 13C NMR spectra, the peak assignments were made with
the assistance of DEPT experiments. Infrared spectra were
recorded on a Perkin–Elmer FT-IR Paragon 1000 spec-
trometer, as a thin film between NaCl plates or as KBr disks.
The characteristic absorption is reported as broad (br),
strong (s), medium (m) or weak (w). Low and high
resolution mass spectra were recorded at the EPSRC
national service at the University of Wales, Swansea, or
on a 4.7T Bruker Apex III FTMS within the chemistry
department at King’s College. The sample was ionised by
electron ionisation (EI), chemical ionisation (CI) or
electrospray ionization (ES). The major fragment ions are
reported and only the molecular ions are assigned.

Optical rotations were recorded on a Perkin–Elmer 343
polarimeter in a thermostated cell of length 1 dm at 20 8C
using the sodium D-line, and a suitable solvent that is
reported along with the concentration (in g/100 ml). Melting
points are uncorrected.

Chromatographic separations were performed with silica
gel 60 (230–400 mesh) and thin-layer chromatography was
performed on polyester backed silica sheets, both supplied
by Merck.

4.1.1. Methyl N-para-chlorobenzylidene-(R,S)-2-amino-
butyrate 3a. To a stirred suspension of methyl (R,S)-2-
aminobutyrate hydrochloride (18.1 g, 118.2 mmol) in
dichloromethane (50 ml), triethylamine (8.5 ml,
59.1 mmol), para-chlorobenzaldehyde (8.3 g, 59.1 mmol)
and a small amount of magnesium sulphate were added. The
reaction mixture was stirred overnight, and was sub-
sequently filtered and evaporated in vacuo. The crude
product was then taken up in diethyl ether and washed with
water (5£30 ml), dried with magnesium sulphate and
evaporated to dryness to give imine 3a (8.47 g, 60%) as a

yellow oil. nmax (film) 2970 (m), 2878 (w), 1738 (s), 1643
(m), 1596 (w) and 1573 cm21 (w); dH (CDCl3) 0.79 (3H, t
J¼7.4 Hz, CH3CH2), 1.7–1.85 (1H, m, CH2), 1.9–2.0 (1H,
m, CH2), 3.61 (3H, s, OCH3), 3.78 (1H, t J¼5.5 Hz,
CHCH2), 7.24 (2H, d J¼8.4 Hz, ArCH), 7.59 (2H, d
J¼8.5 Hz, ArCH), 8.11 (1H, s, CHvN); dC (CDCl3) 9.48
(CH3CH2), 25.69 (CH2), 51.12 (OCH3), 73.73 (CHCH2),
126.91 (ArCH), 126.97 (ArCH), 127.16 (ArC), 128.77
(ArC), 161.00 (NvCH), 171.81 (CO2); m/z (CI, NH3) 240
(MHþ, 80), 180 (100); [found: (ES) 240.0794 (MHþ,
C12H15NO2

35Cl requires 240.0791)].

4.1.2. a-Ethyl-allylglycine methyl ester 4a. Imine 3a
(0.24 g, 1.0 mmol) was dissolved in dry toluene (2.5 ml) and
copper(salen) complex 1 (7.7 mg, 0.02 mmol) was added.
Powdered sodium hydroxide (0.14 g, 3.5 mmol) and allyl
bromide (14.5 mg, 1.2 mmol) were added to the mixture.
The resulting solution was stirred overnight under an argon
atmosphere at room temperature. Then, methanol (2 ml)
followed by acetyl chloride (0.5 ml) were added dropwise to
the mixture. The mixture was stirred for four more hours
and the solvents were removed in vacuo. The residue was
purified by column chromatography using first ethyl acetate
and then a mixture of ethyl acetate and ethanol (4:1) as
eluent to give compound 4a (72.2 mg, 46%) as a colourless
oil. [a]D

20¼þ1.6 (c¼1.85, CHCl3); nmax (film) 3372 (m),
3012 (w), 2978 (m), 2882 (m), 1732 (s), 1596 (s) and
1492 cm21 (m); dH (CDCl3) 0.79 (3H, t J¼7.5 Hz,
CH3CH2), 1.4–1.6 (1H, m, CH2CH3), 1.54 (2H, br s,
NH2), 1.7–1.8 (1H, m, CH2CH3), 2.15 (1H, dd J¼13.5,
8.4 Hz, CH2CHv), 2.45 (1H, dd J¼13.5, 6.4 Hz,
CH2CHv), 3.65 (3H, s, OCH3), 5.0–5.1 (2H, m, vCH2),
5.6–5.7 (1H, m, vCH); dC (CDCl3) 8.68 (CH3CH2), 33.22
(CH3CH2), 44.36 (CH2CHv), 52.46 (OCH3), 61.61
(NCCO2), 119.75 (vCH2), 133.23 (vCH), 177.64 (CO2);
m/z (CI, NH3) 158 (MHþ, 100); [found: (ES) 158.1183
(MHþ, C8H16NO2 requires 158.1181)].

4.1.3. a-Ethyl-phenylalanine methyl ester 4b. Imine 3a
(0.24 g, 1.00 mmol) was dissolved in dry toluene (2.5 ml)
and copper(salen) complex 1 (7.7 mg, 0.02 mmol) was
added. Powdered sodium hydroxide (0.14 g, 3.5 mmol) and
benzyl bromide (205 mg, 1.2 mmol) were added to the
mixture. The resulting solution was stirred for 2 days under
an argon atmosphere at room temperature. Then, methanol
(2 ml) followed by acetyl chloride (0.5 ml) were added
dropwise to the mixture. The mixture was stirred for four
more hours and the solvents were removed in vacuo. The
residue was purified by column chromatography using first
ethyl acetate and then a mixture of ethyl acetate and ethanol
(4:1) as eluent to give compound 4b (188 mg, 91%) as a
yellow oil. [a]D

20¼þ20 (c¼1.75, CHCl3); nmax (film) 3373
(m), 2968 (m), 2880 (w), 1732 (s), 1603 (m), 1495 (w) and
1454 cm21 (m); dH (CDCl3) 0.82 (3H, t J¼7.5 Hz,
CH3CH2), 1.46 (2H, br s, NH2), 1.5–1.6 (1H, m,
CH2CH3), 1.8–2.0 (1H, m, CH2CH3), 2.68 (1H, d
J¼13.2 Hz, CH2Ph), 3.11 (1H, d J¼13.2 Hz, CH2Ph),
3.63 (3H, s, OCH3), 7.0–7.3 (5H, m, ArCH); dC (CDCl3)
7.41 (CH3CH2), 32.21 (CH2CH3), 44.83 (CH2Ph), 50.92
(OCH3), 61.62 (NCCO2), 125.90 (ArCH), 127.36 (ArCH),
128.85 (ArCH), 135.44 (ArC), 175.99 (CO2); m/z (CI, NH3)
208 (MHþ, 100); [found: (CI, NH3) 208.1338 (MHþ,
C12H18NO2 requires 208.1337)].
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4.1.4. a-Ethyl-para-nitrophenylalanine methyl ester 4c.
Imine 3a (0.24 g, 1.00 mmol) was dissolved in dry toluene
(2.5 ml) and copper(salen) complex 1 (7.7 mg, 0.02 mmol)
was added. Powdered sodium hydroxide (0.14 g, 3.5 mmol)
and para-nitrobenzyl bromide (0.259 g, 1.2 mmol) were
added to the mixture. The resulting solution was stirred for
two days under an argon atmosphere at room temperature.
Then, methanol (2 ml) followed by acetyl chloride (0.5 ml)
were added in a dropwise manner to the mixture. The
mixture was stirred for four more hours and the solvents
were removed in vacuo. The residue was purified by column
chromatography using first ethyl acetate and then a mixture
of ethyl acetate and ethanol (4:1) as eluent to give
compound 4c (209 mg, 83%) as a yellow oil. [a]D

20¼þ21
(c¼3.65, CHCl3); nmax (film) 3370 (m), 1732 (s), 1604 (m),
and 1518 cm21 (s); dH (CDCl3) 0.83 (3H, t J¼7.5 Hz,
CH3CH2), 1.41 (2H, br s, NH2), 1.5–1.6 (1H, m, CH2CH3),
1.8–2.0 (1H, m, CH2CH3), 2.81 (1H, d J¼13.0 Hz, CH2Ar),
3.17 (1H, d J¼13.0 Hz, CH2Ar), 3.64 (3H, s, OCH3), 7.27
(2H, d J¼8.6 Hz, ArCH), 8.06 (2H, d J¼8.5 Hz, ArCH); dC

(CDCl3) 8.69 (CH3CH2), 33.59 (CH2CH3), 45.91 (CH2Ar),
52.57 (OCH3), 62.99 (NCCO2), 123.77 (ArCH), 131.25
(ArCH), 144.94 (ArC), 147.38 (ArC), 176.67 (CO2); m/z
(CI, NH3) 253 (MHþ, 20), 223 (50), 116 (100); [found: (CI,
NH3) 253.1190 (MHþ, C12H17N2O4 requires 253.1188)].

4.1.5. N-para-Chlorobenzylidene (R,S)-leucine methyl
ester 3b. To a stirred suspension of (R,S)-leucine methyl
ester hydrochloride (9.43 g, 52.1 mmol) in dichloromethane
(190 ml), triethylamine (5.26 g, 52.1 mmol), para-chloro-
benzaldehyde (7.32 g, 52.1 mmol) and a small amount of
magnesium sulphate were added. The reaction mixture was
stirred overnight, and was subsequently filtered and
evaporated in vacuo. The crude product was then taken up
in diethyl ether and washed with water (5£30 ml), dried
with magnesium sulphate and evaporated to dryness to give
compound 3b (9.06 g, 65%) as a yellow oil. nmax (film) 2956
(s), 2871 (m), 1742 (s), 1642 (m), 1596 (w) and 1572 cm21

(w); dH (CDCl3) 0.80 (3H, d J¼6.6 Hz, CH3CH), 0.85 (3H,
d J¼6.6 Hz, CH3CH), 1.4–1.5 (1H, m, CHMe2), 1.73–1.75
(1H, m, CHCH2CH), 1.76–1.78 (1H, m, CHCH2CH), 3.64
(3H, s, OCH3), 4.22 (1H, dd J¼8.3, 6.1 Hz, NCHCO2), 7.28
(2H, d J¼8.5 Hz, ArCH), 7.63 (2H, d J¼8.5 Hz, ArCH),
8.16 (1H, s, NvCH); dC (CDCl3) 21.85 (CH3CH), 23.47
(CH3CH), 24.79 (CHMe2), 42.43 (CHCH2CH), 52.51
(OCH3), 71.83 (NCHCO2), 129.22 (ArCH), 130.09
(ArCH), 134.50 (ArC), 137.45 (ArC), 162.12 (NvCH),
173.06 (CO2); m/z (CI, NH3) 268 (MHþ, 100); [found: (ES)
268.1100 (MHþ, C14H19NO2

35Cl requires 268.1104)].

4.1.6. a-Benzyl-leucine methyl ester 4d.34,35 Imine 3b
(0.267 g, 1.0 mmol) was dissolved in dry toluene (2.5 ml)
and copper(salen) complex 1 (38.5 mg, 0.10 mmol) was
added. Powdered sodium hydroxide (0.14 g, 3.5 mmol) and
benzyl bromide (0.14 ml, 1.2 mmol) were added to the
mixture. The resulting solution was stirred for 7 days under
an argon atmosphere at room temperature. Then, methanol
(2 ml) followed by acetyl chloride (0.5 ml) were added
dropwise to the mixture. The mixture was stirred for four
more hours and the solvents were removed in vacuo. The
crude residue was purified by column chromatography using
first ethyl acetate and then a mixture of ethyl acetate and
ethanol (4:1) as eluent to give compound 4d (127 mg, 54%)

as a colourless oil. dH (CDCl3) 0.76 (3H, d J¼6.6 Hz,
CH3CH), 0.89 (3H, d J¼6.6 Hz, CH3CH), 1.46 (2H, br s,
NH2), 1.55 (1H, dd J¼13.7, 4.6 Hz, CH2CH), 1.6–1.75 (1H,
m, CHMe2), 1.82 (1H, dd J¼13.7, 4.6 Hz, CH2CH), 2.64
(1H, d J¼13.1 Hz, CH2Ph), 3.09 (1H, d J¼13.1 Hz,
CH2Ph), 3.61 (3H, s, OCH3), 7.0–7.3 (5H, m, ArCH); dC

(CDCl3) 24.28 (CH3CH), 26.06 (CH3CH), 26.45 (CHMe2),
49.24 (CH2), 50.73 (CH2), 53.51 (OCH3), 63.40 (NCCO2),
128.71 (ArCH), 130.11 (ArCH), 131.61 (ArCH), 137.87
(ArC), 179.31 (CO2); m/z (CI, NH3) 236 (MHþ, 100).

4.1.7. a-para-Nitrobenzyl-leucine methyl ester 4e. Imine
3b (0.267 g, 1.0 mmol) was dissolved in dry toluene
(2.5 ml) and copper(salen) complex 1 (38.5 mg,
0.10 mmol) was added. Powdered sodium hydroxide
(0.14 g, 3.5 mmol) and para-nitrobenzyl bromide (0.259 g,
1.2 mmol) were added to the mixture. The resulting solution
was stirred for 7 days under an argon atmosphere at room
temperature. Then, methanol (2 ml) followed by acetyl
chloride (0.5 ml) were added dropwise to the mixture. The
mixture was stirred for four more hours and the solvents
were removed in vacuo. The crude residue was purified by
column chromatography using first ethyl acetate and then a
mixture of ethyl acetate and ethanol (4:1) as eluent to give
compound 4e (176 mg, 63%) as a yellow oil. [a]D

20¼þ2.7
(c¼0.6, CHCl3); nmax (film) 3390 (w), 2956 (s), 2872 (m),
1733 (s), 1605 (s) and 1521 cm21 (s); dH (CDCl3) 0.77 (3H,
d J¼6.5 Hz, CH3CH), 0.90 (3H, d J¼6.5 Hz, CH3CH), 1.46
(2H, br s, NH2), 1.60 (1H, dd J¼13.6, 4.5 Hz, CH2CH),
1.7–1.8 (1H, m, CHMe2), 1.85 (1H, dd J¼13.6, 8.0 Hz,
CH2CH), 2.82 (1H, d J¼13.0 Hz, CH2Ar), 3.17 (1H, d
J¼13.0 Hz, CH2Ar), 3.63 (3H, s, OCH3), 7.27 (2H, d
J¼8.6 Hz, ArCH), 8.07 (2H, d J¼8.6 Hz, ArCH); dC

(CDCl3) 21.15 (CH3CH), 22.88 (CH3CH), 23.23 (CHMe2),
45.83 (CH2), 47.45 (CH2), 50.66 (OCH3), 60.32 (NCCO2),
122.03 (ArCH), 130.20 (ArCH), 142.75 (ArC), 145.67 (ArC),
175.49 (CO2); m/z (CI, NH3) 281 (MHþ, 70), 251 (100);
[found: (ES) 281.1501 (MHþ, C14H21N2O4 requires 281.1501)].

4.1.8. a-Allyl-leucine methyl ester 4f.35 Imine 3b (0.267 g,
1.0 mmol) was dissolved in dry toluene (2.5 ml) and
copper(salen) complex 1 (38.5 mg, 0.10 mmol) was added.
Powdered sodium hydroxide (0.14 g, 3.5 mmol) and allyl
bromide (145 mg, 1.2 mmol) were added to the mixture.
The resulting solution was stirred overnight under an argon
atmosphere at room temperature. Then, methanol (2 ml)
followed by acetyl chloride (0.5 ml) were added dropwise to
the mixture. The mixture was stirred for four more hours
and the solvents were removed in vacuo. The residue was
purified by column chromatography using first ethyl acetate
and then a mixture of ethyl acetate and ethanol (4:1) as
eluent to give compound 4f (85 mg, 46%) as a colourless
oil. dH (CDCl3) 0.75 (3H, d J¼6.2 Hz, CH3CH), 0.87 (3H, d
J¼6.3 Hz, CH3CH), 1.4–1.5 (1H, m, CH2CHMe2), 1.6–1.7
(1H, m, CH2CHMe2), 2.14 (1H, dd J¼13.5, 8.6 Hz,
CH2CHv), 2.39 (2H, br s, NH2), 2.48 (1H, dd J¼13.4,
6.5 Hz, CH2CHv), 2.9–3.0 (1H, m, CHMe2), 3.64 (3H, s,
OCH3), 5.0–5.1 (2H, m, vCH2), 5.5–5.6 (1H, m, vCH);
m/z (CI, NH3) 186 (MHþ, 100).

4.1.9. N-para-Chlorobenzylidene (R,S)-phenylalanine
methyl ester 3c.36 To a stirred suspension of (R,S)-
phenylalanine methyl ester hydrochloride (3.00 g,

Y. N. Belokon et al. / Tetrahedron 60 (2004) 1849–1861 1855



13.95 mmol) in dichloromethane (40 ml), triethylamine
(1.28 g, 12.68 mmol), para-chlorobenzaldehyde (1.78 g,
12.68 mmol) and a small amount of magnesium sulphate
were added. The reaction mixture was stirred overnight, and
was subsequently filtered and evaporated in vacuo. The
residue was then taken up in diethyl ether and washed with
water (5£30 ml), dried with magnesium sulphate and
evaporated to dryness to give compound 3c (3.82 g, 90%)
as yellow solid. Mp 63–65 8C; dH (CDCl3) 3.06 (1H, dd
J¼13.5, 9.0 Hz, CH2Ph), 3.28 (1H, dd J¼13.5, 4.9 Hz,
CH2Ph), 3.67 (3H, s, OCH3), 4.08 (1H, dd J¼9.0, 4.9 Hz,
NCHCO2), 7.0–7.2 (5H, m, ArCH), 7.27 (2H, d J¼8.5 Hz,
ArCH), 7.53 (2H, d J¼8.5 Hz, ArCH), 7.76 (1H, s, CHvN);
dC (CDCl3) 40.74 (CH2Ph), 53.34 (OCH3), 75.93 (NCHCO2),
127.66 (ArCH), 129.36 (ArCH), 129.86 (ArCH), 130.66
(ArCH), 130.76 (ArCH), 134.96 (ArC), 138.12 (ArC), 138.24
(ArC), 163.42 (NvCH), 172.98 (CO2).

4.1.10. a-Allyl-phenylalanine methyl ester 4g.37 Imine 3c
(0.301 g, 1.00 mmol) was dissolved in dry toluene (2.5 ml)
and copper(salen) complex 1 (96.25 mg, 0.25 mmol) was
added. Powdered sodium hydroxide (0.14 g, 3.5 mmol) and
allyl bromide (0.145 g, 1.2 mmol) were added to the
mixture. The resulting solution was stirred overnight
under an argon atmosphere at room temperature. Then,
methanol (2 ml) followed by acetyl chloride (0.5 ml) were
added dropwise to the mixture. The mixture was stirred for
four more hours and the solvents were removed in vacuo.
The crude residue was purified by column chromatography
using first ethyl acetate and then a mixture of ethyl acetate
and ethanol (4:1) as eluent to give compound 4g (149 mg,
68%) as a colourless oil. nmax (KBr) 3378 (w), 3030 (w),
2955 (w), 1738 (s), 1634 (m) and 1604 cm21 (m); dH

(CDCl3) 1.48 (2H, br s, NH2), 2.25 (1H, dd J¼13.5, 8.5 Hz,
CH2CHv), 2.64 (1H, dd J¼13.4, 6.4 Hz, CH2CHv), 2.71
(1H, d J¼13.2 Hz, CH2Ph), 3.11 (1H, d J¼13.2 Hz,
CH2Ph), 3.63 (3H, s, OCH3), 5.08–5.09 (2H, m, CH2v),
5.6–5.7 (1H, m, vCH), 7.0–7.3 (5H, m, ArCH); dC

(CDCl3) 42.32 (CH2), 43.79 (CH2), 53.04 (OCH3), 64.36
(NCCO2), 121.98 (vCH2), 128.07 (ArCH), 129.23 (ArCH),
130.55 (ArCH), 131.07 (vCH), 134.47 (ArC), 173.00
(CO2); m/z (CI, NH3) 220 (MHþ, 100); [found: (CI, NH3)
220.1337 (MHþ, C13H17NO2 requires 220.1337)].

4.1.11. Hydrolysis of 4g to a-Allyl-phenylalanine.38,39 A
sample of compound 4g was refluxed overnight in 2 M
hydrochloric acid. The solvent was evaporated as an
azeotrope with toluene to leave a-allyl-phenylalanine as a
white solid which was analysed without further purification.
[a]D

25¼þ4.6 (c¼1, 1 M HCl) [a]D¼þ16 (c¼1, aqueous
HCl) for (S)-enantiomer.39 dH (CD3OD) 2.66 (1H, dd
J¼14.5, 7.6 Hz, CH2CHv), 2.86 (1H, dd J¼14.5, 7.1 Hz,
CH2CHv), 3.16 (1H, d J¼14.3 Hz, CH2Ph), 3.35 (1H, d
J¼14.3 Hz, CH2Ph), 5.3–5.4 (2H, m, vCH2), 5.7–5.9 (1H,
m, vCH), 7.2–7.4 (5H, m, ArCH).

4.1.12. a-(4-Nitrophenylmethyl)-phenylalanine methyl
ester 4h. Imine 3c (0.301 g, 1.00 mmol) was dissolved in
dry toluene, then copper(salen) complex 1 (38.4 mg,
0.1 mmol), powdered NaOH (140 mg, 3.5 mmol) and
4-nitrobenzyl bromide (259.2 mg, 1.2 mmol) were added.
The mixture was stirred overnight under an argon
atmosphere at room temperature. Methanol and acetyl

chloride were added and the mixture was stirred for 4 h. The
solvents were then removed in vacuo. The residue was
purified by column chromatography using ethyl acetate and
ethanol (4:1) as eluent to give compound 4h (210 mg, 67%)
as light yellow oil. [a]D

20¼þ1.6 (c¼0.6, CHCl3); nmax (KBr)
3028 (m), 2953 (m), 1951 (w), 1739 (s), 1603 (s) and
1520 cm21 (s); dH (CDCl3) 1.63 (2H, br s, NH2), 2.79 (1H, d
J¼13.3 Hz, CH2Ph), 2.88 (1H, d J¼12.9 Hz, CH2Ph), 3.29
(1H, d J¼13.0 Hz, CH2ArNO2), 3.35 (1H, d J¼13.0 Hz,
CH2ArNO2), 3.59 (3H, s, OCH3), 7.0–7.1 (2H, m, ArCH),
7.1–7.3 (3H, m, ArCH), 7.29 (2H, d J¼8.6 Hz, ArCH), 8.07
(2H, d J¼8.7 Hz, ArCH); dC (CDCl3) 39.85 (CH2), 41.03
(CH2), 52.20 (OCH3), 64.45 (NCCO2), 123.07 (ArCH),
127.38 (ArCH), 128.17 (ArCH), 129.41 (ArCH), 130.1
(ArCH), 131.09 (ArC), 139.19 (ArC), 146.71 (ArC), 168.35
(CO2); m/z (CI, NH3) 315 (MHþ, 58), 285 (100); [found:
(ES) 337.1141 (MþNaþ, C17H18N2O4Na requires
337.1159)].

4.1.13. N-para-Chlorobenzylidene (R,S)-phenylglycine
methyl ester 3e.40 To a stirred suspension of (R,S)-
phenylglycine methyl ester chloride (2.00 g, 9.92 mmol)
in dichloromethane (28 ml), triethylamine (0.84 g,
8.27 mmol), para-chlorobenzaldehyde (1.16 g, 8.27 mmol)
and a small amount of magnesium sulphate were added. The
reaction mixture was stirred overnight, and was sub-
sequently filtered and evaporated in vacuo. The crude
product was then taken up in diethyl ether and washed with
water (5£30 ml), dried with magnesium sulphate and
evaporated to dryness to give compound 3e (1.09 g, 46%)
as a yellow oil. dH (CDCl3) 3.67 (3H, s, OCH3), 5.13 (1H, s,
NCH), 7.1–7.5 (7H, m, ArCH), 7.69 (2H, d J¼8.5 Hz,
ArCH), 8.22 (1H, s, CHvN).

4.1.14. a-Phenyl-allylglycine methyl ester 4i.41 Imine 3e
(0.200 g, 0.70 mmol) was dissolved in dry toluene (2 ml)
and catalyst 1 (5 mg, 0.014 mmol) was added. Finely
ground sodium hydroxide (0.097 g, 2.4 mmol) was then
added, followed by allyl bromide (101 mg, 0.83 mmol). The
mixture was allowed to stir for 24 h at room temperature
under an argon atmosphere. The solution was then filtered
and the solvent evaporated in vacuo to leave a residue to
which a mixture of methanol (1.3 ml) and acetyl chloride
(0.3 ml) was added. The resulting mixture was stirred at
room temperature for 4 h, then evaporated in vacuo. The
residue was added to a silica gel column and eluted with
EtOAc/EtOH (4:1) to give product 4i (43 mg, 31%) as a
colourless oil. nmax (KBr) 3389 (w), 3320 (w), 3070 (w),
3025 (w), 2952 (m), 1732 (s), 1640 (m) and 1600 cm21 (m);
dH (CDCl3) 1.97 (2H, br s, NH2), 2.59 (1H, dd J¼13.6,
7.8 Hz, CH2CHv), 2.91 (1H, dd J¼13.6, 6.7 Hz,
CH2CHv), 3.64 (3H, s, OCH3), 5.0–5.1 (2H, m, vCH2),
5.5–5.7 (1H, m, vCH), 7.2–7.5 (5H, m, ArCH); dC

(CDCl3) 45.05 (CH2), 52.92 (OCH3), 63.54 (NCCO2),
120.38 (vCH2), 125.79 (ArCH), 127.92 (ArCH), 128.83
(ArCH), 133.34 (vCH), 143.14 (ArC), 176.05 (CO2); m/z
(CI, NH3) 206 (MHþ, 20), 164 (97), 145 (81), 104 (100);
[found: (ES) 206.1168 (MHþ, C12H16NO2 requires
206.1176)].

4.1.15. a-Phenyl-phenylalanine methyl ester 4j.42 Imine
3e (0.200 g, 0.70 mmol) was dissolved in dry toluene (2 ml)
and catalyst 1 (5 mg, 0.014 mmol) was added. Finely
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ground sodium hydroxide (0.097 g, 2.4 mmol) was then
added, followed by benzyl bromide (143 mg, 0.83 mmol).
The mixture was allowed to stir for 24 h at room
temperature under an argon atmosphere. The solution was
then filtered and the solvent evaporated in vacuo to leave a
residue to which a mixture of methanol (1.3 ml) and acetyl
chloride (0.3 ml) was added. The resulting mixture was
stirred at room temperature for 4 h, then evaporated in
vacuo. The residue was added to a silica gel column and
eluted with EtOAc/EtOH (4:1) to give product 4j (67 mg,
38%) as a colourless oil. dH (CDCl3) 1.61 (2H, br s, NH2),
3.08 (1H, d J¼13.3 Hz, CH2Ph), 3.57 (1H, d J¼13.3 Hz,
CH2Ph), 3.66 (3H, s, OCH3), 7.0–7.5 (10H, m, ArCH); dC

(CDCl3) 46.40 (CH2), 52.84 (OCH3), 64.88 (NCCO2),
125.94 (ArCH), 127.39 (ArCH), 128.01 (ArCH), 128.68
(ArCH), 128.81 (ArCH), 130.83 (ArCH), 136.53 (ArC),
175.72 (CO2); m/z (CI, NH3) 256 (MHþ, 20), 196 (90), 165
(100), 104 (100); [found: (ES) 256.1323 (MHþ, C16H18NO2

requires 256.1338)].

4.1.16. a-Allyl-phenylalanine methyl ester 4k.37 Imine 3f
(0.4 g, 1.84 mmol) was dissolved in dry toluene (5 ml) and
catalyst 1 (14 mg, 0.04 mmol) was added. Finely ground
sodium hydroxide (0.258 g, 6.46 mmol) was then added
followed by benzyl bromide (0.26 ml, 2.21 mmol). The
mixture was allowed to stir for 48 h at room temperature
under an argon atmosphere. The solution was then filtered
and the solvent evaporated in vacuo to leave a residue which
was added to a silica gel column and eluted first with EtOAc
and then with EtOAc/EtOH (4:1) to give product 4k
(249 mg, 69%). [a]D

20¼247.0 (c¼0.3, CHCl3); other data as
reported for compound 4g.

4.1.17. a-(4-Nitrophenylmethyl)-allylglycine methyl
ester 4l.43 Imine 3f (0.4 g, 1.84 mmol) was dissolved in
dry toluene (5 ml) and catalyst 1 (14 mg, 0.04 mmol) was
added. Finely ground sodium hydroxide (0.258 g,
6.46 mmol) was then added, followed by para-nitrobenzyl
bromide (0.477 g, 2.21 mmol). The mixture was allowed to
stir for 48 h at room temperature under an argon
atmosphere. The solution was then filtered and the solvent
evaporated in vacuo to leave a residue which was added to a
silica gel column and eluted first with EtOAc and then with
EtOAc/EtOH (4:1) to give product 4l (365 mg, 75%).
[a]D

20¼262.6 (c¼0.3, CHCl3); nmax (KBr) 3367 (w), 3010
(w), 2957 (w), 1733 (s), 1604 (m) and 1519 cm21 (s); dH

(CDCl3) 1.64 (2H, br s, NH2), 2.26 (1H, dd J¼13.0, 8.4 Hz,
CH2CHv), 2.6–2.7 (1H, m, CH2CHv), 2.84 (1H, d
J¼12.9 Hz, CH2Ar), 3.18 (1H, d J¼12.8 Hz, CH2Ar),
3.65 (3H, s, OCH3), 5.1–5.2 (2H, m, CHvCH2), 5.5–5.7
(1H, m CHvCH2), 7.28 (2H, d J¼8.2 Hz, ArCH), 8.07 (2H,
d J¼8.0 Hz, ArCH); dC (CDCl3) 44.9 (CH2CHv), 46.0
(CH2Ar), 52.7 (CH3), 64.4 (NCCO2), 120.8 (CH2vCH),
123.9 (ArCH), 131.6 (ArCH), 132.2 (CHvCH2), 132.9
(ArC), 144.5 (ArC), 173.0 (CO2); m/z (CI, NH3) 265 (MHþ,
60), 235 (100); [found: (CI, NH3) 265.1188 (MHþ,
C13H17N2O4 requires 265.1185)].

4.1.18. a-But-2-ynyl-allylglycine methyl ester 4m from
imine 3f. Imine 3f (0.4 g, 1.84 mmol) was dissolved in dry
toluene (5 ml) and catalyst 1 (14 mg, 0.04 mmol) was
added. Finely ground sodium hydroxide (0.258 g,
6.46 mmol) was then added, followed by 1-bromo-2-butyne

(294 mg, 2.21 mmol). The mixture was allowed to stir for
48 h at room temperature under an argon atmosphere. The
solution was then filtered and the solvent evaporated in
vacuo to leave a residue which was added to a silica gel
column and eluted first with EtOAc and then with EtOAc/
EtOH (4:1) to give product 4m (154 mg, 46%). nmax (KBr)
3395 (w), 3063 (w), 2951 (w), 1733 (s), 1642 (s), 1601 (m)
and 1581 cm21 (m); dH (CDCl3) 1.71 (3H, t J¼2.5 Hz,
CuCCH3), 1.85 (2H, br s, NH2), 2.24 (1H, dd J¼13.4,
8.1 Hz, CH2–CH), 2.34 (1H, dq J¼16.3, 2.5 Hz, CH2–
CuCMe), 2.45 (1H, dd J¼13.4, 6.7 Hz, CH2–CH), 2.55 (1H,
dq J¼16.3, 2.5 Hz, CH2–CuCMe), 3.67 (3H, s, OCH3), 5.0–
5.1 (2H, m, CHvCH2), 5.5–5.7 (1H, m, CHvCH2); dC

(CDCl3) 2.5 (CH3CuC), 29.0 (CH2CuCMe), 42.6 (CH2CH),
51.3 (OCH3), 59.7 (NCCO2), 72.9 (CuCCH3), 78.1
(CuCCH2), 118.5 (CH2vCH), 131.4 (CHvCH2), 174.9
(CO2); m/z (CI, NH3) 182 (MHþ, 100); [found: (CI, NH3)
182.1181 (MHþ, C10H16NO2 requires 182.1180)].

4.1.19. a-But-2-ynyl-allylglycine methyl ester 4m from
imine 3g. Imine 3g (0.4 g, 1.59 mmol) was dissolved in dry
toluene (5 ml) and catalyst 1 (12 mg, 0.03 mmol) was
added. Finely ground sodium hydroxide (0.222 g,
5.57 mmol) was then added, followed by 1-bromo-2-butyne
(254 mg, 1.91 mmol). The mixture was allowed to stir for
48 h at room temperature under an argon atmosphere. The
solution was then filtered and the solvent evaporated in
vacuo to leave a residue which was added to a silica gel
column and eluted first with EtOAc and then with EtOAc/
EtOH (4:1) to give product 4m (124 mg, 44%).
[a]D

20¼227.3 (c¼0.3, CHCl3); other data as reported for
the same compound prepared from imine 3f.

4.1.20. a-Propargyl-allylglycine methyl ester 4n. Imine
3f (0.4 g, 1.84 mmol) was dissolved in dry toluene (5 ml)
and catalyst 1 (14 mg, 0.04 mmol) was added. Finely
ground sodium hydroxide (0.258 g, 6.46 mmol) was then
added, followed by propargyl bromide (263 mg,
2.21 mmol). The mixture was allowed to stir for 48 h at
room temperature under an argon atmosphere. The solution
was then filtered and the solvent evaporated in vacuo to
leave a residue which was added to a silica gel column and
eluted first with EtOAc and then with EtOAc/EtOH (4:1) to
give product 4n (150 mg, 49%). [a]D

20¼222.7 (c¼0.3,
CHCl3); nmax (KBr) 3301 (w), 2952 (w), 1736 (s), and
1641 cm21 (m); dH (CDCl3) 1.8–2.0 (2H, br, NH2), 2.00
(1H, t J¼2.8 Hz, H–Cu), 2.28 (1H, dd J¼13.5, 8.2 Hz,
CH2–CHv), 2.41 (1H, dd J¼16.5, 2.6 Hz, CH2–Cu), 2.48
(1H, dd J¼13.5, 6.7 Hz, CH2–CHv), 2.62 (1H, dd J¼16.5,
2.6 Hz, CH2–Cu), 3.69 (3H, s, OCH3), 5.0–5.2 (2H, m,
CHvCH2), 5.5–5.7 (1H, m, CHvCH2); dC (CDCl3) 29.9
(CH2Cu), 43.8 (CH2CHv), 52.9 (OCH3), 60.8 (NCCO2),
72.0 (CuCH), 79.8 (CuCCH2), 120.3 (CH2vCH), 132.4
(CHvCH2), 174.8 (CO2); m/z (CI, NH3) 168 (MHþ, 100);
[found: (CI, NH3) 168.1019 (MHþ, C9H14NO2 requires
168.1019)].

4.1.21. Dimethyl N-para-chlorobenzylidene (R,S)-gluta-
mate 3h. To a suspension of dimethyl glutamate hydro-
chloride (10.0 g, 47.5 mmol) in dichloromethane (110 ml),
was added triethylamine (4.7 ml, 33.8 mmol), para-chloro-
benzaldehyde (5.53 g, 39.6 mmol) and magnesium sulphate
(4.0 g). The reaction was stirred overnight, filtered, and
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evaporated in vacuo. The residue was redissolved in
dichloromethane (50 ml) and washed with water
(3£50 ml). The organic layer was dried (MgSO4) and
evaporated in vacuo to leave imine 3h (6.5 g, 69%) as a
white solid. Mp 62–63 8C; nmax (KBr) 3004 (s), 2954 (m),
1743 (s), 1642 (s) and 1593 cm21 (m); dH (CDCl3) 2.1–2.5
(4H, m, CH2CH2), 3.67 (3H, s, OCH3), 3.77 (3H, s, OCH3),
4.09 (1H, dd J¼7.5, 4.9 Hz, NCHCO2), 7.41 (2H, d
J¼8.7 Hz, ArCH), 7.73 (2H, d J¼8.5 Hz, ArCH), 8.27
(1H, s, HCvN); dC (CDCl3) 28.67 (CH2), 30.53 (CH2),
52.08 (OCH3), 52.74 (OCH3), 72.04 (NCHCO2), 129.32
(ArCH), 130.18 (ArCH), 138.12 (ArC), 138.21 (ArC),
163.36 (HCvN), 172.36 (CO2), 174.58 (CO2); m/z (EI) 299
(Mþ(37Cl), 23), 297 (Mþ(35Cl), 42), 266 (40), 238 (100),
224 (65), 178 (91); [found: (ES) 320.0636 (M(35Cl)þNaþ,
C14H16NO4

35ClNa requires 320.0662)].

4.1.22. a-Benzyl-pyroglutamic acid methyl ester 7.44

Imine 3h (0.635 g, 2.13 mmol) was dissolved in dry toluene
(5 ml) and catalyst 1 (16 mg, 0.043 mmol) was added.
Finely ground sodium hydroxide (0.298 g, 7.46 mmol) was
then added, followed by benzyl bromide (437 mg,
2.56 mmol). The mixture was allowed to stir for 48 h at
room temperature under an argon atmosphere. The solution
was then filtered and the solvent evaporated in vacuo to
leave a residue to which a mixture of methanol (4 ml) and
acetyl chloride (1 ml) was added. The resulting mixture was
stirred at room temperature for 4 h, then evaporated in
vacuo. The residue was added to a silica gel column and
eluted with EtOAc/EtOH (4:1) to give product 7 (256 mg,
52%) as a colourless oil. nmax (KBr) 3221 (br), 3025 (w),
2930 (m), 2859 (w), 1736 (s) and 1698 cm21 (s); dH

(CDCl3) 2.0–2.5 (4H, m, CH2CH2), 2.85 (1H, d J¼13.4 Hz,
CH2Ph), 3.18 (1H, d J¼13.4 Hz, CH2Ph), 3.64 (3H, s, OCH3),
6.33 (1H, br s, NH), 7.0–7.3 (5H, m, ArCH);dC (CDCl3) 28.73
(CH2), 29.53 (CH2), 43.92 (CH2), 51.64 (OCH3), 65.42
(NCCO2), 126.48 (ArCH), 127.68 (ArCH), 128.78 (ArCH),
133.75 (ArC), 172.63 (CO2), 175.82 (NCO).

4.1.23. Dimethyl N-para-chlorobenzylidene (R,S)-aspar-
tate 3i.45 To a suspension of dimethyl aspartate hydro-
chloride (2.5 g, 12.8 mmol) in dichloromethane (35 ml),
was added triethylamine (2.5 ml, 17.9 mmol), para-chloro-
benzaldehyde (1.19 g, 8.4 mmol) and magnesium sulphate
(2.0 g). The reaction was stirred overnight, filtered, and
evaporated in vacuo. The residue was redissolved in
dichloromethane (50 ml) and washed with water
(3£50 ml). The organic layer was dried (MgSO4) and
evaporated in vacuo to leave imine 3i (2.0 g, 84%) as a
yellow oil. dH (CDCl3) 2.89 (1H, dd J¼16.8, 7.8 Hz,
CH2CO2Me), 3.17 (1H, dd J¼16.8, 5.8 Hz, CH2CO2Me),
3.68 (3H, s, OCH3), 3.77 (3H, s, OCH3), 4.49 (1H, dd
J¼7.8, 5.8 Hz, NCHCO2Me), 7.40 (2H, d J¼8.5 Hz,
ArCH), 7.72 (2H, d J¼8.5 Hz, ArCH), 8.36 (1H, s,
HCvN); m/z (EI) 285 (Mþ(37Cl), 10), 283 (Mþ(35Cl),
30), 226 (35), 224 (100); [found: (ES) 306.0488
(M(35Cl)þNaþ, C13H14NO4

35ClNa requires 306.0505)].

4.1.24. a-Allyl-aspartic acid dimethyl ester 4o. Imine 3i
(0.200 g, 0.71 mmol) was dissolved in dry toluene (2 ml)
and catalyst 1 (5.4 mg, 0.043 mmol) was added. Finely
ground sodium hydroxide (0.298 g, 7.5 mmol) was then
added, followed by allyl bromide (102 mg, 0.85 mmol). The

mixture was allowed to stir for 24 h at room temperature
under an argon atmosphere. The solution was then filtered
and the solvent evaporated in vacuo to leave a residue to
which a mixture of methanol (1.3 ml) and acetyl chloride
(0.3 ml) was added. The resulting mixture was stirred at
room temperature for 4 h, then evaporated in vacuo. The
residue was added to a silica gel column and eluted with
EtOAc/EtOH (4:1) to give product 4o (35 mg, 25%) as a
colourless oil. [a]D

20¼þ0.9 (c¼0.8, CHCl3); nmax (KBr)
3384 (w), 3002 (w), 2954 (m) and 1736 cm21 (s); dH

(CDCl3) 1.89 (2H, br s, NH2), 2.23 (1H, dd J¼13.2, 8.3 Hz,
CH2CHv), 2.3–2.4 (1H, m, CH2CHv), 2.48 (1H, d
J¼16.7 Hz, CH2CO2Me), 2.91 (1H, d J¼16.6 Hz, CH2-
CO2Me), 3.61 (3H, s, OCH3), 3.66 (3H, s, OCH3), 5.0–5.2
(2H, m, vCH2), 5.5–5.7 (1H, m, vCH); dC (CDCl3) 43.57
(CH2), 44.87 (CH2), 52.17 (OCH3), 52.82 (OCH3), 59.20
(NCCO2), 120.52 (vCH2), 131.88 (vCH), 172.23 (CO2);
m/z (EI) 202 (MHþ, 8), 160 (100), 142 (90), 128 (30);
[found: (ES) 224.0891 (MþNaþ, C9H15NO4Na requires
224.0893)].

4.1.25. a-Benzyl-aspartic acid dimethyl ester 4p. Imine 3i
(0.222 g, 0.78 mmol) was dissolved in dry toluene (2 ml)
and catalyst 1 (6 mg, 0.043 mmol) was added. Finely
ground sodium hydroxide (0.298 g, 7.5 mmol) was then
added, followed by benzyl bromide (161 mg, 0.94 mmol).
The mixture was allowed to stir for 24 h at room
temperature under an argon atmosphere. The solution was
then filtered and the solvent evaporated in vacuo to leave a
residue to which a mixture of methanol (1.5 ml) and acetyl
chloride (0.4 ml) was added. The resulting mixture was
stirred at room temperature for 4 h, then evaporated in
vacuo. The residue was added to a silica gel column and
eluted with EtOAc/EtOH (4:1) to give product 4p (146 mg,
75%) as a colourless oil. [a]D

20¼þ0.7 (c¼0.7, CHCl3); nmax

(KBr) 3386 (w), 3056 (w), 2925 (m), 2852 (m) and
1736 cm21 (s); dH (CDCl3) 1.98 (2H, br s, NH2), 2.51
(1H, d J¼16.7 Hz, CH2CO2Me), 2.77 (1H, d J¼13.2 Hz,
CH2Ph), 2.95 (1H, d J¼13.2 Hz, CH2Ph), 2.99 (1H, d
J¼16.7 Hz, CH2CO2Me), 3.60 (6H, s, 2£ CO2Me), 7.0–7.3
(5H, m, ArCH); dC (CDCl3) 43.73 (CH2), 46.55 (CH2),
52.15 (OCH3), 52.62 (OCH3), 60.47 (NCCO2), 127.67
(ArCH), 128.81 (ArCH), 130.10 (ArCH), 135.48 (ArC),
172.16 (CO2); m/z (EI) 252 (MHþ, 49), 192 (60), 160 (80),
100 (100); [found: (ES) 252.1222 (MHþ, C13H18NO4

requires 252.1230)].

4.1.26. N-Boc-a-but-2-ynyl-allylglycine methyl ester. A
solution of (BOC)2O (12 mg, 0.056 mmol) in tert-butanol
(0.2 ml) was added dropwise at room temperature to a
vigorously stirred solution of amine 4m (10 mg,
0.055 mmol) in tert-butanol (0.5 ml). After the addition
was complete, the reaction mixture was stirred at 30 8C for
3 h. The solvent was then evaporated in vacuo to leave a
yellow oil which was purified by column chromatography
on silica gel using EtOAc/hexane (4:1) as eluent to give
N-Boc-a-but-2-ynyl-allylglycine methyl ester (12 mg,
80%) as a yellow oil. [a]D

20¼þ7 (c¼0.6, CHCl3); nmax

(KBr) 3565 (s), 3287 (s), 2902 (s) and 1704 cm21 (m); dH

(CDCl3) 1.37 (9H, s, (CH3)3C), 1.70 (3H, t J¼5.0 Hz,
CH3CuC), 2.47 (1H, dd J¼13.7, 6.9 Hz, CH2–CH), 2.6–
2.7 (1H, m, CH2–Cu), 2.8–2.9 (1H, m, CH2–CH), 2.9–
3.0 (1H, m, CH2–Cu), 3.69 (3H, s, OCH3), 5.0–5.1 (2H,
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m, CHvCH2), 5.33 (1H, br s, NH), 5.5–5.7 (1H, m
CHvCH2); dC (CDCl3) 2.6 (CH3), 27.3 ((CH3)3C), 28.7
(CH2C), 38.4 (CH2CH), 51.7 (OCH3), 61.4 ((CH3)3C), 72.6
(CuCCH3), 84.2 (CuCCH2), 118.4 (CH2vCH), 130.1
(CHvCH2), 153.2 (CONH), 171.7 (CO2); m/z (CI, NH3)
282 (MHþ, 54), 225 (100); [found: (CI, NH3) 282.1698
(MHþ, C15H24NO4 requires 282.1700)].

4.1.27. N-Boc-a-Propargyl-allylglycine methyl ester. A
solution of (BOC)2O (40 mg, 0.181 mmol) in tert-butanol
(0.5 ml) was added dropwise at room temperature to a
vigorously stirred solution of amine 4n (30 mg,
0.179 mmol) in tert-butanol (2 ml). After the addition was
complete, the reaction mixture was stirred overnight at
30 8C. The solvent was then evaporated in vacuo to leave a
yellow oil which was purified by column chromatography
on silica gel using EtOAc/hexane (4:1) as eluent to give
N-Boc-a-propargyl-allylglycine methyl ester (36 mg, 75%)
as a yellow oil. [a]D

20¼þ4 (c¼0.6, CHCl3); nmax (KBr) 3430
(s), 3305 (s), 2981 (s), 2123 (w), 1809 (s) and 1712 cm21

(s); dH (CDCl3) 1.37 (9H, s, (CH3)3C), 1.93 (1H, t
J¼2.5 Hz, H–Cu), 2.47 (1H, dd J¼13.7, 7.3 Hz, CH2–
CHv), 2.7–2.8 (1H, m, CH2–Cu), 2.8–2.9 (1H, m, CH2–
CHv), 3.0–3.1 (1H, m, CH2–Cu), 3.71 (3H, s, OCH3),
5.0–5.1 (2H, m, CHvCH2), 5.35 (1H, br s, NH), 5.5–5.7
(1H, m, CHvCH2); dC (CDCl3) 25.9 (CH2Cu), 27.8
((CH3)3C), 40.0 (CH2CHv), 53.2 (OCH3), 62.4 ((CH3)3C),
71.4 (CuCH), 85.6 (CuCCH2), 120.2 (CH2vCH), 131.9
(CHvCH2), 147.2 (OCONH), 172.8 (CO2Me); m/z (CI,
NH3) 268 (MHþ, 93), 229 (100); [found: (CI, NH3)
268.1539 (MHþ, C14H22NO4 requires 268.1543)].

4.1.28. Diene 8a. N-Boc-a-but-2-ynyl-allylglycine methyl
ester (7 mg, 0.025 mmol) was dissolved in dry dichloro-
methane (2.5 ml) and Grubbs’ catalyst (1.0 mg, 5 mol%)
was added to the solution. The reaction mixture was stirred
overnight at room temperature under an ethene atmosphere.
The solvent was removed in vacuo, the residue redissolved
in dichloromethane and filtered through silica to remove the
catalyst. The eluent was evaporated in vacuo to leave diene
8a (10 mg, 100%) as a yellow oil. nmax (KBr) 3364 (m),
2925 (s), 2854 (s), and 1715 cm21 (s); dH (CDCl3) 1.36 (9H,
s, (CH3)3C), 1.85 (3H, s, CH3Cv), 2.6–2.7 (2H, m, CH2),
3.1–3.2 (2H, m, CH2), 3.69 (3H, s, OCH3), 4.78 (1H, s,
vCH2), 4.87 (1H, s, vCH2), 5.02 (1H, br s, NH), 5.57 (1H,
s, CHv); dC (CDCl3) 19.3 (CH3), 27.3 ((CH3)3C), 34.6
(CH2CH), 43.9 (CH2C), 51.6 (OCH3), 63.4 (NCCO2), 84.2
((CH3)3C), 112.4 (CH2vCH), 122.5 (vCH), 138.0
(CvCH), 140.3 (CHvCH2), 153.9 (CONH), 173.6
(CO2); m/z (EI) 281 (Mþ, 18), 207 (100); [found: (EI)
281.1622 (Mþ, C14H22NO4 requires 281.1628)].

4.1.29. Diene 8b. N-Boc-a-propargyl-allylglycine methyl
ester (14 mg, 0.052 mmol) was dissolved in dry dichloro-
methane (5 ml) and Grubbs catalyst (2.1 mg, 5 mol%) was
added to the solution. The reaction mixture was stirred
overnight at room temperature under an ethene atmosphere.
The solvent was removed in vacuo, the residue redissolved
in dichloromethane and filtered through silica to remove the
catalyst. The eluent was evaporated in vacuo to leave diene
8b (14 mg, 100%) as a yellow oil. nmax (KBr) 3372 (m),
2933 (s), and 1715 cm21 (s); dH (CDCl3) 1.37 (9H, s,
(CH3)3C), 2.6–2.7 (2H, m, CH2), 3.0–3.1 (2H, m, CH2),

3.69 (3H, s, OCH3), 4.9–5.1 (3H, m, vCH2 þ vHCCH2),
5.55 (1H, br s, NH), 6.44 (1H, dd J¼17.4, 10.8 Hz,
H2CvCH); dC (CDCl3) 27.3 ((CH3)3C), 34.6 (CH2CHv),
43.8 (CH2Cv), 51.6 (OCH3), 63.2 (NCCO2), 84.2
((CH3)3C), 114.1 (vCH2), 125.6 (vCH), 131.6 (CvCH),
145.7 (CHv), 154.2 (OCONH), 173.5 (CO2Me); m/z (CI,
NH3) 268 (MHþ, 54), 229 (100); [found: (CI, NH3)
268.1547 (MHþ, C14H22NO4 requires 268.1543)].

4.1.30. Diels–Alder adduct 9. To a solution of diene 8a
(10 mg, 0.036 mmol) in ethyl acetate (2 ml) at room
temperature was added maleic anhydride (8 mg,
0.078 mmol). The mixture was stirred at room temperature
overnight. The solvent was then removed in vacuo and the
residue was dissolved in dichloromethane and filtered twice
through a pad of Celite, leaving product 9 (8 mg, 62%) as a
1:1 mixture of diastereomers. nmax (KBr) 2929 (m), 2855
(w), 2254 (w), 1850 (w) and 1779 cm21 (s); dH (CDCl3)
1.37 (18H, s, 2£ (CH3)3C), 1.6–1.7 (6H, m, 2£ CH3), 1.8–
2.0 (4H, m, 2£ CH2), 2.2–2.3 (2H, m, 2£ CH), 2.4–2.6 (4H,
m, 2£ CH2), 2.6–2.7 (4H, m, 2£ CH2), 3.3–3.4 (4H, m, 4£
CH), 3.68 and 3.65 (3H, 2£ s, OCH3), 4.7–4.8 and 5.0–5.1
(2H, 2£ br s, NH); dC (CDCl3) 16.9 (CH3), 27.3 (C(CH3)3),
28.8 (COCH), 31.2 (COCH), 36.0 (CH2), 38.2 (CH–Cv),
42.4 (CH2), 43.8 (CH2), 51.6 (OCH3), 63.2 (NCCO2), 84.2
(OCMe3), 133.6 (vCH), 142.2 (vC), 154.2 (OCONH),
167.7 (CO2), 173.6 (CO2); m/z (CI, NH3) 397 (MþNH4

þ,
100), 380 (MHþ, 70); [found: (CI, NH3) 397.1971
(MþNH4

þ, C19H29N2O7 requires 397.1969)].

4.2. Determination of enantiomeric excess

(S)-a-Methylbenzyl isocyanate (one or two drops) was
added to an NMR sample of a,a-disubstituted amino acid
methyl ester and left overnight to react completely with the
amino ester. The diastereomeric excess and therefore
enantiomeric excess was determined from the integration
of the methylene or methyl ester region of the 1H NMR
spectrum of the resulting diastereomers.

Acknowledgements

The authors thank the EU for funding a Socrates exchange
visit (V.T.) and for funding this project through the
Descartes prize research grant. Mass spectra were recorded
by the EPSRC national service at the University of Wales,
Swansea.

References and notes

1. Nelson, A. Angew. Chem. Int. Ed. 1999, 38, 1583.

2. (a) O’Donnell, M. J.; Drew, M. D.; Cooper, J. T.; Delgado, F.;

Zhou, C. J. Am. Chem. Soc. 2002, 124, 9348. (b) O’Donnell,

M. J.; Delgado, F. Tetrahedron 2001, 57, 6641. (c) O’Donnell,

M. J.; Delgado, F.; Pottorf, R. S. Tetrahedron 1999, 55, 6347.

(d) O’Donnell, M. J.; Delgado, F.; Hostettler, C.; Schwesinger,

R. Tetrahedron Lett. 1998, 39, 8775. (e) O’Donnell, M. J.; Wu,

Sh.; Hauffman, J. C. Tetrahedron 1994, 50, 4507.

(f) O’Donnell, M. J.; Bennet, W.; Wu, Sh. J. Am. Chem.

Soc. 1989, 111, 2353.

Y. N. Belokon et al. / Tetrahedron 60 (2004) 1849–1861 1859



3. (a) Lygo, B.; Andrews, B. I. Tetrahedron Lett. 2003, 44, 4499.

(b) Lygo, B.; Andrews, B. I.; Crosby, J.; Peterson, J. A.

Tetrahedron Lett. 2002, 43, 8015. (c) Lygo, B.; Humphreys,

L. D. Tetrahedron Lett. 2002, 43, 6677. (d) Lygo, B.; Crosby,

J.; Peterson, J. A. Tetrahedron 2001, 57, 6447. (e) Lygo, B.;

Crosby, J.; Lowdon, T. R.; Peterson, J. A.; Wainwright, P. G.

Tetrahedron 2001, 57, 2403. (f) Lygo, B.; Crosby, J.; Lowdon,

T. R.; Wainwright, P. G. Tetrahedron 2001, 57, 2391.

(g) Lygo, B.; Crosby, J.; Peterson, J. A. Tetrahedron Lett.

1999, 40, 1385. (h) Lygo, B. Tetrahedron Lett. 1999, 40, 1389.

(i) Lygo, B.; Wainwright, P. G. Tetrahedron Lett. 1997, 38,

8595.

4. (a) Corey, E. J.; Noe, M. C.; Xu, F. Tetrahedron Lett. 1998, 39,

5347. (b) Corey, E. J.; Xu, F.; Noe, M. C. J. Am. Chem. Soc.

1997, 119, 12414.

5. For other work on the use of monomeric N-alkylated cinchona

alkaloid derivatives as asymmetric phase transfer catalysts

see: (a) Castle, S. L.; Srikanth, G. S. C. Org. Lett. 2003, 5,

3611. (b) Jew, S.-s.; Jeong, B.-S.; Lee, J.-H.; Yoo, M.-S.; Lee,

Y.-J.; Park, B.-s.; Kim, M. G.; Park, H.-g. J. Org. Chem. 2003,

68, 4514. (c) Mazón, P.; Chinchilla, R.; Nájera, C.; Guillena,
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Novel synthesis of meso-tetraarylporphyrins using CF3SO2Cl
under aerobic oxidation
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Abstract—meso-Tetraarylporphyrins are synthesized from pyrrole and aryl aldehydes cleanly and efficiently in one pot at room temperature
using equimolar amount of CF3SO2Cl in the presence of air as oxidant. By this novel method 5,10,15,20-tetraarylporphyrins can be prepared
in excellent yields.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The continuing progress in porphyrin chemistry in recent
years has caused a growing interest for such compounds.
The remarkably diverse photo-electro- and bio-chemical
properties of the porphyrins continue to attract the attention
of researchers even after well over a hundred years.
Porphyrin research has gone from Hans Fischer’s pioneer-
ing synthesis of hemin in the 1920s,1 to their use as selective
catalysts,2 – 5 molecular electronic devices,6 photodynamic
therapy agents7 and applications to materials chemistry.8

Advances in porphyrin model systems are closely tied to
methods for preparing synthetic porphyrins.

Over the past years, numerous advances in porphyrin
synthetic methodology have been realized. These develop-
ments have advanced systematically through monopyrrole
tetramerization,9 – 13 dipyrromethene self-condensation in
organic acid metals,14 ‘2þ2’ MacDonald dipyrromethane
syntheses15 and ‘3þ1’ synthesis with a tripyrrane and a
diformylpyrrole.16 Most porphyrin syntheses proceed by
tetramerization of monopyrrole. Tetraphenylporphyrin
was first synthesized by Rothemund,9 then Adler-Longo
proposed a simplified synthesis for meso-tetraphenylpor-
phyrin.10 In this method a solution of aldehyde and pyrrole
in a high-boiling acid solvent is heated at reflux in air, so
that condensation and oxidation occur simultaneously. This
method gives low yields of sensitive porphyrins, reflecting
rather vigorous conditions, and intractable purification
problems arise for porphyrins which do not readily crystal-
lize or precipitate from the tar-laden propionic acid and a
high percentage of tarry by-products are also formed.

Lindsey et al.11 published results on studies of improved
methods of some meso-tetraarylporphyrins and discussed a
mechanistic interpretation of the reaction. Recent methods
in the synthesis of tetraphenylporphyrins from tetrameriza-
tion of mono pyrrole include the use of an oxidizing
cosolvent,17 Lewis acids,18 and various clays as catalysts.19

In these methods, there are intrinsic disadvantages in the
requirement for the expensive high-potential quinone
oxidant and in elaborate, costly purification procedures
needed to isolate the porphyrin, and/or high-thermal
conditions, so that the reaction fails completely with
benzaldehydes bearing substituents in ortho positions and
sensitive functional groups.

In this paper, we report a method for preparing porphyrins
under mild conditions at room temperature. Pyrrole
and benzaldehyde in the presence of CF3SO2Cl react to
form tetraphenylporphyrin in one pot without the need of
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as
oxidant. The reaction conditions were optimized for benz-
aldehyde. Under these reaction conditions, tetraarylpor-
phyrins are formed in 25–67% yields.

2. Result and discussion

The conversion of aldehydes and pyrroles to porphyrins is a
multi-step process involving condensation (polymerization
and cyclization) followed in timed sequence by oxidation.
Porphyrins are known to be easily obtained by treatment of
the precursor ‘porphyrinogen’ with oxidizing agents such
as chloranil11,18,19 or aerobic oxidation10,20 (Scheme 1). The
existence of this intermediate has been shown by Dolphin,21

who isolated b-octamethyl-meso-tetraphenylporphyrinogen
under Adler-Longo conditions.
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Therefore, the preparation of porphyrinogen by the pyrrole-
aldehyde condensation is the important step in this syn-
thesis. To synthesize meso-tetraarylporphyrins efficiently,
it is necessary to select the specific conditions for the
generation of the corresponding porphyrinogen, followed by
appropriate oxidative workup.

Our efforts in this area have been largely directed toward the
systematic investigation of best conditions for porphyrin
synthesis. We have investigated the effects of numerous
reaction parameters on the yield of tetraphenylporphyrin 1
obtained in a one-flask, room-temperature synthesis.
Initially, a systematic study was undertaken with various
catalysts, and it was found that CF3SO2Cl showed excellent
activity for the condensation of pyrrole and benzaldehyde
for the preparation of 1 (Table 1). In a typical trial reaction,
1 equiv. of CF3SO2Cl was added to a solution of
benzaldehyde and pyrrole (1:1) in CH2Cl2 (1022 M) under
N2 gas. After 1 h, the stoichiometric amount of DDQ (39 8C,
1 h) was then added to oxidize the porphyrinogen to
porphyrin. The general workup involves concentration of
the crude reaction mixture, followed by passing over a short

chromatography column. The porphyrin product obtained in
this manner is relatively pure.

The results from Table 1 (entries 2–18) show the influence
of the nature of catalyst on porphyrin synthesis and clearly
indicate that CF3SO2Cl is the best catalyst for this
condensation reaction. Several metal salts have been used
as catalyst but metal insertion does not occur under these
reaction conditions (Table 1 entries 6–11). The reactions
were carried out in CH2Cl2, CHCl3, CH3CN, THF,
CH3COCH3, C6H6 and Et2O. As shown in Table 1 (entry
18), CH2Cl2 is the best solvent for porphyrin synthesis under
these reaction conditions.

Porphyrin 1 yields as a function of reactant concentration
are shown in Figure 1. The concentrations of benzaldehyde
and pyrrole are critical determinants of the ultimate yield of
porphyrin. The maximum yield of 1 is observed, when an
equimolar amount of benzaldehyde and pyrrole concen-
trations of 1022 M are used (Fig. 1). The yield declines
markedly at concentrations 10-fold higher and 10-fold
lower. This relies on the fact that pyrrole and benzaldehyde
under acid catalysis will stabilise a balance with tetra-
phenylporphyrinogen. The dilution conditions are important
to optimize formation of the porphyrinogen at the expense
of open chain polypyrrylmethanes.

A milder and slower oxidant gave the best results for
porphyrinogen oxidation.17 Molecular oxygen is the oxidant
in the Adler10 and Drain20 reactions. The specially
demanding conditions for the oxidation of the meso-
tetraarylporphyrinogens led us to check their behavior in
aerobic oxidations. We found that, when the reaction time
extended to 4 h, porphyrinogen, under aerobic oxidation,
was converted to porphyrin, and DDQ or para-chloranil was

Scheme 1. For Ar, see Table 2.

Table 1. Reaction of pyrrole (1022 M) and benzaldehyde (1022 M) in the
presence of 1 equiv. of various catalysts, at room temperature with DDQ as
oxidant

Entry Catalyst Solvent Time (h) Yield (%) of 1

1 — CH2Cl2 6 0
2 Al2O3 (pH¼7)a CH2Cl2 3 5
3 Al2O3 (pH¼4.5)a CH2Cl2 3 12
4 CH3SO3H CH2Cl2 3 10
5 Al2O3/CH3SO3Hb CH2Cl2 3 11
6 MgSO4 CH2Cl2 4 9
7 CsCl CH2Cl2 4 5
8 Al(O2CCH3)3 CH2Cl2 3 8
9 Al(O2CCF3)3 CH2Cl2 3 18
10 AlCl3 CH2Cl2 3 20
11 CaCl2 CH2Cl2 4 15
12 CaO CH2Cl2 4 13
13 MgO CH2Cl2 4 11
14 (CF3CO)2O CH2Cl2 4 19
15 TsCl CH2Cl2 3 25
16 SOCl2 CH2Cl2 3 22
17 CH3SO2Cl CH2Cl2 2.5 49
18 CF3SO2Cl CH2Cl2 2 62
19 CF3SO2Cl CHCl3 3 58
20 CF3SO2Cl CH3CN 4 18
21 CF3SO2Cl THF 5 7
22 CF3SO2Cl CH3COCH3 5 Trace
23 CF3SO2Cl C6H6 4 30
24 CF3SO2Cl Et2O 4 23

a 1 g for 1 mmol of reactants.
b Three drops of CH3SO3H was added to 1 g of Al2O3 for 1 mmol of

reactants.

Figure 1. Dependence of porphyrin formation on concentration of
reactants.
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not required. This avoids the requirement for expensive
quinones, and simplifies workup.

In an effort to evaluate the range of applicability of our
method, we also examined some other benzaldehydes
having a wide variety of ortho, meta and para substituted,

both electron-donating and withdrawing. The reaction
conditions for benzaldehyde were applied to a set of sixteen
aldehydes (Table 2). This synthetic procedure can be used
for the synthesis of a large number of tetraarylporphyrins,
with pyrrole and aryl aldehydes. Sterically hindered
aldehydes such as 2,4,6-trimethylbenzaldehyde and 2-nitro-
benzaldehyde can also be employed in the reaction (Table 2,
entries 15, 16). A comparison of the reaction of aldehydes
with pyrrole in the presence of CF3SO2Cl indicates that an
increase in steric hindrance and the presence of electron
withdrawing groups at the benzaldehyde results in a general
decrease in the yield of porphyrin formation (for example,
compare Table 2, entry 1 with entry 15). All reactions were
run under standard conditions: 1022 M aldehyde and
1022 M pyrrole with equimolar amount of CF3SO2Cl in
CH2Cl2. The yields given in Table 2 reflect the ease with
which pure material (one spot in TLC) could be obtained
from a single chromatographic step. The porphyrins were
identified by comparison with authentic samples prepared
according to literature procedures.11,12,19,20,22 – 24 The
advantage of this method is that it allows the formation of
porphyrins from sensitive aldehydes, in higher yields, with
more facile purification.

Previous workers have demonstrated that porphyrinogen
formation is a reversible process, when aryl aldehydes are

Table 2. Synthesis of meso-tetraarylporphyrins from pyrrole and aryl
aldehydes in the presence of CF3SO2Cl, at room temperature with air as
oxidant

Entry Ar Product Reaction time (h) Yield (%)

1 Ph 1 3 62
2 p-MeC6H4 2 3 60
3 p-MeOC6H4 3 3 67
4 p-ClC6H4 4 3 56
5 p-BrC6H4 5 3 64
6 p-CNC6H4 6 3.5 40
7 p-NO2C6H4 7 4 34
8 p-IsopropylC6H4 8 3 60
9 m-MeC6H4 9 3 57
10 m-MeOC6H4 10 3 40
11 m-ClC6H4 11 3.5 41
12 m-NO2C6H4 12 4 40
13 o-MeC6H4 13 3 40
14 o-ClC6H4 14 3 35
15 o-NO2C6H4 15 4 27
16 Mesityl 16 4 25

Scheme 2. Porphyrinogen exchange experiment.

H. Sharghi, A. Hassani Nejad / Tetrahedron 60 (2004) 1863–1868 1865



condensed with pyrrole.11,22 We examined the porphyrino-
gen exchange according to Lindsey’s procedure.11b The
procedure is illustrated for one pair of aldehydes, benz-
aldehyde and p-methoxybenzaldehyde (two pairs of aryl
aldehydes which reacted at similar rates and gave similar
yields of porphyrin). Two solutions (A and B) were
prepared and two aldehydes were condensed separately
with pyrrole by addition of CF3SO2Cl under N2 gas. When
the porphyrinogen concentrations had reached a maximum
(tmax 1 h) the solutions were mixed (Scheme 2). At a
common time, 5 h after mixing, the distribution of products
was analyzed. We only obtained two porphyrins, and
scrambling was not detected.

The results indicate that in these conditions the conden-
sation of monomers and cyclization of tetrapyrrolic
oligomers are irreversible. The proposed mechanism for
irreversibility condensation of pyrrole and aldehyde is
shown in Scheme 3.

In this paper, we first present a survey of the effects of
different catalysts in the reaction of pyrrole and benz-
aldehyde, focusing primarily on reactions at 0.01 M. Second,
we examined the effects of solvent, reactant concentration,
aerobic oxidation, and the reversibility of the pyrrole-
aldehyde condensation under these conditions. Third, we
reported the application of the best reaction conditions
identified, for a variety of aldehydes. By this method
porphyrinogen, under aerobic oxidation, was converted to
porphyrin, and this oxidation system avoids application of
organic oxidants. This procedure currently allows the
preparation of a large variety of porphyrins in good-to-
excellent yields from the corresponding aldehydes. The
advantages of our method are high yield of porphyrins
without need of man-made oxidant, ease of isolation and
purification of the porphyrins obtained, and mild conditions
for aldehydes bearing sensitive substituents.

3. Experimental

Dichloromethane and chloroform (Merck) were distilled
from K2CO3. Pyrrole was distilled from calcium hydride,
and stored samples were rejected when discoloration
occurred. Benzaldehyde was distilled under reduced
pressure. Substituted benzaldehydes and other chemical
materials obtained from commercial sources (Aldrich,
Fluka) were used as received. Elemental analyses were

performed at the National Oil Co. of Iran, Tehran Research
Center. IR spectra were recorded on Perkin – Elmer
spectrometer. Proton NMR spectra were recorded on a
Bruker Advance DPX FT 250 MHz instrument. UV/Vis.
Spectra was obtained with an Ultrospec 3000 UV/Visible
spectrometer.

3.1. General procedure for synthesis of meso-tetra-
arylporphyrins

A standard reaction was performed in a 150-ml, three-
necked, round-bottomed flask fitted with a septum port, a
reflux condenser, and a gas-inlet port. The inlet port
consisted of a glass disk immersed in the solution, with
nitrogen flow rates maintained at about 2 ml per min. The
flask was charged with 100 ml of distilled CH2Cl2,
benzaldehyde (0.1 ml, 1 mmol, 1022 M), and pyrrole
(0.07 ml, 1 mmol, 1022 M). The resulting solution was
magnetically stirred at room temperature. After stirring the
solution for 5–10 min, an appropriate amount of CF3SO2Cl
(0.1 ml, 1 mmol) was added via syringe. After 1 h, the yield
of porphyrinogen was maximum, then the gas-inlet line was
switched to filtered house air, and the mixture was aerated
for 4 h (39 8C). During this time, the mixture became dark
purple, and porphyrinogen under aerobic oxidation was
converted to porphyrin. The solution was concentrated by
rotary evaporation and chromatographed (silica gel; with
CH2Cl2/petroleum ether 1:1) to give 1 in 62% yield.

3.1.1. 5,10,15,20-Tetraphenylporphyrin (1). Purple crys-
tal; mp .300 8C; yield¼62%; [Found: C, 85.72; H, 5.01; N,
8.93. C44H30N4 requires C, 85.90; H, 4.92; N, 9.12%]; lmax

(benzene; log 1): 418 nm (5.68), 483 (3.53), 517 (4.27), 549
(3.91), 591 (3.72), 647 (3.57). dH (250 MHz, CDCl3): 22.76
(br. s 2NH); 7.73 (m, 12 arom. H); 8.21 (d, 8Ho); 8.80 (s,
8H (pyrrole)). dC (62.9 MHz; CDCl3) 120.5 (C(5), C(10),
C(15), C(20)), 127.1, 128.1 (C(b) (pyrrole)); 134.9, 139.2,
142.6.

3.1.2. 5,10,15,20-Tetrakis(p-methylphenyl)porphyrin
(2). Purple crystal; mp .300 8C; yield¼60%; spectroscopic
data identical to that reported in the literature.19b

3.1.3. 5,10,15,20-Tetrakis(p-methoxyphenyl)porphyrin
(3). Purple crystal; mp .300 8C; yield¼67%; spectroscopic
data identical to that reported in the literature.12

3.1.4. 5,10,15,20-Tetrakis(p-chlorophenyl)porphyrin (4).
Purple crystal; mp .300 8C; yield¼56%; spectroscopic
data identical to that reported in the literature.19b

3.1.5. 5,10,15,20-Tetrakis(p-bromophenyl)porphyrin (5).
Purple crystal; mp .300 8C; yield¼64%; [Found: C, 56.75;
H, 2.78; N, 6.11. C44H26Br4N4 requires C, 56.80; H 2.81; N,
6.02%]; lmax (benzene; log 1): 421 nm (5.71), 518 (4.40),
550 (3.99), 591 (3.76), 649 (3.54). dH (250 MHz, CDCl3):
22.94 (br. s 2NH); 7.81 (d, 8Hm); 8.01 (d, 8Ho); 8.76 (s, 8H
(pyrrole)). dC (62.9 MHz; CDCl3): 118.1 (C(5), C(10), C(15),
C(20)); 127.5, 131.6 (C(b) (pyrrole)); 133.9, 136.9, 139.9.

3.1.6. 5,10,15,20-Tetrakis(p-cyanophenyl)porphyrin (6).
Purple crystal; mp .300 8C; yield¼40%; spectroscopic
data identical to that reported in the literature.11b

Scheme 3.
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3.1.7. 5,10,15,20-Tetrakis(p-nitrophenyl)porphyrin (7).
Purple crystal; mp .300 8C; yield¼34%; spectroscopic
data identical to that reported in the literature.23

3.1.8. 5,10,15,20-Tetrakis(p-isopropylphenyl)porphyrin
(8). Purple crystal; mp .300 8C; yield¼60%; [Found: C,
85.78; H, 6.61; N, 7.43. C56H54N4 requires C, 85.93; H,
6.90; N, 7.16%]; lmax (benzene; log 1): 420 nm (5.72), 489
(3.32), 518 (4.23), 520 (4.04), 599 (3.95), 652 (4.32). dH

(250 MHz, CDCl3): 22.74 (br. s 2NH); 1.40 (d, 24H,
J¼4.4 Hz, 8Me); 3.2 (m, 4CH); 7.55 (d, 8Hm); 8.02 (d, 8Ho);
8.83 (s, 8H (pyrrole)).

3.1.9. 5,10,15,20-Tetrakis(m-methylphenyl)porphyrin
(9). Purple crystal; mp .300 8C; yield¼57%; spectroscopic
data identical to that reported in the literature.23

3.1.10. 5,10,15,20-Tetrakis(m-methoxyphenyl)porphyrin
(10). Purple crystal; mp .300 8C; yield¼40%; [Found: C,
78.37; H, 5.24; N, 7.65. C48H38N4O4 requires C, 78.45; H,
5.21; N, 7.62%]; lmax (benzene; log 1): 418 (5.73), 518
(4.09), 550 (3.95), 589 (3.91), 650 (3.90). dH (250 MHz,
CDCl3): 22.79 (br. s 2NH); 3.97 (s, 12H, 4MeO); 7.33–
7.77 (m, 16 arm. H); 8.46 (s, 8H (pyrrole)).

3.1.11. 5,10,15,20-Tetrakis(m-chlorophenyl)porphyrin
(11). Purple crystal; mp .300 8C; yield¼41%; spectro-
scopic data identical to that reported in the literature.12

3.1.12. 5,10,15,20-Tetrakis(m-nitrophenyl)porphyrin
(12). Purple crystal; mp .300 8C; yield¼40%; [Found: C,
66.38; H, 3.27; N, 14.22. C44H26N8O8 requires C, 66.50; H,
3.27; N, 14.10%]; lmax (benzene; log 1): 418 nm (5.72), 480
(3.08), 515 (4.33), 550 (4.04), 591 (4.02), 646 (3.63). dH

(250 MHz, CDCl3): 22.96 (br. s 2NH); 8.13–8.70 (m, 16
arom. H); 8.93 (s, 8H (pyrrole)).

3.1.13. 5,10,15,20-Tetrakis(o-methylphenyl)porphyrin
(13). Purple crystal; mp .300 8C; yield¼40%; spectro-
scopic data identical to that reported in the literature.19b

3.1.14. 5,10,15,20-Tetrakis(o-chlorophenyl)porphyrin
(14). Purple crystal; mp .300 8C; yield¼35%; spectro-
scopic data identical to that reported in the literature.19b

3.1.15. 5,10,15,20-Tetrakis(o-nitrophenyl)porphyrin
(15). Purple crystal; mp .300 8C; yield¼27%; [Found: C,
66.53; H, 3.41; N, 14.06. C44H26N8O8 requires C, 66.50; H,
3.27; N, 14.10%]; lmax (benzene; log 1): 422 nm (5.72), 518
(3.99), 550 (3.85), 588 (3.66), 650 (3.36). dH (250 MHz,
CDCl3): 22.95 (br. s 2NH); 7.54–8.27 (m, 16 arom. H);
8.64 (s, 8H (pyrrole)).

3.1.16. 5,10,15,20-Tetramesitylporphyrin (16). Purple
crystal; mp .300 8C; yield¼25%; spectroscopic data
identical to that reported in the literature.11c
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Synthetic studies towards the benzophenone precursor for balanol
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Abstract—Synthesis of 4-carboxy-2,6-dimethoxyphenyl 20-carboxy-60-methoxyphenyl ketone, an important precursor for balanol’s
benzophenone portion, has been achieved via a short and efficient route in three steps using ortho-lithiation as the key step. In another
approach aromatization of 2-(20-methoxy-60-methylbenzoyl)-5-methyl-1,3-cyclohexanedione afforded benzophenone precursor 2,6-
dimethoxy-4-methylphenyl 20-methoxy-60-methylphenyl ketone along with the formation of substituted xanthone.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Balanol (1), a novel protein kinase ‘C’ inhibitor, was
isolated in 1993 by Kulanthaivel et al.1 as an unusual
metabolite produced by the fungus Verticillium balanoides.
Balanol shows remarkable activity against cancer, HIV
infection, rheumatoid arthritis, diabetes, central nervous
system disorder etc. A wide range of biological activities
associated with this compound has attracted researchers to
undertake synthesis of balanol and its intermediates.2

The synthetic approaches mainly began with disconnection
of balanol at its ester linkage to yield the hexahydroazepine
and the benzophenone carboxylic acid. The retrosynthesis
of balanol is as shown in Scheme 1. Total synthesis of
balanol has been achieved by coupling the protected
benzophenone domain and hexahydroazepine moiety by
esterification using modified Mukaiyama procedure.

The structure–activity relationship studies3 on balanol (1)
proved the critical importance of the benzophenone portion
for the efficacy of balanol. Any attempted change in this
tetra-ortho-substituted benzophenone portion resulted in a
decrease in its activity. Adams et al.2c used benzophenone
precursor 2 in the total synthesis of balanol.

The steric hindrance, which makes the synthesis of
this tetra-ortho-substituted benzophenone difficult,
prompted us to undertake its synthesis. Earlier reports on
the synthesis of balanol benzophenone precursors are
based on the direct utilization of aromatic rings. We
envisaged that use of alicyclic systems where the steric
hindrance would be less compared to the aromatic systems
and later aromatization of these alicyclic systems to the
desired benzophenone portion would be a convenient route
for the synthesis of this sterically hindered benzophenone
portion.

0040–4020/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.029
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Scheme 1. Retrosynthetic analysis for balanol (1).
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Retrosynthetic plan for benzophenone domain 2 (Scheme 2)
suggested the triketone 4 as an important intermediate
which on aromatization and oxidation would afford
benzophenone precursor 3. Our synthetic route started
with synthesis of acyl cyanide 6 from carboxylic acid 5.4

Thus carboxylic acid 5 was converted into corresponding
acid chloride followed by treatment with trimethylsilyl
cyanide in the presence of catalytic stannic chloride to
afford the acyl cyanide 6 in 85% yield. The synthesis of
triketone 4 was achieved by the treatment of acyl cyanide 6
with 5-methylcyclohexane-1,3-dione (7) in presence of
triethylamine to give the triketone 4 in 70% yield as shown
in Scheme 3.5,6

After successful synthesis of triketone 4, our next aim was
to convert compound 4 into the desired benzophenone 3.
Unfortunately the attempted aromatization of the compound
4 using I2/MeOH,7 DDQ in benzene or Pd/C failed to give
the desired compound 3 and resulted either in the recovery
of starting material or a complex reaction mixture. Finally
aromatization of compound 4 was achieved using mercuric
acetate and sodium acetate in acetic acid under the
conditions reported by Oliver et al.8 for the aromatization
of 2-acyl-3-hydroxy-2-cyclohexane-1-ones. Aromatization

of the triketone 4 under these conditions resulted in the
formation of aromatized product 8 in 20% yield. Formation
of compound 8 was confirmed by converting it into the
known intermediate 3, an important benzophenone pre-
cursor for balanol. Spectral data for compound 3 were
identical to those reported by Adams et al.2c

Aromatization of triketone 4 in the presence of mercuric
acetate and sodium acetate in acetic acid afforded only 20%
of the required product 8 along with formation of xanthone
99 in 40% yield. The 1H NMR spectrum of xanthone 9
exhibited singlets at d 2.41 and 2.89 for aromatic methyls,
singlets at d 6.55 and 6.65 each integrating for one proton
and a singlet at d 12.86 for chelated –OH group. This
xanthone 9 was then methylated using dimethyl sulphate
in the presence of potassium carbonate in refluxing
acetone to give the corresponding methyl ether 10 whose
1H NMR spectrum showed the presence of only one
methoxy group at d 4.01 confirming the assigned structure
of xanthone 9.

Probable reason for the formation of xanthone would be the
loss of methanol during aromatization due to the presence of
Lewis acidic mercuric acetate as shown in Scheme 4. Burger

Scheme 2. Retrosynthetic analysis for the synthesis of benzophenone precursor 2.

Scheme 3. Synthesis of benzophenone precursor 3.
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and Montes5 reported similar results of dehydration during
the synthesis of the antibiotic pyoluteorin.

Thus aromatization of triketone 4 afforded the desired
benzophenone 8, the precursor for balanol, in 20% yield
along with the formation of xanthone 9 in 40% yield.
Though this reaction yielded the desired intermediate 8 in
low yield, the formation of xanthone 9 in this reaction could
be explored for the synthesis of substituted xanthones using
appropriately substituted triketone 4.

Low yield for aromatization of triketone 4 to the desired
benzophenone 8 in the earlier approach prompted us to
explore another route for the synthesis of benzophenone
precursor 3 for balanol.

Hollinshead et al.2b reported two efficient syntheses of the
benzophenone portion of balanol. The key step of this
synthesis was the utilization of ortho-lithiation reactions to
generate a carbinol, which was then oxidized to the
benzophenone portion of balanol. We anticipated that
coupling of aldehyde 12, which can be easily prepared
from 2,3-dimethylanisole, and commercially available 3,5-
dimethoxytoluene under these conditions followed by
oxidation would afford the desired benzophenone 2 easily
and effectively. Accordingly, 3,5-dimethoxytoluene (11)
was ortho-lithiated10 using n-BuLi in the presence of
TMEDA at 0 8C and coupled with the aldehyde 12 to afford
alcohol 13 in 70% yield (Scheme 5). Further oxidation of
the benzylic alcohol 13 to the desired intermediate 3 was
carried out using MnO2 in dichloromethane at room
temperature in 90% yield. This compound showed spectro-

scopic data in good agreement with those reported by
Adams et al.2c

Oxidation of 3 to the dicarboxylic acid 2, an important
precursor for benzophenone portion of balanol (1), has been
reported by Adams et al.2c Thus oxidation of the compound
3 using potassium permanganate and pyridine in the
presence of phase transfer catalyst tetrabutylammonium
bromide in water afforded the desired benzophenone
precursor for balanol 2 in 45% yield.

Thus in conclusion we have achieved synthesis of an
important intermediate 2 for balanol’s benzophenone
portion by using two different approaches. In the first
approach we have developed a new method for the synthesis
of benzophenone 3 starting with an alicyclic system
followed by aromatization to give sterically hindered
benzophenone 8 along with formation of xanthone 9. This
method would be useful for the synthesis of substituted
xanthones. In another approach, an improved synthesis of
dicarboxylic acid 3 has been achieved via a short and
efficient route starting from commercially available chemi-
cals in three steps using ortho-lithiation as the key step.

2. Experimental

2.1. General

1H NMR and 13C NMR spectra were recorded on Bruker
AC-200 spectrometer in CDCl3 containing TMS as an
internal standard. Infrared spectra (nmax in cm21) were

Scheme 4. Formation of xanthone 9.

Scheme 5. Synthesis of benzophenone precursor 2.
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recorded as either nujol mull or in CHCl3 on Perkin–Elmer
Infrared 683 B or 160S FT-IR spectrometer with sodium
chloride optics. All solvents and reagents were purified and
dried by standard procedures. TLC was carried out on silica
gel plates prepared by spreading the slurry (in CCl4) and
drying at room temperature. The plates were analyzed by
keeping in iodine chamber. Column chromatography was
performed on silica gel (60–120 mesh). Petroleum ether
refers to the fraction boiling in the range of 60–80 8C.

2.1.1. 2-(20-Methoxy-60-methylbenzoyl)-5-methyl-1,3-
cyclohexanedione (4). To a stirred solution of 2-methoxy-
6-methylbenzoic acid (5) (498 mg, 3 mmol) in dry benzene
(10 mL), thionyl chloride (0.43 mL, 6 mmol) and a drop of
dimethylformamide were added. The resulting mixture was
then refluxed for 6 h. After completion of the reaction
(checked by paper chromatography), benzene was removed
by distillation to leave the acid chloride as a brownish
semisolid. IR (neat): 1800 cm21 (acid chloride). Acid
chloride obtained above was used for further reaction
without purification. To a stirred solution of the acid
chloride (554 mg, 3 mmol) and cyanotrimethylsilane
(0.48 mL, 3.6 mmol) in dry dichloromethane (5 mL) under
nitrogen atmosphere was added stannic chloride (0.2 mL) at
room temperature. The stirring was continued for a further
2 h. After the reaction, the mixture was poured into ice-cold
water (10 mL) and extracted with dichloromethane. The
combined dichloromethane layer was washed with water
(20 mL) followed by brine (20 mL) and dried over sodium
sulphate. Evaporation of the solvent under reduced pressure
afforded crude cyanide 6 as a brown oil (335 mg, 85%). IR
(CHCl3): 2150, 1680 cm21.

Triethylamine (1 mL) was added to a stirred solution of the
above acyl cyanide 6 (472 mg, 2.7 mmol) and 5-methyl-
cyclohexane-1,3-dione (7) (378 mg, 3 mmol) in dry aceto-
nitrile (5 mL) at room temperature and stirring was
continued overnight. After completion of the reaction,
acetonitrile was evaporated and the mixture was poured into
ice-cold 1 N HCl (10 mL). The reaction mixture was then
extracted with dichloromethane and the combined organic
layer was washed with water (20 mL) followed by brine
(20 mL) and dried over sodium sulphate. Evaporation of the
solvent and purification by column chromatography over
silica gel (eluent 20% ethyl acetate in petroleum ether)
afforded the triketone 4 (574 mg, 70%) as a pale yellow
thick oil. 1H NMR (CDCl3, 200 MHz): d 1.12 (d, J¼5.8 Hz,
3H), 2.10–2.88 (m including singlet for benzylic methyl at
d 2.17, 9H), 3.72 (s, 3H, –OCH3), 6.65–6.90 (m, 2H,
aromatic), 7.15–7.35 (m, 1H, aromatic). 13C NMR (CDCl3,
50 MHz): d 19.25, 21.05, 26.86, 41.09, 46.53, 55.97, 108.50,
114.79, 122.91, 130.04, 135.08, 155.96, 193.56 (CvO),
197.16 (CvO), 199.04 (CvO). Mass (m/z): 274 (Mþ, 5), 259
(M215, 8), 243 (90), 166 (50), 148 (100). Anal. calcd for
C16H18O4: C 70.06, H 6.60; found C 70.00, H 6.61.

2.2. Aromatization of triketone 4

The triketone 4 (274 mg, 1 mmol) was taken in glacial
acetic acid (3 mL) in a round bottom flask attached with a
short path condenser under argon atmosphere. To this were
added mercuric acetate (956 mg, 3 mmol) and sodium
acetate (246 mg, 3 mmol). The reaction mixture was heated

at 120–125 8C so that the clear liquid turned to a
voluminous precipitate that was again redissolved to give
a brown coloured liquid with separation of mercury (2–3 h).
The mixture was cooled and then 1 N HCl (5 mL) was
added and allowed to boil for 30 min. Ethyl acetate was
added after cooling and the mixture was filtered through a
pad of Celite. The ethyl acetate layer was separated, washed
with brine (10 mL), dried over sodium sulphate and
concentrated in vacuo. TLC of the reaction mixture
indicated the formation of two compounds. Evaporation of
the solvent and purification by column chromatography
over silica gel (eluent 10–20% ethyl acetate in petroleum
ether) afforded the xanthone 9 (96 mg, 40%) and the
required compound 8 (55 mg, 20%).

2.2.1. 2,6-Dihydroxy-4-methylphenyl 20-methoxy-60-
methylphenyl ketone (8). Pale yellow solid, mp 270–
273 8C. 1H NMR (CDCl3, 200 MHz): d 2.22 (s, 3H, Ar-
CH3), 2.25 (s, 3H, Ar-CH3), 3.76 (s, 3H, –OMe), 6.26 (s,
2H, aromatic), 6.86 (d, J¼8 Hz, 1H, aromatic), 6.92 (d,
J¼8 Hz, 1H, aromatic), 7.36 (t, J¼8 Hz, 1H, aromatic). 13C
NMR (CDCl3, 50 MHz): d 18.71, 22.24, 56.02, 108.49,
109.45 (2C), 123.52 (2C), 128.59, 131.57 (2C), 136.02,
149.88 (2C), 155.68, 198.18 (CvO). Mass (m/z): 272 (Mþ).

2.2.2. 1-Hydroxy-3,8-dimethyl-xanthen-9-one (9). Pale
yellow solid, mp 146–149 8C (lit.9 mp 149–151 8C). 1H
NMR (CDCl3, 200 MHz): d 2.41 (s, 3H, Ar-CH3), 2.89 (s,
3H, Ar-CH3), 6.55 (s, 1H, aromatic), 6.65 (s, 1H, aromatic),
7.07 (d, J¼8 Hz, 1H, aromatic), 7.25 (d, J¼8 Hz, 1H,
aromatic), 7.52 (t, J¼8 Hz, 1H, aromatic), 12.86 (s, 1H,
–OH). 13C NMR (CDCl3, 50 MHz): d 22.55, 23.30, 106.76,
107.50, 110.99, 115.79, 118.99, 126.67, 134.10, 141.66,
148.13, 155.36, 157.35, 161.61, 183.92 (CvO). Mass (m/z):
240 (Mþ, 100), 222 (12), 211 (30).

2.3. 1-Methoxy-3,8-dimethyl-xanthen-9-one (10)

To the stirred solution of compound 9 (90 mg, 0.37 mmol)
and potassium carbonate (76 mg, 0.55 mmol) in dry acetone
(2 mL) was added dimethyl sulphate (52 mg, 0.40 mmol).
The resulting reaction mixture was refluxed for 8 h. The
acetone was then removed under reduced pressure and the
residue was diluted with ice-cold water (5 mL) followed by
extraction with ethyl acetate. The combined ethyl acetate
layer was washed with water (5 mL), brine (5 mL) and dried
over sodium sulphate. Evaporation of the solvent afforded
the xanthone 10 as a white solid (81 mg, 85%), mp 169–
171 8C. 1H NMR (CDCl3, 200 MHz): d 2.45 (s, 3H, Ar-CH3),
2.90 (s, 3H, Ar-CH3), 4.01 (s, 3H, –OCH3), 6.56 (s, 1H,
aromatic), 6.81 (s, 1H, aromatic), 7.06 (d, J¼7.2 Hz, 1H,
aromatic), 7.24 (d, J¼7.2 Hz, 1H, aromatic), 7.46 (t, J¼
7.2 Hz, 1H, aromatic). Mass (m/z): 254 (Mþ, 100), 240 (70).

2.3.1. 2,6-Dimethoxy-4-methylphenyl 20-methoxy-60-
methylphenyl ketone (3). A mixture of the compound 8
(54 mg, 0.2 mmol) and dimethyl sulphate (0.05 mL,
0.55 mmol) and potassium carbonate (100 mg, 0.72 mmol)
in dry acetone (5 mL) was refluxed for 6 h. The acetone was
then evaporated under reduced pressure and the residue was
diluted with water (5 mL), extracted with ethyl acetate and
concentrated to give the benzophenone 3 as a white solid
(54 mg, 90%), mp 133–135 8C (lit.2c mp 132–133 8C). IR
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(CHCl3): 1675 cm21. 1H NMR (CDCl3, 200 MHz): d 2.32
(s, 3H, Ar-CH3), 2.34 (s, 3H, Ar-CH3), 3.58 (s, 3H,
–OCH3), 3.66 (s, 6H, 2£ –OCH3), 6.35 (s, 2H, aromatic),
6.68 (d, J¼8 Hz, 1H, aromatic), 6.79 (d, J¼8 Hz, 1H,
aromatic), 7.17 (t, J¼8 Hz, 1H, aromatic). Mass (m/z): 300
(Mþ, 15), 269 (100). Anal. calcd for C18H20O4: C 71.99, H
6.70; found C 72.23, H 6.90.

2.3.2. 1-{(2,6-Dimethoxy-4-methyl)phenyl}hydroxy-
methyl-20-methoxy-60-methylbenzene (13). n-Butyl-
lithium (1.5 mL of a 1.4 M solution in hexane, 2.1 mmol)
was added dropwise to a stirred solution of 3,5-dimethoxy-
toluene (11) (304 mg, 2 mmol) and TMEDA (0.31 mL,
2.1 mmol) in anhydrous THF (5 mL) at room temperature
under argon atmosphere. The mixture was stirred for 5 h
whereupon it was added to a solution of the aldehyde 12
(345 mg, 2.3 mmol) in anhydrous THF (5 mL) at 0 8C. The
resulting light yellow solution was stirred at 0 8C for 2 h and
at room temperature overnight (the colour changes from
light yellow to dark brown). The reaction mixture was then
quenched with a saturated solution of ammonium chloride,
ice-cold water (5 mL) was added and extracted with ethyl
acetate. The ethyl acetate layer was washed with water
(10 mL), brine (10 mL) and dried over sodium sulphate.
Evaporation of the solvent and purification by column
chromatography over silica gel (eluent 15% ethyl acetate in
petroleum ether) afforded alcohol 13 (423 mg, 70%) as
yellow solid; mp 125–128 8C. IR (CHCl3): 1580,
3450 cm21. 1H NMR (CDCl3, 200 MHz): d 2.30 (s, 3H,
Ar-CH3), 2.32 (s, 3H, Ar-CH3), 3.75 (s, 6H, 2£ –OCH3),
3.78 (s, 3H, –OCH3), 5.80 (d, J¼10 Hz, 1H, exchanges with
D2O, –OH), 6.37 (s, 2H, aromatic), 6.43 (d, J¼8.2 Hz, 1H,
aromatic), 6.75 (d, J¼8.2 Hz, 1H, aromatic), 7.07 (t,
J¼8.2 Hz, 1H, aromatic). 13C NMR (CDCl3, 50 MHz): d
19.96, 22.16, 56.16 (3C), 67.69, 105.99 (2C), 109.96,
117.13, 123.69, 127.36, 131.05, 137.61, 138.41, 158.40,
159.00 (2C). Mass (m/z): 302 (Mþ, 25), 284 (85), 269 (60),
253 (40), 179 (100). Anal. calcd for C18H22O4: C 71.50, H
7.32; found C 71.58, H 7.24.

2.3.3. 2,6-Dimethoxy-4-methylphenyl 20-methoxy-60-
methylphenyl ketone (3). Manganese dioxide (1.3 g,
15 mmol) was added in portions to a stirred solution of
the alcohol 13 (302 mg, 1 mmol) in anhydrous dichloro-
methane at room temperature and mixture was stirred
overnight. The catalyst was removed by filtration through
Celite and the residue was washed with dichloromethane.
The filtrate was evaporated to provide the benzophenone 3
(270 mg, 90%) as white crystals; mp 133–135 8C (lit.2c

132–133 8C). The spectral data were identical to the
product obtained by methylation of compound 8.

2.3.4. 4-Carboxy-2,6-dimethoxyphenyl 20-carboxy-60-
methoxyphenyl ketone (2). To a stirred solution of
potassium permanganate (284 mg, 1.8 mmol) in water
(3 mL) and pyridine (1 mL), a solution of compound 3
(180 mg, 0.6 mmol) in pyridine (2 mL) was added followed
by water (1 mL) and a pinch of tetrabutylammonium
bromide. The mixture was then heated at 100 8C. After 1 h
further quantities of potassium permanganate (in lots of
284 mg, 1.8 mmol) were added at intervals of 1 h until a total
of 23.4 equiv. had been added. The reaction mixture was then
filtered through Celite. The residue was washed with water

(5 mL) and the filtrate was acidified with conc. HCl (5 mL).
The aqueous solution was saturated with sodium chloride and
extracted with ethyl acetate. The combined extracts were dried
over sodium sulphate and evaporated to give dicarboxylic acid
2 as colourless solid (97 mg, 45%); mp 253–255 8C (lit.2c

253–256 8C). IR (CHCl3): 1690, 3400 cm21. 1H NMR
(acetone d6, 200 MHz): d 3.76 (s, 3H, –OCH3), 3.82 (s, 6H,
2£ –OCH3), 7.33 (d, J¼8 Hz, 1H, aromatic), 7.38 (s, 2H,
aromatic), 7.50 (d, J¼8 Hz, 1H, aromatic), 7.57 (t, J¼8 Hz,
1H, aromatic). Mass (m/z): 360 (Mþ, 10), 342 (8), 315 (25),
299 (30), 285 (90), 209 (98), 195 (100). Anal. calcd for
C18H16O8: C 60.01, H 4.47; found C 60.07, H 4.60.
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Abstract—Chemical synthesis of peptides has been performed in various organic solvents, but the safe disposal of organic solvents is now an
important environmental issue. Our aim is to be able to perform solid-phase peptide synthesis in water. For this, we have designed a new
water-soluble N-protecting group, 2-[phenyl(methyl)sulfonio]ethoxycarbonyl (Pms), and have studied its introduction onto amino acids.
Pms-amino acids were prepared by treating 2-(phenylthio)ethoxycarbonyl amino acids with methyl iodide in the presence of silver
tetrafluoroborate. Because sulfur-containing amino acids, such as Met and Cys, were modified by the reaction, we designed a new reagent,
2-[phenyl(methyl)sulfonio]ethyl-4-nitrophenyl carbonate, to introduce the Pms group on amino acids. This reagent is a stable crystalline
material and its introduction onto amino acids (including sulfur-containing amino acids) was successful. The solid-phase synthesis of Leu-
and Met-enkephalin amides using Pms-protected amino acids was successfully achieved in water.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Chemical synthesis of peptides has been performed in
various organic solvents by both solid-phase and solution
methods. Advances in HPLC accelerated the development
of the solid-phase method, which in turn accelerated the
development of combinatorial chemistry. The solid-phase
method is now the principal method for peptide synthesis,
but it requires a large amount of organic solvent. Because
the safe disposal of organic solvent waste is an important
environmental issue, a method for peptide synthesis in water
using low toxic reagents would be desirable.

To perform the coupling reaction in water, protected amino
acids that are soluble in water are needed. Various polar
N-protecting groups that enhance solubility in polar
solvents including water have been reported, including a
methylsulfonylethoxycarbonyl group by Tesser and Bal-
vert-Geers,2 a 2-(triphenylphosphonio)ethoxycarbonyl
group by Kunz,3 and a 9-(2-sulfo)fluorenylmethoxycarbo-
nyl group by Merrifield and Bach.4 These protecting groups
are removable under basic conditions by a b-elimination

mechanism. Kunz also reported the use of 2-
(methylthio)ethoxycarbonyl5 and 2-(4-pyridyl)ethoxycar-
bonyl6 as a two-step-protecting group (Zweistufen–Schutz-
gruppe), which is removable under mild basic conditions
after its methylation or oxidation. In 1978, Kunz7 reported
preparation of a tripeptide, 2-[diphenyl(methyl)phospho-
nio]ethoxycarbonyl-Leu-Phe-Phe-OtBu, by the solution
method in water.

In previous papers, we reported the preparation of water-
soluble active esters (4-trimethylammoniophenyl ester and
sulfophenyl ester) and their application to peptide synthesis
by the solution method.8 Here, with the aim of achieving
solid phase peptide synthesis in water, we have designed
a new water-soluble N-protecting group. We designed the
2-[phenyl(methyl)sulfonio]ethoxycarbonyl tetrafluoroborate
(Pms) group (Fig. 1) as a water-soluble and easily
removable N-protecting group. Introduction of the Pms
group onto amino acids with various reagents was studied,
and Leu- and Met-enkephalin amides were synthesized by
the solid-phase method in water to evaluate the utility of
Pms-amino acids.

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.036
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Figure 1. Structure of Pms group.

q See Ref. 1.
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2. Results and discussion

Pms-amino acids were prepared according to Route 1, as
shown in Scheme 1. 2-(Phenylthio)ethyl chloroformate 2
was prepared from 2-(phenylthio)ethanol 1 and phosgene
(prepared from triphosgen9) in dichloromethane. Com-
pound 2 was reacted with an amino acid to give
2-(phenylthio)ethoxycarbonyl (Pte) amino acid 3, which
was extracted by ethyl acetate from the reaction mixture and
showed a single spot on TLC. Compound 3 was used
without further purification and was treated with methyl
iodide and silver tetrafluoroborate to give Pms-amino acid
4. Pms-amino acids 4a– j (Table 1) were synthesized by
Route 1. These Pms-amino acids were obtained as
amorphous materials and identified by time-of-flight mass
spectrometry (Tof-MS) and NMR spectra (see Section 4). In
the 1H NMR spectra of Pms-amino acid 4, the methyl proton
adjacent to the sulfonium moiety showed a clear singlet at d
3.30. The signals due to the methylene region of the Pms
group appeared as highly complex multiplets at d 4.00–
4.40, which is much lower than this region in 3.

As expected, elimination of the Pms group from Pms-amino
acids proceeded according to a base-promoted b-elimin-
ation mechanism. The electron-withdrawing sulfonium
region of the Pms group renders hydrogens on the ethylene
portion labile, and thus the hydrogens are susceptible to
removal with weak bases to form the 2-[phenyl(methyl)-
sulfonio]ethylene 5. The mechanism of Pms elimination
from a Pms-amino acid was studied by treating Pms-Phe-
OH 4a with a 5% aqueous solution of NaHCO3 for 30 min.
The reaction mixture was checked by HPLC and Tof-MS
(Fig. 2). New peaks corresponding to 2-[phenyl(methyl)-
sulfonio]ethylene 5 and its water adduct, 2-[phenyl
(methyl)sulfonio]ethanol 6, were detected by Tof-MS and
HPLC, which verified that the Pms group was removed
through a b-elimination mechanism.

Route 1 is an easy and efficient method by which to prepare
Pms-amino acids; however, Pms sulfur-containing amino
acids (Met and Cys) cannot be prepared, because the sulfurs
of Met and Cys are converted to the onium salt by treatment
with methyl iodide. In addition, it is not possible to prepare
Pms-amino acids with an acid-labile group [such as t-butyl
(tBu) group, trityl (Trt) group and 2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl (Pmc) group] at their side chain could
not be prepared by Route 1, because the acid labile group
was cleaved by methylation procedure with methyl iodide

and silver tetrafluoroborate. To overcome these limitations,
we designed preparation Routes 2–5 using various N-Pms
acylating agents, 2-[phenyl(methyl)sulfonio]ethyl chloro-
formate (Pms-Cl) 7, 2-[phenyl(methyl)sulfonio]-ethoxycar-
bonylsuccinimide (Pms-OSu) 9, 2-[phenyl(methyl)
sulfonio]ethoxycarbonyl-5-norbornene-endo-2,3-dicarboxy-
imide (Pms-ONB) 11, and 2-[phenyl(methyl)sulfonio]ethyl-
4-nitrophenyl carbonate (Pms-ONp) 13.1b

Pms-Cl 7 was prepared from phosgene9 and the onium salt
alcohol 2-[phenyl(methyl)sulfonio]ethanol 6, which was
converted from 1 by treatment with methyl iodide and silver
tetrafluoroborate. The resulting Pms-Cl 7 was unstable even
at low temperature, so it was used without purification to
prepare Pms-amino acid (Route 2). Introduction of the Pms
group onto Phe by using 7 at 210 8C in aqueous acetonitrile
resulted in Pms-Phe-OH 4a in low yield (27%) (Table 2).
HPLC analysis of the reaction mixture showed major
contaminant peaks of 2-[phenyl(methyl)sulfonio]ethanol 6
and its dehydrated product 5 (both might be derived from
decomposition of 7). These results indicate that 7 is so
unstable that it decomposes readily before reaction in
aqueous media such as aqueous acetonitrile. Thus, efficient
Pms acylating agents with a more stable leaving group than
chloride were required.

Because N-hydroxysuccinimide (HOSu) ester10 is hydro-
philic, has good reactivity and might be more stable than
chloride, the preparation of Pms-OSu 9 was designed in two
different ways, as shown in Scheme 2. In method A, the
preparation of 9 from 7 and HOSu was attempted, but 9
could not be obtained because of the instability of 7. In
method B, 9 was prepared via Pte-OSu 8, which was easily
purified by column chromatography. Next, 8 was treated
with methyl iodide and silver tetrafluoroborate to give 9.
Although crude 9 was obtained in over 90% purity, further
purification was difficult because of its instability. The 9 was
used without purification to react with Phe in aqueous
acetonitrile to give Pms-Phe-OH 4a in 68? yield. (Route 3).

Next, the N-hydroxy-5-norbornene-endo-2,3-dicarboximide
(HONB)11 carbonate (Pms-ONB) 11 (Fig. 3) was examined
as an acylating agent (Route 4 in Scheme 3). Compound 11
was prepared via Pte-ONB 10 in the same way as the
preparation of 9. Compound 11 was obtained in over 90%
purity but, like 9, it could not be purified further without its
decomposition. The crude 11 was reacted with Phe (Route
4) in aqueous acetonitrile to give Pms-Phe-OH 4a in 66%

Scheme 1. Preparation of Pms-amino acid (Route 1).
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Table 1. Analytical data for Pms amino acids

Amino acid MW. Tof-Ms (m/z) [a]D
24a HPLCb room temperature (min) Yield (%)

4a Phe 360.45 360.4 29.8 23.4 81c

4b Gly 270.33 270.2 — 14.3d 73c

4c Ala 284.35 284.4 217.5 17.8d 63c

4d Val 312.41 312.4 þ5.7 16.7 73c

4e Ile 326.43 326.5 þ2.1 19.2 68c

4f Leu 326.43 326.5 29.8 20.4 72c

4g Ser 300.35 300.3 þ3.0 18.9d 56c

4h Asp 328.36 328.6 þ11.4 17.6 46c

4i Pro 310.39 310.1 219.2 20.1 69c

4j Tyr 376.45 376.4 22.3 12.2d 86c

14a Met 344.47 344.3 233.5 21.2 65e

14b Cys(Acm) 387.50 387.6 220.1 18.7 47e

14c Cys(Trt) 558.73 558.9 þ7.3 32.7f 68e

15a Tyr(tBu) 432.55 432.9 23.8 24.7f 69,e 65g

15b Ser(tBu) 356.46 356.9 þ2.1 22.8 61,e 86g

15c Asp(OtBu) 384.47 384.4 þ12 24.6 49,e 50g

15d Glu(OtBu) 398.49 398.16 25.8 28.1 62e

15e Thr(tBu) 370.48 370.3 þ4.9 25.9 74e

15f Asn(Trt) 569.69 570.0 213.2 30.1f 69,e 61g

15g Gln(Trt) 583.72 583.5 29.2 30.7f 55,e 59g

15h His(Trt) 592.23 592.3 23.6 25.5f 72,e 42g

15i Trp(Boc) 499.60 499.7 24.3 36.5f 59,e 62g

15j Arg(Pmc) 635.82 635.8 27.3 40.9f 63,e 41g

15k Lys(Boc) 441.53 442.3 23.8 28.3 57,e 43g

a c¼1.0, CH3CN.
b Column, DAISOPAK SP-120-5-ODS-B (2.5£250 mm). Flow rate, 1 ml/min. Eluent, CH3CN/H2O containing 0.05% TFA. Gradient: 10/90–50/50 (40 min).
c Route 1.
d Gradient: 1/99–50/50 (49 min).
e Route 5.
f Gradient: 10/90–70/30 (30 min).
g Route 4.

Figure 2. Tof-MS spectrum of the deprotection mixture of Pms-Phe-OH.

Table 2. Yields and reaction times of Routes 1–5 for preparation of Pms-Phe-OH

Route 1 Route 2, Pms-Cl Route 3, Pms-Osu Route 4, Pms-ONB Route 5, Pms-Onp

Yield (%) 81 27 68 66 88
Reaction time — ,5 min 4 h 4 h .1 day
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yield. Compound 11 has a high reactivity, similar to that of
9.

Looking for a more stable acylating agent, we examined the
Pms-4-nitrophenyl carbonate (Pms-ONp) 13 (Route 5 in
Scheme 4). Compound 6 was reacted with 4-nitrophenyl
chloroformate 12 at room temperature in acetonitrile to give
13 in 71% yield. Compound 13 was obtained as colorless
crystal and could be stored for a few months in a
refrigerator. Acylation of Phe with 13 in the presence of
pyridine in aqueous acetonitrile (Route 5) was slow as

compared to that with 9 and 11. The acylation with 13 took
more than 1 day at room temperature, while the acylation
with 9 and 11 took 4 h at room temperature. However, the
yield of 4a was 88% by acylation with 13, which was better
than that obtained with either 9 (68%) or 11 (66%).
Acylation of Phe with 7, 9, 11 and 13 (Routes 1–5) is
summarized in Table 2. The three acylating agents 9, 11 and
13, but not 7, gave a satisfactory coupling yield.

The procedure for introducing the Pms group onto sulfur-
containing amino acids, such as Met, Cys(Trt) and

Scheme 2. Synthesis of Pms-OSu.

Figure 3. Reagents for preparing Pms-amino acids.

Scheme 3. Preparation of Pms-amino acid (Routes 3 and 4). Route 3: 9, Pms-OSu. Route 4: 11, Pms-ONB.
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Cys(Acm), was examined through Route 5. Pms-Met-OH
14a was prepared using 13 in a mixture of aqueous 0.1%
Triton X-100 solution and acetonitrile (1/1) in the presence
of pyridine with a yield of 65% (Table 1). Pms-Cys(Acm)-
OH 14b and Pms-Cys(Trt)-OH 14c were also prepared by
the same procedure. The yields of 14b and 14c were 47 and
68%, respectively (Table 1). Whereas 14a and 14b were
readily soluble, 14c was sparingly soluble in water.
Compound 14c was soluble in aqueous organic solvents,
such as 50% acetonitrile and 50% dimethylformamide
(DMF), and also soluble in aqueous 5% Triton X-100
solution. Thus the hydrophobicity of the trityl group is
greater than the hydrophilicity of the Pms group in 14c.

Pms-amino acids with an acid-labile group [such as t-butyl
(tBu) group, trityl (Trt) group and 2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl (Pmc) group] at their side chain could
not be prepared by Route 1, 11 and 13 were used to prepare
these Pms-amino acids (Schemes 3 and 4) and results were
passable as shown in Table 1.

To evaluate Pms-amino acids, Leu-enkephalin amide (H-
Tyr-Gly-Gly-Phe-Leu-NH2) was synthesized by the solid-
phase method in water. Before the synthesis, removal of the
Pms group by various base treatments was examined using
Pms-Phe-Leu-TentaGel resin. Because removal of the Pms
group on Phe-Leu-TentaGel resin with base was slower than
that on Phe itself, the Pms-Phe-Leu-TentaGel resin was
preferentially used as the test compound. Hydrophobic or
bulky sequence like Phe-Leu may have influence on
removal of the Pms group in water. The resin was treated
with various base solutions to remove the Pms group in
water and then reacted with 9-fluorenylmethoxycarbonyl
glycine (Fmoc-Gly-OH) with diisopropylcarbodiimide/1-
hydroxybenzotriazole12 in DMF until the resin gave a

negative result in the Kaiser test13 (ninhydrin test). The
resulting Fmoc-Gly-Phe-Leu-TentaGel resin was treated
with 20% piperidine/DMF to remove the Fmoc group. The
resin was hydrolyzed, and the amino acids in the acid
hydrolysate were analyzed. Removal of the Pms group from
the Pms-Phe-Leu-TentaGel resin was calculated from the
amino acid ratio of Gly and Phe in the acid hydrolysate. The
Pms group was removable with mild bases, such as an
aqueous solution of either 5% NaHCO3 or 5% Na2CO3, as
shown in Table 3. Treatment with an aqueous solution of
5% NaHCO3 for 30 min was not strong enough to remove
the Pms group completely, but a double treatment
(30 min£2) gave a satisfactory result.

An important factor to consider in solid-phase synthesis is
the swelling ability of the resin. To perform solid-phase
synthesis in water, a resin is required to swell in water.
However, the most common core resin, polystyrene resin,
does not swell in polar solvents such as methanol and water.
A poly(ethylene glycol)-grafted polystyrene resin, TentaGel
resin,14 has been reported as a resin designed to have
increased swelling ability in both polar and non-polar
solvents. This TentaGel resin was used for synthesis of Leu-
enkephalin amide using a water-soluble carbodiimide
[WSCD, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride15] as a coupling reagent in water. Because
the introduction of Phe onto the resin and the subsequent
coupling reaction for peptide synthesis was slow under the
above conditions, an aqueous solution of 0.2% Triton X-100
was used as a solvent to increase the swelling ability of the
resin and to increase the solubility of reactants. Further-
more, HOSu, which is soluble in water, was used as an
additive to accelerate the coupling reactions.16 Although the
coupling reactions were accelerated under this condition, b-
Ala was found in the acid hydrolysate of the synthetic Leu-
enkephalin amide. Pure synthetic Leu-enkephalin amide
could not be separated from by-products which contained b-
Ala by HPLC. The amino acid ratios in the acid hydrolysate

Scheme 4. Preparation of Pms-amino acid (Route 5).

Table 3. Deprotection studies on the Pms-Phe-Leu-TentaGel resin

Entry Reagents Time (min) Yield (%)

1 5% NaHCO3/H2O 30 80
2 5% NaHCO3/H2O 30 96
3 0.01 mol/l NaOH/H2O 1, 1, 1 100
4 0.01 mol/l NaOH/H2O 3, 3, 3 100
5 0.005 mol/l NaOH/EtOH–H2O (1/1) 3, 3, 3 86
6 0.001 mol/l NaOH/EtOH–H2O (1/1) 3, 3, 3 77
7 2.5% NaHCO3/EtOH–H2O (1/1) 3, 3, 3 81
8 2.5% NaHCO3/EtOH–H2O (1/1) 5, 5, 5 100
9 2.5% Na2CO3/EtOH–H2O (1/1) 3, 3, 3 75
10 2.5% Na2CO3/EtOH–H2O (1/1) 5, 5, 5 100

Table 4. Synthetic protocol for the solid phase peptide synthesis in water

Step Reagents Time

1 H2O 3 min£2
2 Aq. 5.0% NaHCO3 or aq. 0.01 mol/l NaOH 30 min£2 or 3 min£2
3 H2O 3 min£2
4 Aq. 0.2% Triton X 3 min£3
5 Pms-amino acid, WSCD, HONB, in aq.

0.2% Triton X
3 h

6 Aq. 0.2% Triton X 3 min£3
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of synthetic crude Leu-enkephalin separated by HPLC was;
Tyr 0.82, Gly 1.92, Phe 1.06, b-Ala 4.69. Formation of b-
Ala has been reported as a product of a side reaction (Lossen
rearrangement reaction17) when HOSu is used as an
additive. We did not examine this side reaction (Lossen
rearrangement reaction) further, but it might occur more
easily in aqueous media than in non-polar solvents.

Next, HONB,11 which is also water-soluble, was used as an
additive instead of HOSu and Leu-enkephalin was syn-
thesized according to the protocol shown in Table 4. The
Pms group was removed by treatment with an aqueous
solution of 5% NaHCO3 for 30 min, or by two lots of this
treatment for Phe, because removal of the Pms group on Phe
was slower than that on other Pms-amino acids, as described
above. The synthetic Pms-Tyr-Gly-Gly-Phe-Leu-TentaGel
resin was treated with an aqueous solution of 5% NaHCO3

and then treated with trifluoroacetic acid (TFA) to cleave the
peptide from the resin. The product was purified by HPLC
on an ODS column. The HPLC profile of the synthetic Leu-
enkephalin amide is shown in Figure 4. The retention time
of the synthetic Leu-enkephalin amide was identical to that
of Leu-enkephalin amide prepared by the Fmoc-based solid-
phase method using organic solvents. The total yield
calculated from the amino group content of the starting
TentaGel resin was 61%.

In addition to the TentaGel resin, a cross-linked ethoxylate
acrylate resin (CLEAR resin which has been also reported18

to swell not only with organic solvents but also with water)
was examined as a solid support for synthesis in water. Met-
enkephalin amide was synthesized using CLEAR resin in
water according to the same procedure (shown in Table 4)
except for the base treatment. The Pms group was removed
by two 3-min treatments with an aqueous solution of
0.01 mol/l NaOH, which yielded a more rapid and complete
removal of the Pms group. The synthetic H-Tyr-Gly-Gly-
Phe-Met-CLEAR-resin was treated with TFA to cleave the
peptide from the resin, and then purified by HPLC on an
ODS column. The crude HPLC profile of the synthetic Met-
enkephalin amide is shown in Figure 5A. The yield
calculated from amino group content of the starting
CLEAR resin was 29%. Minor peaks were observed before

and after the main peak of Met-enkephalin amide, which
corresponded to that of Met-enkephalin amide prepared by
the Fmoc-based solid-phase method using organic solvents.
The early peaks contained deletion peptides (such as H-Tyr-
Gly-Phe-Met-NH2 and H-Gly-Gly-Phe-Met-NH2) and oxi-
dized peptide (such as H-Tyr-Gly-Gly-Phe-Met(O)-NH2

and H-Tyr-Gly-Phe-Met(O)-NH2), whereas the later peaks
contained non-peptide compounds that probably derived
from the used resin.

For comparison, Met-enkephalin amide was also syn-
thesized in water using TentaGel resin, and the HPLC
profile of the crude product is shown in Figure 5B. Again,
minor peaks of deletion peptides (such as H-Tyr-Gly-Phe-
Met-NH2 and H-Gly-Gly-Phe-Met-NH2) and oxidized
peptides (such as H-Tyr-Gly-Gly-Phe-Met(O)-NH2 and H-
Tyr-Gly-Phe-Met(O)-NH2) were observed before and after
the main peak of Met-enkephalin amide. The yield of Met-
enkephalin amide prepared on TentaGel resin was 32% and
was just a little better than that of Met-enkephalin amide
prepared on CLEAR resin (29%).

The yield of Leu-enkephalin and Met-enkephalin using
TentaGel resin was 61 and 32%, respectively. Synthetic
protocol for preparation of these 2 enkephalins was different
(deprotection with 5% NaHCO3 and 0.01 mol/l NaOH), but
this difference might be mainly derived from properties of
Leu and Met. The synthesis of both Met and Leu-enkephalin
amide was performed under atmosphere (i.e. not under inert
gas). Oxidation of Met during synthesis was observed in the
profile of HPLC and might cause the lower yield.

3. Conclusion

Pms, a new water-soluble N-protecting group with high base
lability and high polarity, has been developed and its
application to solid-phase peptide synthesis in water has
been evaluated. The derivative Pms-ONp was designed to
prepare all types of Pms-amino acids including sulfur-
containing amino acids. This reagent is a crystalline
compound and can be kept stable in a refrigerator for a
few months. Leu- and Met-enkephalin amides were
successfully synthesized by the solid-phase method in

Figure 4. HPLC profiles of synthetic Leu-enkephalin amide. (A)
Preparative HPLC Column, DAISOPAK SP-120-5-ODS-B
(20£250 mm). Flow rate, 10 ml/min. Eluent, CH3CN/H2O containing
0.05% TFA. Gradient: 10/90–50/50 (40 min). (B) Analytical HPLC of the
purified sample. Column, DAISOPAK SP-120-5-ODS-B (2.5£250 mm).
Flow rate, 1 ml/min. Eluent, CH3CN/H2O containing 0.05% TFA.
Gradient: 10/90–50/50 (40 min).

Figure 5. HPLC profile of synthetic crude Met-enkephalin amide. (A)
Crude Met-enkephalin amide prepared on CLEAR resin. (B) Crude Met-
enkephalin amide prepared on TentaGel resin. Column, DAISOPAK SP-
120-5-ODS-B (2.5£250 mm). Flow rate, 1 ml/min. Eluent, CH3CN/H2O
containing 0.05% TFA. Gradient: 10/90–50/50 (20 min).
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water using Pms-amino acids and, as such, this study may be
the first to report the successful synthesis of peptides by the
solid-phase method in water. In addition, we evaluated the
potential of CLEAR resin and TentaGel resin for solid-
phase synthesis in water. Future work should aim to develop
a new resin that swells more than these two resins.

4. Experimental

Optical rotations were determined with an automatic
polarimeter, model DIP-360 (Japan Spectroscopic Co.)
Tof-Mass spectra were measured with a KRATOS-MALDI
mass spectrometer (SiMADZU Co.) and ESI-Mass spectra
were measured with a Waters ZQ2000 mass spectrometer.
Reversed phase HPLC was performed using a Waters model
600 equipment with a DISOPAK column and gradient
system of acetonitrile/water containing 0.05% TFA. Open
column chromatography was performed on Silica gel 60
(BW-127ZH, Fuji Silicia Chemical Co.). Solvent system for
ascending thin-layer chromatography on Silica gel G (type
60, Merck) is indicated as follows: Rf

1¼CHCl3–MeOH–
H2O (8/3/1, lower phase). 1H NMR spectra were recorded
on a Bruker 400 MHz spectrometer. 2-(phenylthio)ethanol
and 4-nitorphenyl chloroformate were purchased from
Tokyo Kasei Co., Ltd, Japan. HOSu, HONB and amino
acid derivatives were purchased from Watanabe Chemical
Industries, Ltd, Japan.

4.1. Route 1. Preparation of Pte-amino acids

4.1.1. Pte-Phe-OH (3a). To a solution of 2-(phenyl-
thio)ethanol (4.4 ml, 30 mmol) and triphosgen (2.96 g,
10 mmol) in tetrahydrofuran (100 ml), Et3N (4.18 ml,
30 mmol) in tetrahydrofuran (40 ml) was added dropwise
at room temperature and the reaction mixture was stirred for
1.5 h. The mixture was filtered and the solvent was
evaporated. The residue was dissolved in acetonitrile
(30 ml) and added to a solution of Phe (4.95 g, 30 mmol)
and Et3N (4.18 ml, 30 mmol) in a mixture of acetonitrile
and H2O (1/1, 100 ml) at 0 8C. The mixture was stirred for
2 h at room temperature keeping its pH at 8 by addition of
Et3N and the solvent was removed in vacuo. The residue
was dissolved in AcOEt and extracted with aqueous 5%
NaHCO3. The aqueous layer was acidified with 1.0 mol/l
HCl, and the resulting precipitate was extracted with
AcOEt. The extract was washed with saturated NaCl
solution and concentrated in vacuo to leave an oily material.
Yield 890 mg, 86%. 1H NMR (400 MHz, CD3CN) d 7.41 (d,
J¼7.4 Hz, 2H), 7.29 (t, J¼7.4 Hz, 2H), 7.25 (m, 5H), 7.21
(t, J¼7.4 Hz, 1H), 4.43 (dd, J¼5, 14 Hz, 1H), 4.18 (t,
J¼6.9 Hz, 2H) 3.18 (t, J¼6.9 Hz, 3H), 3.05 (m, 1H), 2.92
(m, 1H). Rf

1 0.60.

The following Pte-amino acids were prepared according to
the procedure described above.

4.1.2. Pte-Gly-OH (3b). Colorless solid. Yield 78%. 1H
NMR (400 MHz, D2O) d 7.39 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.20 (t, J¼7.4 Hz, 1H), 4.17 (t, J¼6.9 Hz,
2H), 3.76 (s, 2H), 3.16 (t, J¼6.9 Hz, 3H). Rf

1 0.20.

4.1.3. Pte-Ala-OH (3c). Oily material. Yield 70% 1H NMR

(400 MHz, CD3CN) d 7.40 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.20 (t, J¼7.4 Hz, 1H), 4.30 (s, 1H), 4.17 (t,
J¼6.9 Hz, 2H), 3.16 (t, J¼6.9 Hz, 2H), 1.37 (d, J¼7.2 Hz,
3H) Rf

1 0.28.

4.1.4. Pte-Val-OH (3d). Oily material. Yield 82%. 1H NMR
(400 MHz, CD3CN) d 7.39 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.19 (t, J¼7.4 Hz, 1H), 4.19 (t, J¼6.9 Hz,
2H), 4.06 (s, 1H), 3.16 (t, J¼6.9 Hz, 3H), 2.16 (m, 1H), 0.97
(d, J¼6.8 Hz, 3H), 0.94 (d, J¼6.8 Hz, 3H). Rf

1 0.51.

4.1.5. Pte-Ile-OH (3e). Oily material. Yield 76%. 1H NMR
(400 MHz, CD3CN) d 7.39 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.19 (t, J¼7.4 Hz, 1H), 4.18 (t, J¼6.9 Hz,
2H), 4.08 (s, 1H), 3.16 (t, J¼6.9 Hz, 2H), 1.87 (m, 1H), 1.52
(m, 1H), 1.25 (m, 1H), 0.95 (d, J¼7.0 Hz, 3H), 0.92 (t,
J¼7.0 Hz, 3H). Rf

1 0.57.

4.1.6. Pte-Leu-OH (3f). Oily material. Yield 80%. 1H NMR
(400 MHz, CD3CN) d 7.40 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.19 (t, J¼7.4 Hz, 1H), 4.17 (t, J¼6.9 Hz, 2H),
4.16 (s, 1H), 3.16 (t, J¼6.9 Hz, 2H), 1.72 (m, 1H), 1.59 (m,
1H), 0.95 (d, J¼5.3 Hz, 3H), 0.93 (t, J¼5.3 Hz, 3H). Rf

1 0.56.

4.1.7. Pte-Ser-OH (3g). Oily material. Yield 65%. 1H NMR
(400 MHz, CD3CN) d 7.40 (d, J¼7.3 Hz, 2H), 7.28 (t,
J¼7.3 Hz, 2H), 7.20 (t, J¼7.3 Hz, 1H), 4.53 (br s, 1H), 4.20
(t, J¼6.9 Hz, 2H), 3.89 (dd-like, 1H), 3.83 (dd-like, 1H),
3.16 (t, J¼6.9 Hz, 2H). Rf

1 0.24.

4.1.8. Pte-Asp-OH (3h). Colorless solid. Yield 66%. 1H
NMR (400 MHz, CD3CN) d 7.41 (d, J¼7.4 Hz, 2H), 7.29 (t,
J¼7.4 Hz, 2H), 7.21 (t, J¼7.4 Hz, 1H), 4.50 (s, 1H), 4.19 (t,
J¼6.9 Hz, 2H), 3.16 (t, J¼6.9 Hz, 2H), 2.75 (m, 1H). Rf

1 0.12.

4.1.9. Pte-Pro-OH (3i). Colorless solid. Yield 78%. 1H
NMR (400 MHz, CD3CN) d 7.39 (d, J¼7.3 Hz, 2H), 7.30 (t,
J¼7.3 Hz, 2H), 7.20 (t, J¼7.3 Hz, 1H), 4.24 (m, 1H), 4.20
(m, 2H), 3.47 (m, 1H), 3.20 (m, 1H), 3.18 (t, J¼6.9 Hz, 2H)
2.43 (m, 1H), 2.00 (m, 1H), 1.89 (m, 2H). Rf

1 0.51.

4.1.10. Pte-Tyr-OH (3j). Oily material. Yield 68%. 1H
NMR (400 MHz, CD3CN) d 7.40 (d, J¼7.4 Hz, 2H), 7.32 (t,
J¼7.4 Hz, 2H), 7.22 (t, J¼7.4 Hz, 1H), 7.07 (d, J¼8.6 Hz,
2H), 6.74 (d, J¼8.6 Hz, 2H), 4.32 (m, 1H), 4.14 (t,
J¼6.9 Hz, 2H), 3.16 (t, J¼6.9 Hz, 2H), 3.13 (m, 1H), 2.83
(m, 1H). Rf

1 0.34.

4.2. Preparation of Pms-amino acids

Yields, MS spectra data and rotations of synthetic Pms-
amino acids are shown in Table 1.

4.2.1. Pms-Phe-OH (4a). To an acetonitrile (15 ml)
solution of 3a (400 mg, 1.15 mmol) and silver tetrafluoro-
borate (389 mg, 2.0 mmol), methyl iodide (0.8 ml,
2.0 mmol) was added and the mixture was refluxed over-
night at 40 8C. After cooling, the yellow precipitates were
filtered off and the solvent was removed in vacuo. The
residue was purified by preparative HPLC. Amorphous
material. 1H NMR (400 MHz, D2O) d 7.95 (d, J¼7.5 Hz,
2H), 7.81 (t, J¼7.3 Hz, 1H), 7.71 (dd, J¼7.5, 7.3 Hz, 2H),
7.25 (m, 5H), 4.45 (m, 1H), 4.39 (m, 1H), 4.20 (m, 1H), 3.99
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(m, 2H), 3.34 (s, 3H), 3.23 (m, 1H), 2.91 (m, 1H). Anal.
Calcd for C19H22BF4NO4S·1/3TFA: C, 48.68; H, 4.64; N,
2.89. Found: C, 48.62; H, 4.32; N, 2.89.

The following Pms-amino acids were prepared according to
the procedure described above (Route 1).

4.2.2. Pms-Gly-OH (4b). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.95 (d, J¼7.8 Hz, 2H), 7.82 (t,
J¼7.2 Hz, 1H), 7.72 (dd, J¼7.8, 7.2 Hz, 2H), 4.52 (dt,
J¼13, 5.1 Hz, 1H), 4.32 (dt, J¼13, 5.1 Hz, 1H), 4.00 (t,
J¼5.1 Hz, 2H), 3.74 (s, 1H), 3.31 (s, 3H). Anal. Calcd for
C12H16BF4NO4S·1/2TFA: C, 37.70; H, 4.02; N, 3.38.
Found: C, 37.92; H, 4.23; N, 3.36.

4.2.3. Pms-Ala-OH (4c). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.8 Hz, 2H), 7.84 (t,
J¼7.2 Hz, 1H), 7.74 (dd, J¼7.8, 7.2 Hz, 2H), 4.50 (m,
1H), 4.34 (m, 1H), 4.30 (m, 1H), 4.01 (m, 2H), 3.31 (s, 3H),
1.31 (m, 3H). Anal. Calcd for C13H18BF4NO4S·1/
2TFA·CH3CN: C, 40.15; H, 4.49; N, 4.68. Found: C,
40.41; H, 4.22; N, 4.29.

4.2.4. Pms-Val-OH (4d). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.97 (d, J¼7.5 Hz, 2H), 7.84 (t,
J¼7.3 Hz, 1H), 7.75 (dd, J¼7.5, 7.3 Hz, 2H), 4.51 (m,
1H), 4.34 (m, 1H), 4.01 (t, J¼5.2 Hz, 2H), 3.92 (m, 1H),
3.33 (s, 3H), 2.11 (m, 1H), 0.93 (d-like, 3H), 0.92 (d-like,
3H). Anal. Calcd for C15H22NBF4O4S·2/5TFA: C, 40.59; H,
4.69; N, 3.68. Found: C, 40.97; H, 4.21; N, 3.56.

4.2.5. Pms-Ile-OH (4e). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.5 Hz, 2H), 7.83 (t,
J¼7.3 Hz, 1H), 7.73 (dd, J¼7.5, 7.3 Hz, 2H), 4.54 (m,
1H), 4.34 (m, 1H), 4.01 (br s, 2H), 3.95 (m, 1H), 3.31 (s,
3H), 1.82 (m, 1H), 1.38 (dquint., J¼14.0, 7.0 Hz, 1H), 1.17
(dquint., J¼14.0, 7.0 Hz, 1H), 0.90 (3H, d, J¼7.0 Hz, bC–
CH3), 0.89 (3H, t, J¼7.0 Hz, gC–CH3). Anal. Calcd for
C16H24BF4NO4S·2/3TFA: C, 39.06; H, 4.40; N, 2.40.
Found: C, 38.67; H, 4.20; N, 2.22.

4.2.6. Pms-Leu-OH (4f). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.5 Hz, 2H), 7.83 (t,
J¼7.3 Hz, 1H), 7.73 (dd, J¼7.5, 7.3 Hz, 2H), 4.54 (m,
1H), 4.34 (m, 1H), 4.01 (br s, 2H), 3.98 (m, 1H), 3.31 (s, 3H),
1.62 (m, 1H), 1.48 (m, 2H), 0.93 (d, J¼5.5 Hz, 3H), 0.90 (t,
J¼5.5 Hz, 3H). Anal. Calcd for C16H24BF4NO4S·TFA: C,
41.51; H, 4.68; N, 2.59. Found: C, 41.00; H, 4.78; N, 2.66.

4.2.7. Pms-Ser-OH (4g). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.5 Hz, 2H), 7.83 (t,
J¼7.3 Hz, 1H), 7.73 (dd, J¼7.5, 7.3 Hz, 2H), 4.54 (m, 1H),
4.34 (m, 1H), 4.22 (m, 1H), 4.01 (br s, 2H), 3.31 (s, 3H), 3.94
(m, 1H), 3.86 (m, 1H). Anal. Calcd for C13H18BF4NO5S: C,
40.33; H, 4.69; N, 3.62. Found: C41.01; H, 4.36; N, 3.59.

4.2.8. Pms-Asp-OH (4h). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.7 Hz, 2H), 7.83 (t,
J¼7.5 Hz, 1H), 7.73 (dd, J¼7.7, 7.5 Hz, 2H), 4.50 (m,
1H), 4.47 (m, 1H), 4.34 (m, 1H), 4.01 (br s, 2H), 3.32 (s,
3H), 2.78 (m, 2H). Anal. Calcd for C14H18BF4NO6S·2/
3TFA·1/2CH3CN: C, 35.94; H, 3.42; N, 3.40. Found: C,
35.63; H, 3.49; N, 3.46.

4.2.9. Pms-Pro-OH (4i). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.5 Hz, 2H), 7.84 (t,
J¼7.3 Hz, 1H), 7.75 (dd, J¼7.5, 7.3 Hz, 2H), 4.57 (m,
1H), 4.38 (m, 1H), 4.16 (m, 1H), 4.00 (m, 2H), 3.30 (s, 3H),
3.47–3.01 (m, 2H), 2.22 (m, 1H), 2.00 (m, 1H), 1.84 (m,
2H). Anal. Calcd for C15H20BF4NO4S·TFA: C, 39.86; H,
4.33; N, 2.73. Found: C, 39.54; H, 4.10; N, 2.74.

4.2.10. Pms-Tyr-OH (4j). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.96 (d, J¼7.5 Hz, 2H), 7.80 (t, J¼7.3 Hz,
1H), 7.71 (dd, J¼7.5, 7.3 Hz, 2H), 7.07 (d, J¼8.4 Hz, 2H),
6.73 (d, J¼8.4 Hz, 2H), 4.41 (m, 1H), 4.34 (m, 1H), 4.19 (m,
1H), 3.97 (m, 1H), 3.88 (m, 1H), 3.31 (s, 3H), 3.13 (m, 1H),
2.81 (m, 1H). Anal. Calcd for C19H22BF4NO5S·1/2TFA: C,
46.17; H, 4.36; N, 2.69. Found: C, 46.43; H, 4.52; N, 2.60.

4.3. Route 2

4.3.1. 2-[Phenyl(methyl)sulfonio]ethanol (6). To a solu-
tion of 2-(phenylthio)ethanol (1.34 ml, 10 mmol) and silver
tetrafluoroborate (2.32 g, 12 mmol) in acetonitrile (60 ml),
methyl iodide (1.24 ml, 20 mmol) was added and the
mixture was stirred overnight at 40 8C. After cooling, the
yellow precipitate was filtered off and the solvent was
evaporated in vacuo. The residue was flash chromato-
graphed on silica gel, eluted with CH3Cl–MeOH–H2O (8/
3/1, lower phase). The collected fractions were combined
and concentrated in vacuo to leave a colorless oil. Yield
2.26 g, 88%. 1H NMR (400 MHz, D2O) d 7.97 (dd-like,
J¼8.0, 1.7 Hz, 2H), 7.84 (tt, J¼7.5, 1.7 Hz, 1H), 7.75 (dd-
like, J¼8.0, 7.5 Hz, 2H), 4.03 (m, 1H), 4.34 (m, 1H), 3.90
(m, 2H), 3.82 (s, 3H), 3.78 (m, 1H), 3.31 (s, 3H). Tof-MS
m/z 169.14 (Mþ, C9H13OS requires 169.26).

4.3.2. Pms-Phe-OH (4a). To a suspension of 6 (513 mg,
2.0 mmol) and triphosgen (394 mg, 1.33 mmol) in dichloro-
methane (30 ml), Et3N (0.56 ml, 4.0 mmol) in dichloro-
methane (10 ml) was added dropwise at 210 8C, and the
mixture was stirred at 210 8C for 1.5 h. After evaporation of
the solvent in vacuo at 10 8C, the residue was dissolved in
acetonitrile (15 ml), and this solution was added to a solution
of Phe (330 mg, 2.0 mmol) and Et3N (0.35 ml, 2.5 mmol) in a
mixture of acetonitrile and water (1/1, 50 ml) at 0 8C. The
reaction mixture was stirred at 0 8C for 2 h and the solvent was
removed in vacuo. The product was purified by preparative
HPLC. Yield: 241 mg. The product was identified with Pms-
Phe-OH prepared through Route 1 by NMR and Mass spectra.

4.4. Route 3

4.4.1. Pte-OSu (8). To a solution of 2-(phenylthio)ethanol
(1.34 ml, 10 mmol) and triphosgen (1.96 g, 6.6 mmol) in
tetrahydrofuran (40 ml), Et3N (2.79 ml, 20 mmol) in tetra-
hydrofuran (15 ml) was added dropwise at 0 8C. The
reaction mixture was stirred at 0 8C for 1.5 h and the
mixture was filtered. The solvent was evaporated off in
vacuo and the residue was dissolved in acetonitrile (15 ml).
The solution was added to a solution of HOSu (1.15 g,
10 mmol) and Et3N (1.39 ml, 10 mmol) in a mixture of
acetonitrile (30 ml) at 0 8C, and the mixture was stirred at
room temperature for 3 h keeping its pH at 8. The solvent
was removed in vacuo and the residue was purified by flash
chromatography on silica gel, using hexane–ethyl acetate
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(2/1) as an eluate. The collected fractions were combined
and concentrated in vacuo to leave a colorless oil. Yield.
2.12 g, 72%. 1H NMR (400 MHz) d (CD3CN): 7.42 (d,
J¼7.1 Hz, 2H), 7.34 (dd, J¼7.3, 7.1 Hz, 2H), 7.25 (dd,
J¼7.3 Hz, 1H), 4.43 (t, J¼6.5 Hz, 2H), 3.27 (t, J¼6.5 Hz,
2H), 2.76 (s, 4H). ESI-MS m/z 313.2[(MþNH4)þ,
C13H13NO5·NH4 requires 313.3]. Rf [(hexane–ethyl acetate
(2/1)] 0.38.

4.4.2. Pms-OSu (9). To an acetonitrile solution (15 ml) of 8
(295 mg, 1.0 mmol) and silver tetrafluoroborate (232 mg,
1.2 mmol), methyl iodide (1.24 ml, 20 mmol) was added,
and the mixture was stirred overnight at 40 8C. After
cooling, the yellow precipitate was filtered off and the
solvent was removed in vacuo to leave a colorless oil. Yield
384 mg, 97%. 1H NMR (400 MHz, CD3CN) d 7.96 (d,
J¼7.5 Hz, 2H), 7.84 (t, J¼7.4 Hz, 1H), 7.74 (dd, J¼7.5,
7.4 Hz, 2H), 4.73 (m, 1H), 4.49 (m, 1H), 4.04 (m, 1H), 3.93
(m, 1H), 3.29 (s, 3H), 2.76 (s, 4H). Tof-MS m/z 310.41 (Mþ,
C14H16NO5S requires 310.35).

4.4.3. Pms-Phe-OH (4a). To a solution of Phe (83 mg,
0.5 mmol) and pyridine (40.43 ml, 0.5 mmol) in aqueous
0.1% Triton X-100 solution–acetonitrile (1/1, 20 ml), 9
[prepared from 8 (146 mg, 0.5 mmol)] in acetonitrile
(10 ml) was added at 0 8C, and the mixture was stirred at
room temperature for 4 h. The solvent was removed in
vacuo, the product was purified by preparative HPLC to
give a colorless oil. The product was identified with Pms-
Phe-OH prepared through Route 1 by NMR and Mass
spectra.

4.5. Route 4

4.5.1. Pte-ONB (10). To a solution of 2-(phenylthio)ethanol
(1.34 ml, 10 mmol) and triphosgen (1.96 g, 6.6 mmol) in
tetrahydrofuran (40 ml), Et3N (2.79 ml, 20 mmol) in
tetrahydrofuran (15 ml) was added dropwise at 0 8C.
The reaction mixture was stirred at 0 8C for 1.5 h and
filtered. The solvent was removed filtrate in vacuo and the
residue was dissolved in acetonitrile (15 ml) and added to
a solution of HONB (1.79 g, 10 mmol) and Et3N
(1.39 ml, 10 mmol) in acetonitrile (30 ml) at 0 8C. The
reaction mixture was stirred at room temperature for 3 h
keeping it pH at 8. The solvent was removed in vacuo
and the residue was purified by flash chromatography on
silica gel using hexane–ethyl acetate (2/1) as an eluate.
The collected fractions were combined and concentrated
in vacuo to leave a colorless solid. Yield 2.72 g, 76%. 1H
NMR (400 MHz, CD3CN) d 7.42 (d, J¼7.1 Hz, 2H), 7.34
(dd, J¼7.3, 7.1 Hz, 2H), 7.25 (dd, J¼7.3 Hz, 1H), 6.18
(s, 2H), 4.36 (t, J¼6.5 Hz, 2H), 3.45 (d-like, 2H), 3.30
(d-like, 2H) 3.18 (t, J¼6.5 Hz, 2H), 1.78 (dd, J¼9.0,
1.6 Hz, 1H), 1.52 (dd, J¼9.0, 1.6 Hz, 1H). ESI-MS m/z
377.3 [(MþNH4)þ, C18H17NO5S·NH4 requires 377.3]. Rf

[hexane–AcOEt (2/1)] 0.45.

4.5.2. Pms-ONB (11). To a solution of 10 (359 mg,
1.0 mmol) and silver tetrafluoroborate (232 mg, 1.2 mmol)
in acetonitrile (15 ml), methyl iodide (1.24 ml, 20 mmol)
was added and the mixture was stirred overnight at 40 8C.
The resulting yellow precipitate was removed by filtration
and the solvent was evaporated in vacuo to leave a colorless

oil. Yield 450 mg, 98%. 1H NMR (400 MHz, CD3CN) d
7.96 (d, J¼7.5 Hz, 2H), 7.84 (t, J¼7.4 Hz, 1H), 7.74 (dd,
J¼7.5, 7.4 Hz, 2H), 6.18 (s, 2H), 4.73 (m, 1H), 4.49 (m,
1H), 4.04 (m, 1H), 3.93 (m, 1H), 3.45 (d-like, 2H), 3.30
(d-like, 2H), 3.29 (s, 3H), 1.78 (dd, J¼9.0, 1.6 Hz, 1H), 1.52
(dd, J¼9.0, 1.6 Hz, 1H). Tof-MS m/z 374.5 (Mþ,
C19H20NO5S requires 374.43).

4.5.3. Pms-Phe-OH (4a). To a solution of Phe (83 mg,
0.5 mmol) and pyridine (40.43 ml, 0.5 mmol) in aqueous
0.1% Triton X-100 solution–acetonitrile (1/1, 20 ml), 11
[prepared from 10 (179 mg, 0.5 mmol)] in acetonitrile
(10 ml) was added at 0 8C and the mixture was stirred at
room temperature for 4 h. The solvent was removed in
vacuo and the residue was purified by preparative HPLC to
give a colorless oil. The product was identified with Pms-
Phe-OH prepared through Route 1 by NMR and Mass
spectra.

The following Pms-amino acids were prepared from Pms-
ONB and a corresponding amino acid according to the
procedure described above (Route 4).

4.5.4. Pms-Tyr(tBu)-OH (15a). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.86 (d, J¼7.6 Hz, 2H), 7.80 (t,
J¼7.6 Hz, 1H), 7.69 (dd, J¼7.5, 7.3 Hz, 2H), 7.14 (d,
J¼8.4 Hz, 2H), 6.93 (d, J¼8.4 Hz, 2H), 4.35 (m, 1H), 4.34
(m, 1H), 4.13 (m, 1H), 3.80 (m, 1H), 3.72 (m, 1H), 3.18 (s,
3H), 3.14 (m, 1H), 2.89 (m, 1H), 1.29 (s, 9H). Anal. Calcd
for C23H30BF4NO5S·TFA: C, 47.41; H, 4.93; N, 2.21.
Found: C, 47.85; H, 4.54; N, 2.40.

4.5.5. Pms-Ser(tBu)-OH (15b). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.96 (d, J¼7.7 Hz, 2H), 7.84 (t,
J¼7.4 Hz, 1H), 7.72 (dd, J¼7.7, 7.4 Hz, 2H), 4.54 (m, 1H),
4.34 (m, 1H), 4.28 (br m, 1H), 4.02 (br s, 2H), 3.77 (m, 1H),
3.68 (m, 1H), 3.32 (s, 3H), 1.19 (s, 9H). Anal. Calcd for
C17H26BF4NO5S·1/2TFA: C, 43.21; H, 5.34; N, 2.80.
Found: C, 43.35; H, 4.86; N, 2.66.

4.5.6. Pms-Asp(OtBu)-OH (15c). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.96 (d, J¼7.7 Hz, 2H), 7.84 (t,
J¼7.5 Hz, 1H), 7.72 (dd, J¼7.7, 7.5 Hz, 2H), 4.53 (m, 1H),
4.45 (br m, 1H), 4.34 (m, 1H), 4.01 (br s, 2H), 3.32 (s, 3H),
2.79 (d, J¼5.5 Hz, 2H) 1.44 (s, 9H). Anal. Calcd for
C18H26BF4NO6S·1/2TFA: C, 43.20; H, 5.06; N, 2.65.
Found: C, 43.89; H, 4.78; N, 2.65.

4.5.7. Pms-Glu(OtBu)-OH (15d). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.92 (d, J¼7.7 Hz, 2H), 7.82 (t,
J¼7.5 Hz, 1H), 7.72 (dd, J¼7.7, 7.5 Hz, 2H), 4.43 (m, 1H),
4.21 (m, 1H), 4.11 (m, 1H), 3.87 (m, 1H), 3.78 (m, 1H), 3.23
(s, 3H), 2.29 (m, 2H), 2.07 (m, 1H), 1.86 (m, 1H), 1.43 (s,
9H). Anal. Calcd for C19H28BF4NO6S·1/5TFA: C, 45.86; H,
5.59; N, 2.76. Found: C, 46.15; H, 5.38; N, 2.63.

4.5.8. Pms-Thr(tBu)-OH (15e). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.96 (d, J¼7.7 Hz, 2H), 7.84 (t,
J¼7.5 Hz, 1H), 7.72 (dd, J¼7.7, 7.5 Hz, 2H), 4.46 (m, 1H),
4.23 (m, 1H), 4.22 (br m, 1H), 4.22 (m, 2H), 4.07 (m, 1H),
3.89 (m, 1H), 3.80 (m, 1H), 3.23 (s, 3H), 1.16 (s, 12H).
Anal. Calcd for C18H28BF4NO5S·1/2TFA: C, 44.37; H,
5.59; N, 2.72. Found: C, 44.35; H, 5.36; N, 2.51.
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4.5.9. Pms-Asn(Trt)-OH (15f). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.87 (d, J¼7.7 Hz, 2H), 7.74 (t,
J¼7.5 Hz, 1H), 7.72 (br s, 1H), 7.63 (dd, J¼7.7, 7.5 Hz,
2H), 7.24 (m, 15H), 4.37 (m, 1H), 4.18 (m, 1H), 4.05 (m,
1H), 3.82 (m, 1H), 3.74 (m, 1H), 3.20 (s, 3H), 2.88 (m, 1H),
2.77 (m, 1H). Anal. Calcd for C34H35BF4N2O5S·1/
3TFA·CH3CN: C, 57.38; H, 4.95; N, 5.63. Found: C,
57.74; H, 4.91; N, 6.08.

4.5.10. Pms-Gln(Trt)-OH (15g). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.87 (d, J¼7.7 Hz, 2H), 7.77 (t,
J¼7.5 Hz, 1H), 7.66 (dd, J¼7.7, 7.5 Hz, 2H), 7.54 (br s, 1H),
7.25 (m, 15H), 4.37 (m, 1H), 4.18 (m, 1H), 4.05 (m, 1H),
3.79 (m, 1H), 3.74 (m, 1H), 3.20 (s, 3H), 2.42 (m, 2H), 2.11
(m, 1H), 1.81 (m, 1H). Anal. Calcd for C33H33BF4N2O5S·2/
3TFA·1/3CH3CN·1/3H2O: C, 56.43; H, 4.91; N, 4.27.
Found: C, 56.26; H, 4.67; N, 4.42.

4.5.11. Pms-His(Trt)-OH (15h). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 8.34 (s, 1H), 7.87 (d, J¼7.7 Hz,
2H), 7.79 (m, 1H), 7.70 (dd, J¼7.7, 7.5 Hz, 2H), 7.43–7.15
(m, 15H), 7.08 (s, 1H), 4.44 (m, 1H), 4.34 (m, 1H), 4.18 (m,
1H), 3.87 (m, 1H), 3.75 (m, 1H), 3.29 (d, J¼14.7, 4.3 Hz),
3.21 (s, 3H), 3.06 (dd, J¼14.7, 9.0 Hz, 1H). Anal. Calcd for
C35H34BF4N3O4S·2TFA·H2O: C, 50.61; H, 4.14; N, 4.54.
Found: C, 50.47; H, 3.82; N, 4.41.

4.5.12. Pms-Trp(Boc)-OH (15i). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 8.09 (d, J¼8.3 Hz, 1H), 7.84–
7.72 (m, 3H), 7.67–7.61 (m, 3H), 7.53 (d-like, 1H), 7.33
(t-like, 1H), 7.26 (t-like, 1H), 4.49 (m, 1H), 4.35 (m, 1H),
4.14 (m, 1H), 3.78 (m, 1H), 3.71 (m, 1H), 3.32 (m, 1H), 3.15
(m, 1H), 3.12 (m, 1H), 1.63 (s, 9H). Anal. Calcd for
C26H31BF4N2O6S·1/2TFA: C, 51.29; H, 5.06; N, 4.49.
Found: C, 51.24; H, 5.04; N, 4.21.

4.5.13. Pms-Arg(Pmc)-OH (15j). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.92 (d, J¼7.7 Hz, 2H), 7.78 (t,
J¼7.1 Hz, 1H), 7.70 (dd, J¼7.7, 7.1 Hz, 2H), 6.21 (br s,
1H), 4.43 (m, 1H), 4.21 (m, 1H), 4.04 (br m, 1H), 3.87 (m,
1H), 3.79 (m, 1H), 3.59 (m, 1H), 3.23 (s, 3H), 2.65 (t,
J¼6.8 Hz, 2H), 2.52 (s, 3H), 1.82 (t, J¼6.8 Hz, 2H), 1.78 (br
m, 1H), 1.62 (br m, 1H), 1.58 (br m, 2H), 1.30 (s, 6H). Anal.
Calcd for C30H43BF4N4O7S2·TFA·1/2CH3CN: C, 46.24; H,
5.35; N, 7.35. Found: C, 46.49; H, 5.17; N, 7.30.

4.5.14. Pms-Lys(Boc)-OH (15k). Amorphous material. 1H
NMR (400 MHz, CD3CN) d 7.93 (d, J¼7.7 Hz, 2H), 7.82 (t,
J¼7.5 Hz, 1H), 7.72 (dd, J¼7.7, 7.5 Hz, 2H), 4.43 (m, 1H),
4.21 (m, 1H), 4.06 (m, 1H), 3.81 (m, 1H), 3.24 (s, 3H), 3.02
(t-like, 2H), 1.79 (br m, 2H), 1.67 (br m, 2H), 1.39 (s, 11H).
Anal. Calcd for C21H33BF4N2O6S·4/3TFA: C, 42.11; H,
5.13; N, 4.71. Found: C, 42.11; H, 5.13; N, 4.75.

4.6. Route 5

4.6.1. Pms-ONp (13). To a solution of 6 (256 mg,
1.0 mmol) in acetonitrile (15 ml, a solution of 4-nitrophenyl
chloroformate (402 mg, 2.0 mmol) in acetonitrile (10 ml)
and a solution of Et3N (279 ml, 2.0 mmol) in acetonitrile
(10 ml) were added alternately at 0 8C, and the mixture was
stirred at room temperature for 2 h. The reaction mixture
was filtered and concentrated in vacuo, and the residue was

washed with water and crystallized from ether-hexane to
give colorless crystal. Yield 298 mg, 71%. Mp 140 8C
(decomp.). 1H NMR (400 MHz, D2O) d 8.31 (dd, J¼9.4 Hz,
2H), 7.98 (d, J¼7.5 Hz, 2H), 7.86 (t, J¼7.3 Hz, 1H), 7.75
(dd, J¼7.5, 7.3 Hz, 2H), 7.43 (dd, J¼9.4 Hz, 2H), 4.67 (m,
1H), 4.45 (m, 1H), 4.04 (m, 1H), 3.95 (m, 1H), 3.29 (s, 3H).
Tof-MS m/z 334.5 (Mþ, C16H16NO5S requires 334.37).
Anal. Calcd for C16H16BF4NO5S: C, 45.63; H, 3.83; N,
3.33. Found: C, 45.68; H, 3.91; N, 3.39.

4.6.2. Pms-Phe-OH (4a). To a solution of Phe (83 mg,
0.5 mmol) and pyridine (40.4 ml, 0.5 mmol) in aqueous
0.1% Triton X-100 solution–acetonitrile (1/1, 20 ml), 13
(211 mg, 0.5 mmol) in acetonitrile (10 ml) was added at
0 8C, and the mixture was stirred at room temperature for
4 h. After removal of the solvent, the residue was dissolved
in water and washed with AcOEt. The aqueous layer was
concentrated in vacuo and the residue was purified by
preparative HPLC to give a colorless oil. The product was
identified by NMR and Mass spectra with Pms-Phe-OH
prepared through Route 1.

The following Pms-amino acids were prepared from Pms-
ONp and a corresponding amino acid according to the
procedure described above.

4.6.3. Pms-Met-OH (14a). Amorphous material. 1H NMR
(400 MHz, D2O) d 7.98 (d, J¼7.7 Hz, 2H), 7.85 (t,
J¼7.5 Hz, 1H), 7.75 (dd, J¼7.7, 7.5 Hz, 2H), 4.52 (m, 1H),
4.34 (m, 1H), 4.34 (m, 1H), 4.01 (m, 2H), 3.32 (s, 3H), 2.91 (m,
2H), 2.21 (s, 3H). Anal. Calcd C14H19BF4NO4S2·TFA: C,
37.44; H, 4.25; N, 2.57. Found: C, 37.71; H, 4.43; N, 2.60.

4.6.4. Pms-Cys(Acm)-OH (14b). Amorphous powder. 1H
NMR (400 MHz, D2O) d 7.94 (d, J¼7.5 Hz, 2H), 7.80 (t,
J¼7.5 Hz, 1H), 7.72 (t, J¼7.5 Hz, 2H), 4.52 (m, 1H), 4.34
(m, 1H), 4.34, 4.27 (ABq, J¼14 Hz, 1H), 4.31 (m, 1H), 4.00
(m, 2H), 3.31 (s, 3H), 2.92 (dd, J¼14, 4.7 Hz, 1H), 2.88
(dd, J¼14, 4.7 Hz, 1H), 1.99 (s, 3H). Anal. Calcd for
C16H23BF4N2O5S2·1/2TFA: C, 38.43; H, 4.46; N, 5.27.
Found: C, 38.39; H, 4.21; N, 4.98.

4.6.5. Pms-Cys(Trt)-OH (14c). Amorphous powder. 1H
NMR (400 MHz, CD2CN) d 7.87 (d, J¼7.5 Hz, 2H), 7.75
(t, J¼7.5 Hz, 1H), 7.65 (t, J¼7.5 Hz, 2H), 7.26–7.39
(m, 15H), 4.40 (m, 1H), 20 (m, 1H), 3.94 (m, 1H), 3.85 (br
d, J¼14 Hz, 1H), 3.75 (br d, J¼14 Hz, 1H), 3.19 (s, 3H),
2.64 (dd like, 1H), 2.54 (dd like, 1H) Anal. Calcd for
C32H32BF4NO4S2: C, 59.54; H, 5.00; N, 2.17. Found: C,
59.79; H, 4.77; N, 1.88.

4.7. Examination in deprotection rate of Pms group on
Pms-Phe-Leu-TentaGel resin with various bases in
water

Pms-Phe-OH (89.4 mg, 0.2 mmol) and the H-Leu-TentaGel
resin (192 mg, 50 mmol) was reacted with WSCD (38.2 mg,
0.2 mmol) in a presence of HONB (35.8 mg, 0.2 mmol) in
aqueous 0.2% Triton X solution. The resulting Pms-Phe-
Leu-TentaGel resin was washed with DMF and dichloro-
methane and dried in vacuo. Yield 210 mg (98%). Amino
acid ratio in an acid hydrolysate: Phe 1.00, Leu 0.96. The
resin (10 mg each) was treated with various base solutions
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(aqueous 5% NaHCO3, aqueous 0.01 mol/l NaOH,
0.005 mol/l NaOH in 50% aqueous EtOH, 2.5% NaHCO3

in aqueous 50% EtOH, 2.5% Na2CO3 in aqueous 50%
EtOH). After base treatment, the resin was washed with
H2O and DMF. Then Fmoc-Gly-OH (3.0 mg, 10 mmol) was
coupled on the resin with diisopropylcarbodiimide (1.6 ml,
10 mmol) and HOBt (1.4 mg, 10 mmol) in DMF until the
resin gave negative Kaiser test. The resulting resin was
washed with DMF and dichloromethane, and dried in vacuo.
After removal of the Fmoc group with 20% piperidine/DMF,
the resin was hydrolyzed and Gly, Phe and Leu contents in
the hydrolysate were analyzed. Each deprotection yield was
calculated from the amino acid ratio of Gly and Leu. Results
are summarized in Table 3.

4.7.1. Synthesis of Leu-enkephalin amide on TentaGel
resin in water. The Fmoc-Rink amide-TentaGel resin
(100 mg, 25 mmol) was swelled with dichloromethane and
DMF, and then Fmoc group on the resin was removed by
treatment with 20% piperidine/DMF. After washed with
DMF and H2O, the resin was swelled with aqueous 0.2%
Triton X-100 solution. The synthesis was carried out
according to the protocol shown in Table 4. Pms-Leu-OH
41.3 mg (0.1 mmol), Pms-Phe-OH 44.7 mg (0.1 mmol),
Pms-Gly-OH 35.7 mg (0.1 mmol), and Pms-Tyr-OH
46.3 mg (0.1 mmol) were coupled in turn with WSCD
19.1 mg (MW: 191.7, 0.1 mmol) and HONB 17.9 mg
(0.1 mmol). Deprotection was carried out with an aqueous
solution of 5.0% NaHCO3. After completion of the
synthetic reaction, the peptide resin (H-Tyr-Gly-Gly-Phe-
Leu-TentaGel resin) was washed with H2O, DMF and
dichloromethane, and dried in vacuo. Yield: 107.5 mg,
97%. The whole resin was treated with TFA–thioanisole–
ethanedithiol (94/3/3, 15 ml) for 2 h at room temperature.
The resin was removed by filtration and the TFA was
removed in vacuo to leave a yellowish oil. The residue was
dissolved in water, washed with ether, and lyophilized. The
crude product was purified by HPLC to give an amorphous
powder. Yield (based on amino group content of the resin):
Yield 10.3 mg, 61%. [a]D

24¼þ8.28 (c¼0.2, H2O). Tof-MS
m/z 555.0 [(Mþ1)þ, C28H39N6O6 requires 555.64]. Amino
acid ratios in an acid hydrolysate: Tyr 0.99, Gly 2.00, Phe
0.96, Leu 0.98 (average recovery: 83%).

4.7.2. Synthesis of Leu-enkepharin amide by the Fmoc
strategy. The Fmoc group on the Rinkamide resin (100 mg,
60 mmol) was removed by treatment with 20% piperidi-
ne/DMF. Synthesis was carried out according to a general
Fmoc strategy19 Fmoc-Leu-OH 63.6 mg (0.18 mmol),
Fmoc-Phe-OH 69.7 mg (0.18 mmol), Fmoc-Gly-OH
53.5 mg (0.18 mmol), and Fmoc-Tyr(tBu)-OH 82.7 mg
(0.18 mmol) were coupled in turn by diisopropylcarbodi-
imide (0.18 mmol) and 1-hydroxybenzotriazole 24.3 mg
(0.18 mmol). Deprotection of Fmoc group was carried out
with 20% piperidine/DMF. After completion of the
synthetic reaction, the peptide resin (H-Tyr(tBu)-Gly-Gly-
Phe-Leu-Rinkamide resin was washed with DMF and
dichloromethane, and dried in vacuo. Yield 123 mg, 99%.
The whole resin was treated with TFA–thioanisole–
ethanedithiol (94/3/3, 15 ml) for 2 h at room temperature.
The resin was filtered off, and the TFA was removed in
vacuo to leave a yellowish oil. The residue was dissolved in
water, washed with ether, and lyophilized. The crude

product was purified by HPLC to give a white amorphous
powder. Yield 34 mg (based on amino group content of the
resin), 86%. [a]D

24¼þ9.08 (c¼0.2, H2O). Tof-MS m/z 555.3
[(Mþ1)þ, C28H39N6O6 requires 555.64]. Amino acid ratios
in an acid hydrolysate: Tyr 0.97, Gly 2.00, Phe 0.98, Leu,
1.01 (average recovery 97%).

4.7.3. Synthesis of Met-enkephalin amide on CLEAR
resin in water. CLEAR resin (86 mg, 25 mmol) was
swelled with dichloromethane and DMF and Fmoc group
on the resin was removed with 20% piperidine/DMF. After
washing with DMF and H2O, the resin was swelled with
aqueous 0.2% Triton X-100 solution. Synthetic reaction was
carried out according to the protocol shown in Table 4. Pms-
Met-OH 41.3 mg (0.1 mmol), Pms-Phe-OH 44.7 mg
(0.1 mmol), Pms-Gly-OH 35.7 mg (0.1 mmol), and Pms-
Tyr-OH 46.3 mg (0.1 mmol) were coupled in turn by
WSCD 19.1 mg (0.1 mmol) and HONB 17.9 mg
(0.1 mmol). Deprotection was carried out by treatment
(twice) with an aqueous solution of 0.01 mol/l NaOH for
3 min. After completion of the synthetic reaction, the
peptide resin (H-Tyr-Gly-Gly-Phe-Met-CLEAR resin) was
washed with H2O, DMF and dichloromethane, and dried in
vacuo. Yield 92 mg, 86%. The whole resin was treated with
TFA–thioanisole–ethanedithiol (94/3/3, 15 ml) for 2 h at
room temperature. The resin was filtered off and the TFA
was removed in vacuo to leave a yellowish oil. The residue
was dissolved in water, washed with ether, and lyophilized.
The crude product was purified by HPLC to give an
amorphous powder. Yield (based on amino group content of
the resin): Yield 4.9 mg, 29%. [a]D

24¼þ6.78 (c¼0.8, 20%
CH3CN/H2O). Tof-MS m/z: 573.7 [(Mþ1)þ, C27H36N6O6S
requires 573.68]. Amino acid ratios in an acid hydrolysate:
Tyr 1.01, Gly 2.00, Phe 0.93; Met 0.95 (average recovery:
94%).

4.7.4. Synthesis of Met-enkephalin amide on TentaGel
resin in water. Performed in the same manner as described
in Section 4.7.1. Yield (based on amino group content of the
resin): yield 5.8 mg, 32% (amorphous powder).
[a]D

24¼þ7.18 (c¼0.8, 20% CH3CN/H2O). Tof-MS m/z
573.4 [(Mþ1)þ, C27H36N6O6S requires 573.68]. Amino
acid ratios in an acid hydrolysate: Tyr 0.99, Gly 2.00, Phe
0.96, Met 0.98 (average recovery 92%).
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Synthesis of [3,4,8-13C3]daidzein
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Abstract—The biological effects of the soy isoflavones have attracted considerable interest in recent years leading to numerous studies on
dietary intake and epidemiology. Such studies require accurate and reproducible analytical methods. Herein we report the first synthesis of a
multiply 13C-labelled daidzein derivative, [3,4,8-13C3]daidzein, which has been employed as an internal standard in LC-MS and GC-MS
analysis. The synthesis includes an improved three-step method for the synthesis of [2-13C]resorcinol as one building block.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The impact of phytoestrogens on human health is currently a
subject of major interest.1,2 In particular the soy isoflavones,
including daidzein 1 and genistein 2, have attracted
considerable attention.3,4 The soy isoflavones are present
at significant levels in soya beans and soy products. They
thus feature heavily in the diet particularly in Japan and
Asia, where they have been associated with a low incidence
of hormone dependent cancers.5 These compounds have
also been implicated in the prevention of cardiovascular
disease,6 lessening the symptoms of the menopause7 and
protection against osteoporosis.8

In order to understand the significance of the biological
effects of phytoestrogens, analytical chemistry has had a key
role to play. Accurate analysis has been important in
attempts to establish the exposure of the population to the
soy isoflavones through their diet and also in epidemio-
logical studies to investigate the associations between
isoflavone exposure and disease.

A number of analytical methods have been used to quantify
the low levels of phytoestrogens found in food and
biological fluids. HPLC has been employed with UV
detection, but this suffers from poor selectivity and low
sensitivity.9 Time-resolved fluoroimmunoassay (TR-FIA)
methods have been developed for both daidzein and

genistein.10 These are undoubtedly rapid methods with
high sensitivity but can suffer from a lack of specificity.11

However, by far the most widely used technique has been
mass spectrometry due to its inherent sensitivity and
selectivity. GC-MS has been used extensively for the
quantification of isoflavones in urine, even though it
requires complex purification procedures and derivatisation
of the analytes.12 – 14 More recently LC-MS procedures have
become more popular as these can be carried out without
derivatisation and often with little or no purification of the
sample prior to analysis, allowing the use of smaller
samples.15 – 18

An important aspect of any quantitative analytical pro-
cedure is the nature of the internal standard. The optimum
internal standard for LC-MS and GC-MS is a pure, stable,
isotopically labelled analogue of the analyte, which must
have a large enough mass difference to nullify the effect of
natural abundance heavy isotopes in the analyte. This mass
difference will depend on the molecular weight of the
analyte. For isoflavone type structures a minimum of three
extra mass units is required. Initially a number of deuterated
standards were used for the analysis of isoflavones.18 These
were prepared using acid, or base, catalysed exchange
methods to incorporate the deuterium atoms into the phenol
rings.19 – 21 The problem with these deuterated isoflavones is
that they are always a mixture of species with varying
numbers of deuteriums incorporated into the isoflavone,
which is an inevitable consequence of the exchange
procedures employed. This produces a range of molecular
ions and complicates the analysis procedure unnecessarily.
More significantly it has been shown that under the analysis
conditions back exchange occurs and the deuteriums are
slowly replaced by hydrogen.22,23 This results in a reduction
of the amount of internal standard present and, also, an
apparent increase in the amount of the phytoestrogen being
analysed.
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Due to the inherent problems with deuterated internal
standards the aim of this work was to synthesise daidzein
with three 13C atoms incorporated into the carbon frame-
work of the molecule for use as an internal standard. Using
commercially available starting materials with 99% incor-
poration of 13C, it should be possible to obtain the final
product with 99% 13C at the corresponding position in the
phytoestrogen molecule. Thus with three 13C atoms one
major signal three mass units bigger than the unlabelled
compound will be observed. This is in contrast to the
variable levels of deuterium incorporation obtained through
exchange procedures, which give an envelope of signals.
Also the 13C standards will be chemically stable and the 13C
atoms will not exchange back out from the molecule during
the analysis procedures. We had previously prepared both
daidzein and genistein labelled with a single 13C-atom at the
4-position24,25 and these compounds have been employed in
metabolic studies on menopausal women.26 This previous
synthetic strategy was used as a suitable starting point.

2. Results and discussion

The general synthetic route towards the isoflavonoid
phytoestrogens (Scheme 1) involves the condensation of
an appropriate phenol 3 with either a substituted phenyl-
acetic acid24,25,27 4 or a benzyl nitrile 5.24,25,28 – 30 This gives
a deoxybenzoin 6 which then undergoes formylation and
finally cyclisation to give the isoflavonoid 7.24,25,30,31 The
synthesis presents various opportunities for the incorpor-
ation of 13C atoms. However, the obvious strategy of putting
put one 13C atom into the 2-position in the formylation step
at the end of the synthesis had already been shown to be
unsuitable.24 It was thus decided to incorporate one 13C
atom into the resorcinol and two into the side chain of the
phenylacetic acid.

A previous literature procedure was discovered for the
synthesis of [2-13C]resorcinol32 involving the synthesis of
methyl 5-oxo-[6-13C]hexanoate 8, cyclisation via an
intramolecular Claisen condensation and finally aromatisa-

tion to give the desired product. Firstly, methyl 4-(chloro-
formyl)butyrate 9 was converted into a mixed anhydride by
reaction with 2-methoxybenzoic acid33 and then reacted
with [13C]methyl magnesium iodide to give 8 in a low 30%
yield. This step was thus modified and the methyl
4-(chloroformyl)butyrate 9 was reacted directly with a
cuprate derived from [13C]methyl iodide, giving the product
in a much better 57% yield (Scheme 2).

The cyclisation to [2-13C]cyclohexane-1,3-dione 10 was
previously32 carried out in DMF with sodium methoxide in
61% yield, but we obtained a better 86% yield by using
carefully dried potassium tbutoxide in THF. Dehydrogena-
tion was achieved using a palladium on charcoal catalyst in
refluxing xylene at 137–140 8C giving [2-13C]resorcinol 11
in 49% yield. A lower temperature was employed for this
reaction compared to the 190 8C in refluxing triglyme
previously reported.32 The yields were comparable for the
two procedures, but the lower temperature produced a
cleaner more easily purified product. The spectral data for
the [2-13C]resorcinol were identical to the literature data.32

The 13C atom was clearly observed as an enhanced signal at
103.8 ppm in the 13C NMR spectrum. This represents a
much improved synthesis of [2-13C]resorcinol in 24% yield
over the three steps.

It was then necessary to incorporate two 13C-atoms into the
phenylacetic acid fragment and it was envisaged that these
could both be derived from 13C-labelled potassium cyanide,
a very cheap source of 13C atoms. In our previous work
potassium [13C]cyanide was reacted with a suitably
protected benzyl bromide to give a single labelled
precursor.25 Therefore incorporation of two 13C atoms
required a 13C-labelled benzyl bromide, which could be
synthesised via an aromatic cyanation using another mole of
potassium [13C]cyanide and a suitably substituted aryl
halide, followed by functional group transformations.

4-Iodophenol 12 was used as the starting material and the
hydroxyl group was first protected as the benzyl ether 13
(Scheme 3). A large number of procedures are available for
aromatic cyanation34 but our choice was restricted by the
requirement for 13C-labelled cyanide, of which only the
sodium and potassium salts are commercially available.
Thus all the copper(I) cyanide methods were ruled out and
instead a procedure employing potassium cyanide and a
palladium(II) acetate catalyst in DMF under basic con-
ditions (calcium hydroxide) was identified.35 Only a limited
range of aryl iodides had been examined under these
conditions but we found that 4-benzyloxy-1-iodobenzene 13
reacted smoothly with unlabelled potassium cyanide to give
the desired product. The reaction conditions were then
optimised and using K13CN the purified 13C-labelled nitrile
was obtained in 70% yield. The 13C atom was clearly
identified by the enhanced signal in the 13C NMR spectrum
at 119.6 ppm. The nitrile 14 was then hydrolysed under

Scheme 1.

Scheme 2. (a) H3
13CI, Li, CuI, Et2O, (57%); (b) KOtBu, THF then aq. HCl (86%); (c) 10% Pd/C, xylene, reflux (49%).
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alkaline conditions, sodium hydroxide in methanol, to give
the acid 15 in 83% yield and reduced to the alcohol 16 in
93% yield using lithium aluminium hydride in THF.

A number of procedures were examined for the conversion
of the alcohol to the bromide 17 including trimethylsilyl
bromide and carbon tetrabromide with triphenylphosphine.
However, the best yield was obtained using phosphorus
tribromide. The bromide was found to be reasonably
unstable due to the 4-substituent and so was used without
purification in the next step.

Reaction of the benzyl bromide 17 with a second mole of
K13CN in acetonitrile, using 18-crown-6 to aid solubility,
effected nucleophilic displacement to give the benzyl nitrile
with 18 two 13C-atoms, observed at 118.6 and 23.2 ppm in
the 13C NMR spectrum. Alkaline hydrolysis to the
carboxylic acid, 19 was followed by hydrogenation to
remove the benzyl ether and provide the precursor 20 for the
synthesis of [3,4,8-13C3]daidzein (Scheme 3).

With the two 13C-labelled building blocks prepared, the
[3,4,8-13C3]daidzein was synthesised using adaptations of
our previous methods (Scheme 4).25 Condensation of the
[2-13C]resorcinol 11 and the phenylacetic acid 20 was
carried out in neat boron trifluoride etherate, giving the
deoxybenzoin intermediate 21 in 55% yield. The formyl-
ation/cyclisation step was achieved using dimethyl-
formamide dimethylacetal in THF. In our previous work
this had been carried out at reflux in 60% yield.24,25

However, the step was carefully optimised by varying the
temperature, time of reaction and solvent (THF, diethyl
ether and DMF) and it was found that the yield increased as
the reaction temperature was decreased, giving an optimum
yield of 80% after stirring at room temperature in THF for
3 h. The crude product from this reaction was found to be
much cleaner than from reactions at higher temperature and
readily purified by simple crystallisation, whereas HPLC

was required to clean up the products from the higher
temperature reactions. This represents the best reported
yield for this procedure in the synthesis of daidzein and we
have found it to be more reproducible than many of the
published methods.25,30,31

The [3,4,8-13C3]daidzein 22 was found to be identical to
daidzein in all respects except for the expected increase in
mass and NMR spectroscopic data. The three 13C atoms
were observed at 178.8 ppm, for the carbonyl at C-4,
126.0 ppm for C-3 and 103.5 ppm for C-8, with the
expected coupling between C-3 and C-4 (J¼54 Hz). The
effect of the 13C incorporation was also evident on the 1H
NMR spectrum, for example 8-H exhibited a 162 Hz
coupling with the attached 13C atom. The purity of the
compound was confirmed by reverse phase HPLC
(Kingsorb 3m C18 Column (150£4.6 mm)) giving a
retention time of 8 min 40 s with a mobile phase of
acetonitrile:water (1:1) and a 0.3 mL min21 flow rate. This
gave a single peak at the identical retention time to
unlabelled daidzein. Furthermore, the UV spectrum was
measured giving a lmax (EtOH) of 262 nm and 1¼
23,894 dm3 mol21 cm21, compared with literature value36

of 1¼24,739 dm3 mol21 cm21, implying 96% purity within
experimental error.

The compound has since been used as an internal standard in
both GC-MS37 and LC-MS22,38 using isotope dilution
methods. To be used over an extended dynamic range the
isotopically labelled internal standard must have no
significant mass overlap with the unlabelled analyte. This
is obviously complicated by the natural abundance distri-
bution of carbon, hydrogen and oxygen. When isotope
distributions are taken into consideration the predicted mass
intensity pattern for daidzein examined by negative
electrospray ionisation is 253 (100%):254 (18%):255(3%).
For quantitative analysis selective ion monitoring (SIM) is
used at 253 for optimal instrumental sensitivity, so the

Scheme 3. (a) BnBr, K2CO3, acetone (90%); (b) K13CN, Pd(OAc)2, Ca(OH)2, DMF (70%); (c) 2 N NaOH, MeOH (83%); (d) LiAlH4, THF (93%); (e) PBr3,
Et2O (93%); (f) K13CN, 18-crown-6, MeCN (80%); (g) 2 M aq. NaOH, reflux (98%); (h) H2, 10% Pd/C, EtOAc (96%).

Scheme 4. (a) BF3·Et2O (55%); (b) DMF·(OMe)2, DMF (80%).
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daidzein internal standard must not give any significant
signal at this mass. When the isotopic purity of the
[3,4,8-13C3]daidzein was examined by LC-MS, the major
signal was observed, as expected, at 256 along with a signal
of 4% relative intensity at 255 for daidzein molecules
having only two 13C atoms.22 However, there were no
discernible ions due to molecules with zero or one 13C per
molecule, thus comfortably meeting the criteria for use as an
internal standard for isotope dilution mass spectrometry.
Recent isoflavone analysis by GC-MS37 demonstrated
improved linearity over a range of concentrations due to
the use of the 13C-labelled internal standards, along with
lower limits of detection. Quality control was also improved
with lower intra- and interassay coefficients of variation
(CV) for isoflavones where a 13C-labelled standard was
available.

3. Experimental

3.1. General

NMR spectra were recorded on a Varian Gemini 2000 (1H
300 MHz, 13C 75.45 MHz) or a Bruker Avance 300 (1H
300 MHz, 13C 75.45 MHz) spectrometer chemical shifts (d)
in ppm are given relative to Me4Si, coupling constants (J) in
Hz. Elemental analyses were carried out in the departmental
microanalytical laboratory. IR spectra were recorded on a
Perkin–Elmer series 1420 FT IR spectrophotometer. The
samples were prepared as Nujol mulls or thin films between
sodium chloride discs and recorded in cm21. EI and CI mass
spectra were recorded on a VG Autospec. Electrospray mass
spectra recorded on Micromass LC-T UV spectra were
recorded on a Kontron Uvikon 930 spectrometer. Melting
points were recorded on an electrothermal melting point
apparatus and are uncorrected. Analytical TLC was carried
out on Merck 5785 Kieselgel 60F254 fluorescent plates.
Flash chromatography was performed according to the
procedure of Still39 using silica gel of 35–70 m particle size.
DMF was distilled from magnesium sulfate. Diethyl ether
and tetrahydrofuran were distilled from sodium metal and
benzophenone.

3.1.1. Methyl 5-oxo-[6-13C]hexanoate (8).32 Under the
protection of a nitrogen atmosphere, lithium pieces
(489 mg, 70.4 mmol) were added to dry diethyl ether
(70 mL). 13C-Methyl iodide (1.8 mL, 4.104 g, 28.91 mmol)
was then introduced and the reaction mixture stirred at room
temperature for 1 h, then cooled to 0 8C and copper iodide
(3.352 g, 17.6 mmol) was added. After 0.5 h stirring at 0 8C,
the resulting lithium dimethylcuprate was cooled to 220 8C.
Precooled methyl 4-chloroformyl butyrate (2 mL, 2.386 g,
14.5 mmol) was then added dropwise with vigorous stirring.
The reaction mixture was maintained at 220 8C for 1 h, then
room temperature overnight. The reaction was quenched
with saturated ammonium chloride (45 mL) and filtered to
remove the copper residue. The filtrate was extracted with
diethyl ether (3£20 mL), washed with brine (20 mL) and
dried (MgSO4). Further purification was carried out by
column chromatography, eluting with petroleum ether
(40–60 8C)/ethyl acetate (1:1) to give a colourless oil
(1.19 g, 57%); nmax (nujol)/cm21 1725 (CvO); dH

(300 MHz, CDCl3) 3.64 (3H, s, –OCH3), 2.48 (2H, t,

J¼7.2 Hz, CH2-3), 2.31 (2H, t, J¼7.2 Hz, CH2-4), 2.11 (3H,
d, J¼127 Hz, CH2-6), 1.86 (2H, quin, J¼7.2 Hz, CH2-2); dC

(75.45 MHz, CDCl3) 202 (d, J5,6¼45 Hz, C-5), 174.4 (C-1),
52.0 (OCH3), 42.9 (d, J4,6¼22 Hz, C-4) 33.4 (C-2), 30.2
(enhanced, C-6), 26.4 (C-6); m/z (ESþ) 168 [(MþNa)þ,
100%]; (EI) 145 (Mþ, 15%), 114 (40, [M2OCH3]þ), 86
(30, [M2COOCH3]þ), 44 (100, CH3COþ).

3.1.2. [2-13C]Cyclohexane-1,3-dione (10). To the solution
of methyl 5-oxo-[6-13C]hexanoate 8 (758 mg, 5.22 mmol)
in dry THF (100 mL), was added potassium tbutoxide
(2.345 g, 20.9 mmol). The mixture was heated under reflux
for 6 h, then the THF was removed at reduced pressure. The
residue was dissolved in water (20 mL), acidified to pH 1
with concentrated hydrochloric acid, extracted with ethyl
acetate (6£20 mL) and dried (MgSO4). After removal of the
solvent at reduced pressure, the desired product was
obtained as a pale yellow solid (510 mg, 86%) mp 102–
103 8C (lit.32 103–104 8C); nmax (nujol)/cm21 2480, 1627,
1600, 1180; dH (300 MHz, CDCl3) 3.36 (2H, d, J¼130 Hz,
CH2-2), 2.55 (4H, t, J¼6.7 Hz, CH2-4 and 6), 2.0–1.8 (2H,
m, CH2-5); dC (75.45 MHz, CDCl3) 58.8 (enhanced, C-1);
m/z (EI) 113 (Mþ, 50%), 85 (50, [M2CO]þ).

3.1.3. [2-13C]Resorcinol (11). To a flask containing
[2-13C]cyclohexane-1,3-dione 10 (500 mg, 4.42 mmol)
and xylene (75 mL), palladium on carbon (10%, 2.5 g)
was added. The mixture was heated under reflux for 3 h,
then the palladium catalyst was filtered off through celite.
The reaction mixture was extracted with aqueous sodium
hydroxide (20%, 4£20 mL). The combined aqueous layers
were cooled to 0 8C, acidified to pH 2 with concentrated
hydrochloric acid, and extracted with diethyl ether
(3£25 mL). After removal of the solvent at reduced
pressure, red oil was obtained. Further purification was
carried out by column chromatography on silica, eluting
with diethyl ether/petroleum ether (40–60 8C) (2:1) to give
the desired product as a white solid (238 mg, 49%) mp 105–
108 8C (lit.32 108–109 8C); nmax (nujol)/cm21 3240 (OH),
1615, 966; dH (300 MHz, acetone-d6) 8.04 (2H, s, –OH),
6.84 (1H, dt, J¼8.1, 1.4 Hz, H-5), 6.21 (1H, dt, JC,H¼156,
J2,4¼J2,6¼2.3 Hz, H-2), 6.26–6.1 (2H, m, H-4 and 6); dC

(75.45 MHz, acetone-d6) 103.8 (enhanced, C-2); m/z (CI)
112.0480 (MHþ, 12C5

13CH6O2 requires 112.0484).

3.1.4. 4-Benzyloxyiodobenzene (13). To a solution of
4-iodophenol (10 g, 45.5 mmol) in acetone (250 mL) were
added potassium carbonate (30.273 g, 227.3 mmol) and
benzyl bromide (4.5 mL, 6.471 g, 37.9 mmol). The mixture
was heated under reflux for 6 h, then cooled and filtered to
remove the solid. The solvent was evaporated at reduced
pressure and the crude product dissolved in diethyl ether
(50 mL), washed with water (3£20 mL) and dried (MgSO4).
Further purification was carried out by column chromato-
graphy, eluting with ethyl acetate/petroleum ether
(40–60 8C) (1:10) to give the product as white crystals
(11.1 g, 94%) mp 60–62 8C (lit.40 62–63 8C) (found: C,
50.51; H, 3.58, C13H11IO requires C, 50.35; H, 3.58%); nmax

(nujol)/cm21 1600, 1119, 972; dH (300 MHz, CDCl3) 7.57
(2H, d, J2,3¼J5,6¼8.9 Hz, H-2, 6), 7.54–7.32 (5H, m, H-20

to H-60), 6.76 (2H, d, J2,3¼J5,6¼8.9 Hz, H-3, 5), 5.04 (2H, s,
OCH2); dC (75.45 MHz, CDCl3) 159.0 (C-4), 138.6 (C-2
and 6), 136.9 (C-10), 129.0 (C-30 and 50), 128.5 (C-40), 127.8
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(C-20 and 60), 117.7 (C-3 and 5), 83.4 (C-1), 70.4 (C-7); m/z
(CI) 311 (MHþ, 35%), 310 (23, Mþ), 184 (97, [M2I]þ), 91
(58, C7H7

þ).

3.1.5. 4-Benzyloxybenzo[13C]nitrile (14). To a solution of
4-benzyloxyiodobenzene 13 (20.04 g, 64.62 mmol) in dry
DMF (250 mL) were added calcium hydroxide (2.33 g,
31.5 mmol), potassium [13C]-cyanide (4.30 g, 65 mmol)
and palladium acetate (2.25 g, 10.0 mmol). Under a
nitrogen atmosphere, the mixture was heated at reflux for
4 h, then the DMF was removed under reduced pressure.
The crude product was extracted with diethyl ether
(3£50 mL). The combined organic extracts were then
washed with water (3£50 mL) and dried (MgSO4). Further
purification was carried out by column chromatography,
eluted with ethyl acetate/petroleum ether (40–60 8C) (3:10).
After removal of the solvent, a white solid was obtained
(9.52 g, 70%) mp 96–99 8C; (found: C, 80.31; H, 5.05; N,
6.99. 12C13

13CH11NO requires C, 80.45; H, 5.27; N, 6.66%);
nmax (KBr)/cm21 2169 (CN); dH (300 MHz, CDCl3) 7.60
(2H, dd, J2,3¼J5,6¼9.0 Hz, JC,H¼5.0 Hz, H-2 and 6), 7.43–
7.34 (5H, m, H-20 and 60), 7.03 (2H, d, J2,3¼J5,6¼9.0 Hz,
H-3 and 5), 5.12 (2H, s, OCH2); dC (75.45 MHz, CDCl3)
162.3 (C-4), 136.1 (C-10), 134.0 (C-2 and 6), 129.2 (C-30 and
50), 128.8 (C-40), 127.9 (C-20 and 60), 119.6 (enhanced
13CN), 116.0 (C-3 and 5), 104.6 (d, JC,C¼83 Hz, C-1), 70.7
(C-7); m/z (CI) 211 (MHþ, 100%), 91 (10, C7H7

þ).

3.1.6. 4-Benzyloxy[carboxy-13C]benzoic acid (15).
4-Benzyloxybenzo[13C]nitrile 14 (8.53 g, 40.6 mmol) was
mixed with sodium hydroxide (2 N, 500 mL) and methanol
(50 mL). The reaction was followed by TLC (silica, ethyl
acetate/methanol (50:1)) and heated under reflux until the
starting material had disappeared. The resulting mixture was
cooled and adjusted to pH 1 with concentrated hydrochloric
acid. The solid that precipitated was collected, then heated
to reflux with sodium hydroxide (2 N, 500 mL) for another
8 h. The resulting mixture was then cooled and adjusted to
pH 1 with concentrated hydrochloric acid again, extracted
with diethyl ether/methanol (6:1). The organic layers were
combined, washed with brine (2£50 mL), dried (MgSO4)
and the solvent removed at reduced pressure to give the
product as white crystals (7.74 g, 83%) mp 192–196 8C;
(found: C, 73.58; H, 5.08. 12C13

13CH12O3 requires C, 73.78;
H, 5.28%); nmax (nujol)/cm21 1648 (CO2H), 1601, 972; dH

(300 MHz, CDCl) 7.94 (2H, dd, J2,3¼J5,6¼9.0 Hz,
JC,H¼3.9 Hz, H-2 and 6), 7.38–7.24 (5H, m, H-20 and 60),
6.92 (2H, d, J2,3¼J5,6¼9.0 Hz, H-3 and 5), 5.04 (2H, s,
OCH2); dC (75.45 MHz, CDCl3) 168.9 (enhanced,
13COOH), 162.7 (C-4), 136.7 (C-10), 132.2 (C-2 and 6),
129.0 (C-30 and 50), 128.5 (C-40), 127.8 (C-20 and 60), 123.7
(d, JC,C¼74 Hz, C-1), 114.7 (C-3 and 5), 70.4 (C-7); m/z
(EI) 229 (Mþ, 10%), 91 (100, C7H7

þ).

3.1.7. 4-Benzyloxy[methylene-13C]benzyl alcohol (16).
Under the protection of a nitrogen atmosphere, 4-benzyl-
oxy[carboxy-13C]benzoic acid 15 (3.50 g, 15.27 mmol) in
dry THF (50 mL) was added dropwise to a suspension of
lithium aluminium hydride (2.277 g, 60 mmol) in dry THF
(60 mL). The mixture was stirred at room temperature
overnight, then sulfuric acid (10%, 150 mL) was added
carefully to quench the reaction. The resulting mixture was
extracted with diethyl ether (4£50 mL), washed with water

(3£30 mL) and dried (MgSO4). After removal of the solvent
at reduced pressure the desired product was obtained as a
pale white solid (3.0 g, 93%); mp 94–96 8C (lit.41 94–
96 8C); nmax (nujol)/cm21 3424 (OH), 1601, 972; dH

(300 MHz, CDCl3) 7.38–7.18 (7H, m, H-20 to 60, H-2 and
6), 6.89 (2H, d, J20,30¼J50,60¼8.5 Hz, H-3 and 5), 5.00 (2H, s,
OCH2), 4.54 (2H, d, JC,H¼143 Hz, 13CH2O); dC

(75.45 MHz, CDCl3) 158.8 (C-4), 137.3 (C-10), 133.7 (d,
J¼48 Hz, C-1), 129.1 (C-2 and 6), 129.0 (C-30 and 50), 128.4
(C-40), 127.8 (C-20 and 60), 115.3 (C-3 and 5), 70.4 (C-7),
65.5 (enhanced, 13CH2O); m/z (EI) 215 (Mþ, 25%), 91 (100,
C7H7

þ).

3.1.8. 4-Benzyloxy[methylene-13C]benzyl bromide (17).
To a solution of 4-benzyloxy[methylene-13C]benzyl alcohol
16 (2.50 g, 11.61 mmol) in dry diethyl ether (50 mL) was
added phosphorus tribromide (3.3 mL, 34.83 mmol). The
reaction mixture was stirred at room temperature overnight.
The pale yellow solution formed was then poured into ice
water (200 mL), extracted with diethyl ether (5£30 mL) and
dried (MgSO4). After removal of the solvent at reduced
pressure a white solid was obtained (3.02 g, 93%) and this
product was employed in next step immediately without
further purification. dH (300 MHz, CDCl3) 7.37–7.23 (7H,
m, H-20 to 60, H-2 and 6), 6.86 (2H, d, J20,30¼J50,60¼8.6 Hz,
H-3 and 5), 4.99 (2H, s, OCH2), 4.43 (2H, d, JC,H¼153 Hz,
13CH2Br); m/z (EI) 277/279 (Mþ, 5%), 198 (50, [M2Br]þ),
91 (100, C7H7

þ).

3.1.9. 40-Benzyloxy[1,2-13C2]phenylacetonitrile (18).
40-Benzyloxy[methylene-13C]benzyl bromide 17 (2.80 g,
10.06 mmol) was dissolved in acetonitrile (120 mL) then
18-crown-6 (2.66 g, 10.06 mmol) and potassium 13C-
cyanide (666 mg, 10.06 mmol) were added. The mixture
was heated under reflux for 4 h, then cooled, and the solvent
was removed to give a pale white residue, which was then
extracted with diethyl ether (3£30 mL). The combined ether
layers were washed with water (2£30 mL), dried (MgSO4)
and the solvent removed at reduced pressure. Purification by
column chromatography on silica, eluting with petroleum
ether (40–60 8C)/ethyl acetate (10:3 to 2:1) gave the desired
product as a white solid (1.82 g, 80%); mp 66–69 8C;
(found: C, 80.46; H, 5.82; N, 6.15. 12C13

13C2H13NO
requires C, 80.86; H, 5.82; N, 6.22%); nmax (nujol)/cm21

2192 (CN); dH(300 MHz, CDCl3) 7.46–7.21 (H, m, H-20 to
60, H-2 and 6), 6.98 (2H, d, J20,30¼J50,60¼8.7 Hz, H-3 and 5),
5.08 (2H, s, OCH2), 3.69 (2H, dd, JC,H¼136, 10.6 Hz,
13CH2

13CN); dC (75.45 MHz, CDCl3) 158.9 (C-4), 137.0
(C-10), 129.5 (C-2 and 6), 129.0 (C-30 and 50), 128.5 (C-40),
127.8 (C-20 and 60), 122.4 (d, J2,10¼42 Hz, C-1), 118.6
(enhanced d, J1,2¼58 Hz, 13CN), 115.9 (C-3 and 5), 70.5
(C-7), 23.2 (enhanced d, J1,2¼58 Hz, 13CH2); m/z (EI) 225
(Mþ, 10%), 91 (100, C7H7

þ).

3.1.10. 40-Benzyloxy[1,2-13C2]phenylacetic acid (19).
40-Benzyloxy[1,2-13C2]phenylacetonitrile 18 (1.666 g,
7.40 mmol) was dissolved in aqueous sodium hydroxide
(2 N, 90 mL) and heated to reflux for 6 h, then cooled and
adjusted pH to 1 with concentrated hydrochloric acid. The
precipitate formed was collected by filtration, washed with
plenty of water and then diethyl ether. After drying under
vacuum, the desired product was obtained as a white solid
(1.77 g, 98%) mp 120–122 8C; (lit.42 120–122 8C) nmax
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(nujol)/cm21 1654 (CO2H), 1600, 970; dH (300 MHz,
CDCl3) 7.37–7.21 (5H, m, H-20 and 60), 7.12 (2H, m,
H-2, 6), 6.86 (2H, d, J20,30¼J50,60¼8.7 Hz, H-3 and 5), 4.97
(2H, s, OCH2), 3.49 (2H, dd, JC,H¼129, 7.7 Hz, 13CH2); dC

(75.45 MHz, CDCl3) 177.2 (enhanced d, J1,2¼56 Hz,
13COOH), 158.4 (C-4), 137.3 (C-10), 130.8 (C-2 and 6),
129.0 (C-30 and 50), 128.4 (C-40), 127.9 (C-20 and 60), 126.2
(d, J¼48 Hz, C-1), 115.3 (C3, 5), 70.4 (C-7), 40.5
(enhanced d, J1,2¼56 Hz, 13CH2); m/z (EI) 244 (Mþ,
15%), 91 (100, C7H7

þ).

3.1.11. 40-Hydroxy[1,2-13C2]phenylacetic acid (20).
40-Benzyloxy[1,2-13C2]phenylacetic acid 19 (300 mg,
1.23 mmol) was dissolved in ethyl acetate (12 mL). After
flushing with nitrogen, palladium on carbon (10%, 100 mg)
was added. The mixture was stirred under a hydrogen
atmosphere at room temperature overnight. The mixture
was then filtered through celite, and the solvent removed at
reduced pressure to give the product as a pale white solid
(181 mg, 96%) mp 149–151 8C (lit.42 149–152 8C); (found:
C, 63.29; H, 5.15. 12C6

13C2H8O3 requires C, 63.63; H,
5.23%); nmax (nujol)/cm21 3395 (OH), 1654 (CO2H); dH

(300 MHz, CDCl3, ppm) 7.03 (2H, dd, J20,30¼J50,60¼8.4 Hz,
JC,H¼4.2 Hz, H-20 and 60), 6.70 (2H, d, J20,30¼J50,60¼8.4 Hz,
H-3 and 5), 3.42 (2H, dd, JC,H¼129, 7.6 Hz, 13CH2); dC

(75.45 MHz, CDCl3) 175.0 (enhanced, d, J1,2¼55 Hz,
13COOH), 156.1 (C-40), 130.5 (C-20 and 60), 125.5 (d,
J2,10¼42 Hz, C-10), 115.6 (C-30 and 50), 40.5 (enhanced d,
J1,2¼55 Hz, 13CH2); m/z (ESþ) 177 ([MþNa]þ, 100%); m/z
(ES2) 153 [(M2H)2, 65%].

3.1.12. [1,2,30-13C3]-1-(20,40-Dihydroxyphenyl)-2-(400-
hydroxyphenyl)ethanone (21). To [2-13C]resorcinol 11
(100 mg, 0.9 mmol) and 40-hydroxy[1,2-13C2]phenylacetic
acid 20 (139 mg, 0.9 mmol) was added boron trifluoride
diethyl etherate (5 mL) under a nitrogen atmosphere. The
mixture was heated at 70–80 8C for 3 h, then cooled, and
poured into saturated sodium acetate (50 mL) and basified
with saturated sodium hydrogen carbonate (40 mL). The
mixture was then extracted with diethyl ether (4£20 mL),
the organic layers combined and concentrated at reduced
pressure to yield a pink gum. This crude product was
purified by column chromatography on silica, eluting with
dichloromethane/ethyl acetate (4:1) to give the desired
product as a white solid (114 mg, 55%) mp 186–188 8C
(lit.30 188–190 8C); nmax (nujol)/cm21 3395 (OH), 1610
(CvO); dH (300 MHz, CD3OD) 7.74 (1H, ddd,
J50,60¼8.9 Hz, JC,H¼4.0, J30,60¼1.2 Hz, H-60), 7.00 (2H, dd,
J200,300¼J500,600¼8.2 Hz, J2,200¼J2,600¼4.1 Hz, H-200 and 600), 6.62
(2H, d, J200,300¼J500,600¼8.2 Hz, H-300 and 500); 6.14 (1H, dd,
JC,H¼160 Hz, J30,60¼1.2, H-30), 6.18–6.32 (1H, m, H-50),
4.01 (2H, dd, JC,H¼128, 6.0 Hz, CH2-2); dC (75.45 MHz,
CD3OD) 203.2 (enhanced, d, J1,2¼44 Hz, C-1), 102.5
(enhanced, C-30), 43.5 (enhanced, d, J1,2¼44 Hz, C-2);
m/z (ES2) 246.0764 ([(M2H)2], 12C11

13C3H12O4 ES2

requires 246.0760).

3.1.13. [3,4,8-13C3]Daidzein (22). Under the protection of a
nitrogen atmosphere, the deoxybenzoin 21 (80 mg,
0.35 mmol) was dissolved in dry DMF (3 mL). Then
DMF dimethyl acetal (0.9 mL, 0.807 g, 6.77 mmol) was
introduced dropwise. The mixture was stirred at room
temperature for 3 h, and then poured into aqueous

hydrochloric acid (1 M, 70 mL) and stirred for a further
2 h. The suspension formed was left at room temperature
overnight. The precipitate was then collected by filtration,
washed with water (3£5 mL), then diethyl ether (3£2 mL)
and dried under vacuum. Further recrystallisation of the
product from methanol gave the pure product as white solid
(72 mg, 80%) mp 221 8C (lit.31 212–214 8C); lmax

(EtOH)/nm 262 (1/23894 dm3 mol21 cm21, lit.36 24,739);
nmax (nujol)/cm21 3360 (OH), 1735 (CvO); dH (300 MHz,
d 6-acetone) 9.6 (1H, s, 7-OH), 8.4 (1H, s, 40-OH), 8.06 (1H,
ddd, J5,6¼8.8 Hz, J4,5¼3.8 Hz (13C–1H coupling),
J5,8¼1.3 Hz, H-5), 8.14 (1H, t, J2,3¼J2,4¼6.4 Hz (13C–1H
couplings), H-2), 7.48 (2H, dd, J20,30¼J50,60¼8.6 Hz,
J3,20¼J3,60¼3.5 Hz (13C–1H coupling), 20 and H-60), 7.0
(1H, m, H-6), 6.9 (1H, dt, J¼162 Hz (13C–1H coupling),
J6,8¼1.9 Hz, H-8), 6.89 (2H, d, J20,30¼J50,60¼8.6 Hz, H-30

and 50); dC (75.45 MHz, d 6-acetone) 178.8 (d, enhanced,
J3,4¼54 Hz, C-4), 126.0 (d, enhanced, J3,4¼54 Hz, C-3),
103.5 (enhanced, C-8); m/z (CI) 258.0750 (MHþ,
12C12

13C3H11O4 requires 258.0758).
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Abstract—Cyclic poly-1,4-diketones 2, obtained by the oxidation of the furan units present in calix[4]furan 1a and calix[6]furan 1c have
been converted into the novel heterocyclophanes 4a and 4c containing four and six isopyrazole units, respectively. Solution studies have
demonstrated the ability of 4a and 4c to act as ligands for transition metals. The crystal structures of 4a and the coordination compound
formed by 4c with 2 equiv. of cis-PtCl2(DMSO)2 have been determined. In the solid state 4c is shown to bind aromatic substrates within its
cavity.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Macrocycles containing aromatic units have been a topic of
active research for many years.1 The aromatic units, being
rigid building blocks, allow the design and synthesis of
molecular cavities having defined spatial characteristics,2

and also serve as binding sites for hosts capable of
interacting with their p-electron systems.3 Benzo rings
have been the most frequently used aromatic subunits, as for
example in the calixarenes.1a,b,f However, heterocyclic rings
are also of equal interest for the construction of cyclophane-
type molecular receptors because the presence of hetero-
atoms provides a means for the incorporation of specific
stereoelectronic characteristics within the macrocyclic
structure.4

As part of our ongoing research on the synthesis of
heterocalixarenes, we have developed effective methods
for the preparation of calix[n]furans (n¼4–12)5 and
explored the conversion of their furan units into other
aromatic systems such as naphthalene6 and pyrrole.7a,b

The conversion of calix[6]furan 1c to calix[6]pyrrole 3c is
based on the use of 1c as the precursor of the cyclic
polyketone 2c,8 which is subjected to the Paal–Knorr
reaction with AcONH4 to give 3c7a,b (Scheme 1). This result

encouraged us to investigate the use of polyketones 2a-c for
the synthesis of macrorings containing heterocyclic units
other than pyrrole.

With this goal in mind, we reacted polyketones 2a-c with
hydrazine hydrate (Scheme 1). In principle, these reactions
can lead to the formation of macrocycles containing either
isopyrazole9 (4a-c) or dihydropyridazine10 units (5a-c),
since the pair of nucleophilic nitrogen atoms of hydrazine
have the potential to react with pairs of carbonyl units
placed in either 1,3- or 1,4- relative positions within the
polyketonic macroring. Both types of heterocyclic units
are interesting components for the construction of hetero-
cyclophanes because of their potential ability to bind a
number of metal cations and also molecules capable of
forming hydrogen bonds with the nitrogen atoms.11,12

2. Results and discussion

Treatment of 2a and 2c with hydrazine hydrate in either
EtOH, or THF gave the isopyrazole-based macrocycles 4a
and 4c, which were easily isolated (35 and 45% yield,
respectively) by column chromatography (SiO2, DCM/
MeOH 95:5). However, decaketone 2b gave a complex
mixture and no evidence for the formation of 4b. Moreover,
none of these reactions produced detectable amounts of
5a-c.

The 1H NMR spectrum of 4a (300 MHz, CDCl3, 20 8C)
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contains a broad signal (centred at d 2.93) for the methylene
protons which indicates a slow conformational mobility of
the macrocycle on the NMR time-scale in this solvent and at
this temperature; however, these methylene resonances
appear as a sharp singlet at d 2.84 in CD3CN. The 1H NMR
spectrum of 4c in CDCl3 shows a sharp singlet for the
methylene protons (d 2.95) and a spectrum consistent with a
time-averaged D6h symmetry in solution. The 13C NMR
spectra of 4a and 4c are almost identical and each shows
four resonances (consistent with D4h and D6h time-averaged
symmetries, respectively, in solution).

Macrocycles 4a and 4c gave single crystals from toluene.
The X-ray structure of 4a (Fig. 1) shows the molecule to
adopt a conformation with an alternating ‘up/down’
orientation of the isopyrazole units and approximate S4

symmetry. The plane formed by the centroids of the
bridging ethylidene units is planar to within 0.16 Å. Rings
A, B, C, and D are inclined by 71, 77, 68, and 588,
respectively, to this plane, with in each case their N–N
bonds being canted towards the macroring centre. The

ethylidene units adopt gauche conformations with torsional
twist angles of 68, 270, 65, and 2658 about C(6)–C(7),
C(13)–C(14), C(20)–C(21), and C(27)–C(28), respect-
ively. The trans-annular centroid–centroid separations of
the diametrically opposite isopyrazole units are 6.4 and
6.5 Å, respectively.

Within the isopyrazole rings there is a distinct pattern of
bond localisation with the CvN and N–N bonds having
average lengths of 1.283(2) and 1.459(2) Å, respectively. A
comparison of these distances with literature values is not
possible as to the best of our knowledge 4a (and the
following related structures) represent the first crystal-
lographically characterised examples of molecules contain-
ing the isopyrazole unit (vide infra).

The structure also contains an included molecule of water of
solvation and though this molecule is disordered there is
evidence that it is involved in H-bonding with N(9) in one
molecule and N(17) of another. There is a stacking of
centrosymmetrically related N(23)-containing isopyrazole
units (centroid–centroid separation of 3.62 Å and mean
interplanar separation of 3.31 Å). There is an analogous
approach between the N(9)-containing pairs of rings, though
here the centroid· · ·centroid separation is much larger at
4.34 Å.

The X-ray structure of 4c (Fig. 2) shows that this molecule
also adopts a conformation having an alternating up/down
orientation of the isopyrazole units. The overall molecular
geometry is here rectangular, with the long sides containing
two isopyrazole units and the shorter ones a single
isopyrazole ring. The overall molecular dimensions are ca.
8.0£12.0 Å, corresponding to the separations of C(20) and
C(20A) and of the centroids of the two isopyrazole rings (B
and B0) occupying the ‘short sides’, respectively.

The molecule is centrosymmetric and the centres of the six
ethylidene linkages are coplanar to within 0.10 Å. Rings A,
B, and C are inclined by 76, 66, and 808, respectively, to this
plane with in each case their nitrogen atoms being oriented
towards the macroring centre. The ethylidene units adopt

Scheme 1.

Figure 1. The X-ray structure of 4a.
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conformations with torsional twist angles of 266, 86,
21668 about C(6)–C(7), C(13)–C(14), C(20)–C(21),
respectively. A toluene molecule is trapped within the
macrocycle cavity and exhibits an in-plane p-xylene-
simulating disorder about the crystallographic centre of
symmetry. Adventitious water molecules (two) are sited
over the periphery of the macrocycle and are hydrogen-
bonded to N(16) and N(16A), geometry: O· · ·N 2.96, H· · ·N
2.08 Å, O–H· · ·N 1668. The other proton of the water
molecule forms an intermolecular hydrogen bond to N(1)
with geometry: O· · ·N 2.95, H· · ·N 2.05 Å, O–H· · ·N 1758.
The stacking of isopyrazole units observed in 4a is not
present in this structure, the separation of the centroids of
the N(9)-containing rings of symmetry related molecules
being 4.56 Å and too long for any significant interaction.

The observation of the trapping of toluene within the cavity
of 4c led us to expect that this macrocycle would also be
able to include p-xylene. The X-ray analysis of single
crystals of 4c obtained from p-xylene confirmed this
hypothesis. The structure (Fig. 3) is isomorphous with that

obtained from toluene and the p-xylene molecule is ordered
about the crystallographic inversion centre. The confor-
mation of the macrocycle is only slightly perturbed,
having overall dimensions of ca. 7.9£12.1 Å. The centres
of the six linking ethylidene groups are coplanar to within
0.08 Å and rings A, B and C are inclined by 75, 59, and 828,
respectively, to this plane; the torsional twists about the
CH2–CH2 bonds are 265, 83, and 21688. The bonding
within the isopyrazole units in 4c·p-xylene does not differ
significantly from that observed in 4a.

As in 4c·2H2O·PhCH3 there are two included water
molecules that are hydrogen-bonded intramolecularly to
N(16) and intermolecularly to N(1); the hydrogen-bonding
geometries [O· · ·N, H· · ·N (Å), O–H· · ·N (8)] are 2.96, 2.07,
170 and 2.99, 2.11, 167, respectively. The small contraction
in the width of the macrocyclic cavity compared with
4c·2H2O·PhCH3 is interesting and may reflect an enhanced
binding of p-xylene relative to toluene. An analysis of
host–guest contacts reveals an overlap between the
isopyrazole N(17)vC(18) bond and the p-xylene p-system;
the distance of N(17) from the plane of the p-xylyl ring
is 3.47 Å. This interaction is consistent with the electron-
rich character of the p-xylyl unit and the p-electron
deficient nature of the diene residue in isopyrazoles.13

This binding is supplemented by a C–H· · ·p interaction
between one of the hydrogen atoms in each p-xylene methyl
group and one of the CvN bonds in rings B and B0; the
H· · ·bond–centroid distance is 2.89 Å and the C–H· · ·p
angle is 1618.

We were unable, however, to observe any relevant
complexation induced shifts in the 1H NMR spectra of 4c
in CDCl3, CD2Cl2 and CD3CN upon addition of either
toluene or p-xylene.

Pyrazole-based ligands have been widely studied for their
ability to form coordination compounds with transition
metals.11 However, in almost all cases, the pyrazole unit in
these ligands is ‘aromatic’ and in a deprotonated (pyrazo-
lato) form. Indeed, to the best of our knowledge and prior to
this study, only very few coordination compounds of
isopyrazoles have been reported14 and none of these have
been crystallographically characterised.

Thus we decided to test the ability for 4a and 4c to form
coordination compounds with selected transition metal ions.
We treated methanolic solutions of both 4a and 4c with
Cu(ClO4)2 (1:2 and 1:3 molar ratios, respectively). This led
to an immediate change in colour (from almost colourless to
dark blue), followed by the formation of dark precipitates
which were insoluble in common solvents (including water,
and DMSO). An attempt to confirm the nature of metal
complexation of the ligand by IR spectroscopy was hindered
by the fact that the characteristic absorptions associated
with the CvN stretch were obscured by the perchlorate
counterion. For this reason, we did not pursue the study of
these precipitates any further.

Subsequently we treated 4a and 4c with cis-PtCl2(DMSO)2

or cis-PtMe2(DMSO)2. These platinum compounds15 were
chosen because their coordinated DMSO molecules are
easily replaced by nitrogen-based ligands.16

Figure 2. The X-ray structure of 4c.

Figure 3. Space-filling representation of the solid-state structure of 4c·p-
xylene.
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The 1H NMR spectrum of 4a and PtCl2(DMSO)2 (CDCl3,
1:1 ratio, 5£1023 M) revealed, within a few minutes of
mixing, the almost predominant formation of stoichiometric
coordination compounds between PtCl2 and the macro-
cycle—as confirmed by the appearance of the typical
resonance for ‘free’ DMSO (d 2.62, compared to d 3.53 for
Pt-coordinated DMSO).16b The displacement of DMSO
from the Pt centre appears to be the prevailing process until
2 mol of PtCl2(DMSO)2 are added. Further addition of
PtCl2(DMSO)2 does not produce quantitative displacement
of DMSO from the Pt centre. Changes in the spectrum of 4a
upon addition of PtCl2(DMSO)2 include the appearance of
novel and complex sets of resonances for the macrocycle
methyl groups, which point to the likely existence of a
mixture of coordination compounds having not only various
stoichiometries, but also different regio- and stereo-
chemistries. A very similar behaviour is also observed in
CD3CN.

Further evidence for the formation of various coordination
compounds was obtained by the positive ESI-MS spec-
trum17 of a mixture of 4a and PtCl2(DMSO)2 (1:2 in
CH3CN, recorded within minutes after mixing); the
significant peaks and the related assignments are listed in
Table 1.

When 4a was treated with 1 equiv. of cis-PtMe2(DMSO)2 in
CDCl3, the most significant resonances observed in the 1H
NMR spectrum were at d 0.56 for the Pt coordinated Me
units 2J (PtCH) 86 Hz, at d 1.11, 1.15, and 1.35 ppm (2:1:1
intensity ratio, respectively) for the macrocycle methyl
units, and a set of multiplets centred at 2.91, 3.22, and
3.51 ppm (1:2:1 intensity ratio, respectively) for the
methylene groups. There were no resonances for Pt
coordinated DMSO molecules, and only those for the free
DMSO molecules were present.

These data are consistent with the prevalent formation of a
1:1 complex [(4a)PtMe2] in which two nitrogen atoms of
two different but adjacent isopyrazole units are coordinated
to the metal centre in a way similar to that observed in the
solid state for the larger analogue 4c (vide infra).

The addition of 2 equiv. of cis-PtMe2(DMSO)2 produced
changes in the spectra consistent with the dominant
formation of a coordination compound with composition

[Me2Pt(4a)PtMe2]. Apart from the Pt–Me resonances (d
0.55, 2J (PtCH) 86 Hz) there were only two signals for the
methyl groups of the macrocycle (d 1.14 and 1.34, 1:1 ratio)
and two multiplets for the methylene protons (centred at d
3.21 and 3.50 ppm, 1:1 ratio). These data suggest the
predominant formation of the coordination compound
shown in Fig. 4 (we exclude a syn-geometry for the PtMe2

units because of unfavourable steric interactions).

The reaction mixtures of 4c with either PtCl2(DMSO)2 or
PtMe2(DMSO)2 (various stoichiometric proportions in
CDCl3) gave complex 1H NMR spectra. However, it was
evident that the nitrogen units of 4c are capable of replacing
either one or both of the DMSO ligands at the Pt centre (free
DMSO molecules are formed) whereas the singlets
observed for the methyl and methylene protons in the
non-coordinated macrocycle give rise to multiple signals.
The positive ESI-MS spectrum of the reaction mixture of 4c
with PtCl2(DMSO)2 (1:2 in CH3CN) shows a much more
complex set of peaks. Initial attempts to interpret these
patterns in terms of simple stoichiometric coordination
ratios was not possible. Alternative scenarios invoking the
formation of mixed platinum complexes wherein some of
the chloride ligands are replaced by acetonitrile gave a
better (but not perfect) fit with the observed mass spectrum.

The CDCl3 solution of 4c with 2 equiv. of PtCl2(DMSO)2

gave very small colourless crystals suitable for X-ray
analysis. The structure revealed that these crystals were the

Table 1. Data for the positive ESI-MS spectrum of the reaction mixture
formed by 4a with PtCl2(DMSO)2 (1:2) in CH3CN

m/za [Assignment] Rel. int. (%)

489 [MþH]þ 100
511 [MþNa]þ 33
516b [2MþFe]þþ 60
527 [MþK]þ 28
797 [MþHþPtCl(DMSO)]þ 22
977 [2MþH]þ 5
1063 [MþPtCl2PtCl(DMSO]þ 52
1141 [MþPtCl2PtCl(DMSO)2]þ 7
1485 [MþPtCl2PtCl2(DMSO)PtCl(DMSO)2]þ 4

a The m/z values indicated relate to the most abundant peak within the
isotopic pattern calculated for the given composition.

b The presence of iron is presumed to be due to interactions with the metal
components of the injection device.

Figure 4. Schematic representation of the 1:2 complex formed between 4a
and PtMe2.

Figure 5. The X-ray structure of the [Cl2Pt(4c)PtCl2].
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C2 symmetric bis-platinum complex [Cl2Pt(4c)PtCl2]
illustrated in Figure 5.

As was postulated for 4a, the platinum atoms are
coordinated to nitrogen atoms of adjacent pairs of
isopyrazole rings. The platinum atoms are localised on
one side of the molecule bridging between the isopyrazole
rings positioned at the corners of the rectangular shaped
macrocycle and lie one ‘above’ and one ‘below’ the mean
plane of the macrocycle. This mode of coordination
produces a helical twist of the macroring of ca. 458 about
the axis joining the centroids of B and B0 isopyrazole units
(Fig. 5). The macrocycle has a conformation with a ‘down/
down/up/down/up/up’ pattern for the N–N bonds compared
with the regularly alternating up/down arrangement seen in
both 4a and 4c·toluene/p-xylene. The conformation and
overall dimensions of the macrocycle (ca. 4.5£9.7 Å) are
very different in the complex compared with those in the
toluene and xylene adducts, exhibiting a contraction in both
the length and breadth but retaining an anti geometry for the
ethylidene linkages in the two ‘long’ sides. Most noticeable
is the substantial reduction in the breadth, the macrocycle
being effectively self-filling. Another feature that emerges
from this structure is that once the first two PtCl2 ligands
have been coordinated in the geometry observed, the
conformation of the macrocycle is constrained such that
only one further PtCl2 unit can in principle be coordinated
after flipping of one of the remaining pair of non-
coordinated isopyrazole rings.

The structure is heavily solvated with chloroform
molecules, some of which are ordered, but many that are
not and which could not be resolved. The poor quality of the
crystals, their instability (two different crystals had to be
used for the limited resolution data collection) and their
tendency to desolvate spontaneously on removal from
solution resulted in relatively large errors in the derived
bond lengths and angles. The Pt–Cl and Pt–N distances (av.
2.298(6) and 1.96(2) Å, respectively) are unexceptional and
comparable with those seen in for example a dinuclear
complex of platinum with 4,40-dipyrazolylmethane.18 An
analysis of the geometries of the isopyrazole rings is,
however, not meaningful because of the large estimated
standard deviations in their bond lengths. An analysis of the
packing of the molecules revealed no important inter-
complex interactions but did show the presence of a network
of large channels that extend through the crystal in the c
direction (Fig. 6).

3. Conclusions

The isopyrazole-containing macrocycles described here are
easily obtained in satisfactory yields from the appropriate
calixfuran precursors. These macrocycles have been shown
to form coordination compounds with platinum complexes
and are likely to coordinate other transition metals as well.
The larger ‘hexameric’ macrocycle 4c is also capable of
complexing aromatic substrates by inclusion, though this
property has only been proven in the solid state. The diene
components of the isopyrazole units are also capable of
undergoing cycloadditions, thereby offering a further means
to manipulate these macrocyclic systems synthetically. We

are currently exploring the use of these compounds for the
selective extraction of metal ions from aqueous into organic
phases.

4. Experimental

4.1. General methods and instrumentation

All chemicals were standard reagent grade and were used
without further purification. All air-sensitive and/or
moisture sensitive reactions were conducted under a dry
argon atmosphere. Thin layer chromatography (TLC) was
conducted on Merck SiO2 60 F254 plastic plates. Com-
pounds were visualised with iodine, vanillin, or by
examination under UV light. Column chromatography was
conducted on Aldrich Silica gel 230–400 mesh, 60 Å. 1H
and 13C NMR spectra were recorded on a Varian Gemini-
300 at 300 and 75 MHz, respectively, using the residual
proton resonances of the solvents (CDCl3, CD3CN and
CD2Cl2) as d reference. Electron impact mass spectra
(EI-MS) were measured on a Finnigan Mat 90 spectrometer
operated by Dr Marcello Saitta. Electrospray ionisation
mass spectra (ESI-MS) were recorded on a Marinere
(PerSeptive Biosystems) electrospray ionisation-time of
flight (ESI-TOF) mass spectrometer using the following
conditions: spray tip potential, 4000 V; nozzle potential,
85 V; detector voltage 2200 V; nozzle temperature 140 8C.
The samples, dissolved in CH3CN at a concentration of
about 1026 M, were introduced at a flow rate of 7 mL/min.
IR spectra were recorded on a Mattson Genesis II FT-IR
spectrometer in mineral oil mull using NaCl disks. Melting
points were determined on a Kofler hot stage apparatus, and
are not corrected.

The syntheses for compounds 1, 2, and 3 have been reported
elsewhere.5a,7,8

Figure 6. Space-filling representation of the packing in the solid state of
molecules of [Cl2Pt(4c)PtCl2] showing the honeycomb pattern of channels
that extend in the crystallographic c direction.
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4.1.1. Macrocycle 4a. N2H4·H2O (573 mg, 0.55 mL,
11.40 mmol) was added to a solution of octaketone 2a
(960 mg, 1.90 mmol) in THF (50 mL) and the mixture was
refluxed for 4 h. After removal of the solvent at reduced
pressure, the crude product was subjected to column
chromatography (SiO2, CH2Cl2/MeOH, 95:5) to give a
major fraction which was crystallized from toluene:
330 mg, 35%, mp 262–264 8C; 1H NMR (CD3CN) d:
1.06 (s, 24H, CH3), 2.84 (s, 16H, CH2); 13C NMR (CDCl3)
d: 19.7 (CH3), 21.9 (CH2), 60.0 [C(CH3)2], 181.6 (CvN);
EI-MS: 489 (Mþ1)þ; selected IR absorptions: 1637 (w),
1577 (m) cm21. Anal. Calcd for C28H40N8·C7H8·H2O: C,
70.20; H, 8.42. Found: C, 70.02; H, 8.39.

4.1.2. Macrocycle 4c. N2H4·H2O (90 mg, 1.78 mmol) was
added to a suspension of dodecaketone 2c (150 mg,
0.20 mmol) in THF (10 mL) and the mixture was refluxed
for 4 h. After removal of the solvent at reduced pressure, the
crude product was subjected to column chromatography
(SiO2, CH2Cl2/MeOH, 95:5) to give a major fraction which
was crystallized from toluene: 60 mg, 41%; mp.260 8C
from p-xylene; 1H NMR (CDCl3) d: 1.12 (s, 36H, CH3),
2.92 (s, 24H, CH2); 13C NMR (CDCl3) d: 20.2 (CH3), 22.0
(CH2), 60.1 [C(CH3)2], 182.0 (CvN); EI-MS: 733
(Mþ1)þ; selected IR absorptions: 1630 (w), 1570
(m) cm21. Anal. Calcd for C42H60N12·C7H8·2H2O: C,
68.34; H, 8.43. Found: C, 68.38; H, 8.31.

A summary of the crystal data, data collection, and
refinement parameters for the structures reported in this
paper is given in Table 2. Crystallographic data (excluding
structure factors) have been deposited with the Cambridge
Cryatallography Data Centre as supplementary publication
numbers CCDC 214699-214702. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [fax:þ44-1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk].
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F., Ed.; Springer: Berlin, 1983; Vol. 115. (i) Cyclo-phanes,

and cyclophanes II, organic chemistry; Keehn, P. M.,

Rosenfeld, S. M., Eds.; Academic: New York, 1983; Vol. 45.

2. (a) Rudkevich, D. A. Bull. Chem. Soc. Jpn 2002, 75, 393–413.

(b) Holman, K. T.; Pivovar, A. M.; Swift, J. A.; Ward, M. D.

Acc. Chem. Res. 2001, 34, 107–118. (c) MacGillivray, L. R.;

Atwood, J. L. Angew. Chem. Int. Ed. 1999, 38, 1018–1033.

3. (a) Meyer, E. A.; Castellano, R. K.; Diederich, F. Angew.

Chem. Int. Ed. 2003, 42, 1210–1250. (b) Carver, F. J.; Hunter,

C. A.; Livingstone, D. J.; McCabe, J. F.; Seward, E. M. Chem.

Eur. J. 2002, 8, 2847–2859. (c) Aschi, M.; Mazza, F.; Di

Nolab, A. J. Mol. Struct. (THEOCHEM) 2002, 587, 177–188.

(d) Adams, H.; Jimenez Blanco, J.-L.; Chessari, G.; Hunter,

C. A.; Low, C. M. R.; Sanderson, J. M.; Vinter, J. G. Chem.

Eur. J. 2001, 7, 3494–3503. (e) Takahashi, O.; Kohno, Y.;

Iwasaki, S.; Saito, K.; Iwaoka, M.; Tomoda, S.; Umezawa, Y.;

Tsuboyama, S.; Nishio, M. Bull. Chem. Soc. Jpn 2001, 74,

2421–2430. (f) Takahashi, H.; Tsuboyama, S.; Umezawa, Y.;

Honda, K.; Nishio, M. Tetrahedron 2000, 56, 6185–6191.

(g) Gokel, G. W.; De Wall, S. L.; Meadows, E. S. Eur. J. Org.

Chem. 2000, 2967–2978. (h) Ma, J. C.; Dougherty, D. A.

Chem. Rev. 1997, 97, 1303–1324.

4. (a) Vysotsky, M.; Saadioui, M.; Böhemer, V. In Calixarenes
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Abstract—Combinatorial development of new catalysts with phosphodiesterase and esterase activities requires specific fluorescent probes
for rapid visual detection of hydrolytic activity. Such fluorescent probes have been synthesized with special attention to solubility in water
and stability towards spontaneous hydrolysis at a given pH. The probes reported here include compound 5 based on a fluorescein fluorophore,
compound 12 for FRET-detection of phosphodiester hydrolysis and compound 25 based on a quinolinium fluorophore.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Combinatorial chemistry1 has a major impact on catalyst
discovery and optimization.2 However, the application of
combinatorial techniques to this subject requires new
high throughput screening methods to monitor a large
number of reactions in a quick and simple way.2a – g,3

While pursuing combinatorial approaches to the develop-
ment of molecular catalysts for the hydrolysis of phospho-
diesters and carboxylic esters, we became interested in
the preparation and characterization of novel substrate
probes that would allow to monitor hydrolysis reactions, by
means of appearance of fluorescence. Our goal was to
provide substrates that allow rapid qualitative visual
screening of compound libraries for catalytic activity in
phosphodiester and carboxylic ester hydrolyses. We were
certainly led by known fluorescent probes for enzyme
assays, but we did not intend to use these substrates for that
purpose.

To design these substrates, we focused on the excellent
fluorescent properties of fluorescein,4 which possesses a
relatively high absorptivity and excellent quantum yield.
Fluorescein esters have been used previously as fluorescent
probes to determine esterase activities. Guilbaut and
Kramer5 reported a study of the hydrolysis of various
fluorescein esters by lipases. Also, p-guanidinobenzoic acid
esters of fluorescein have been used as active site titrants of

serine proteases6 and water insoluble fluorescein mono-
esters, for example, 30- or 60-laureates or myristates, have
been used for medicinal applications, determining the
activity of pancreas enzymes, lipases or of chymotrypsin
in blood, duodenal fluid, or urine.7 Moreover, the use of
fluorescein in the preparation of fluorogenic substrates to
continuously monitor the activity of the enzyme phospha-
tidylinositide-specific phospholipase C has been previously
described8 and Scheigetz and co-workers9 have prepared
30,60-fluorescein diphosphate and different fluorescein
monophosphates for highly sensitive and continuous protein
tyrosine phosphatase assays.

We therefore wanted to synthesize non-fluorescent esters of
fluorescein, which upon hydrolysis liberate the fluorescent
fluorescein molecule. Fluorescent probes of that nature
could be used in concentrations of up to 1023 M, which is
necessary to ensure a reasonable reaction rate on reaction
with a catalyst which is present in even lower concentration.
If one aims at fluorescent probes which could be used at
much lower concentration, one can turn to FRET-based
systems,10 see for instance the system described by
Berkessel and co-workers.11 This methodology requires
the presence of a fluorophore and a quencher group linked
through an ester or phosphodiester bond. Upon irradiation, a
rapid energy transfer occurs between these two parts and the
phosphodiester does not fluoresce. When hydrolysis occurs,
the fluorophore and the quencher are separated and the
internal quenching is disrupted with the consequence that
fluorescence can be observed. In the design of our catalytic
systems, we tried to emulate nature using aqueous media.
Therefore, the fluorescent probes of interest to us should be
soluble in water over a broad concentration range and
should be stable towards spontaneous hydrolysis at a given
pH.
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2. Results and discussion

2.1. Phosphodiester probes

Taking into consideration the wide importance of the
phosphodiester linker in nature, we wanted to prepare
fluorogenic substrates to continuously monitor phospho-
diesterase activity of artificial catalysts. We therefore
targeted phosphodiesters of fluorescein. For their prepa-
ration, we used the dichloridite procedure previously
developed for the synthesis of oligonucleotides.12 In this
vein, dichloridite 2 was reacted sequentially at 278 8C with
methyl-fluorescein 1 and MeOH (Scheme 1). In situ
oxidation at rt with t-BuOOH gave a mixture of two
products that could be separated by column chroma-
tography: the phosphate 3 in 31% yield, and the product 4
resulting from the coupling of two molecules of methyl-
fluorescein 1 to dichloridite 2 in 12% yield (Scheme 1).
Product 3 was subsequently demethylated by treatment with
t-BuNH2 under reflux, affording phosphodiester 5 in 87%
yield after crystallization. The isopropyl group present in
phosphate 4 was cleaved by treatment with BCl3 to give the
corresponding phosphodiester 6 in 85% yield (Scheme 1).

For the preparation of a FRET-based system, we aimed at
one which would quickly detect phosphodiesterase activity
of potential catalysts by using a fluorophore, which could be
excited by a simple UV-lamp (labs<360 nm) and which
would produce a visible fluorescence (lem.500 nm) upon
hydrolysis of the phosphodiester bond. We therefore

modified the Berkessel system and focused on compound
12 shown in Scheme 2. We envisaged that compound 12
would be a suitable substrate, which allows to detect
hydrolysis by simple visual observation of fluorescence
avoiding the use of spectrophotometers. The synthesis of 12
started with the separate preparation of both the fluorophore
7 and the quencher 10 following procedures described in the
literature (Scheme 2).13,14 For the combination of these two
parts, the phosphoramidite coupling method developed by
Beaucage and Caruthers15 for the synthesis of oligonucleo-
tides was used. Thus, fluorophore 7 was reacted with
phosphoramidite 8 to afford compound 9 in 61% yield
(Scheme 2). Afterwards, compound 9 could be coupled with
the azo-derivative 10 in the presence of tetrazole, and the
crude product was oxidized in situ with t-BuOOH to give
the phosphate 11 in 64% yield. The last step was the
cleavage of the methyl ester group in 11 using Me3SiBr16 to
form the desired phosphodiester 12 (Scheme 2).

2.2. Carboxylic ester probes

Aiming at water soluble fluorescent probes capable of
indicating hydrolysis of carboxylic esters, the attachment of
polyol units to fluorescein derivatives was envisioned as a
method to increase solubility in water. This could be done
either through a polyol moiety bound via the phenolic
hydroxyl group to fluorescein or by a polyol group bound
via a carboxyl link to the fluorescein core.

Regarding the first approach, our synthetic targets were

Scheme 1.
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compounds 16 and 18, having a diol moiety to increase
solubility in water (Scheme 3). These compounds were
prepared starting from commercially available fluorescein
13 in the following way: the magnesium salt of fluorescein
was reacted with glycidol to afford diol 14 in 44% yield.
After protection of the diol function as a ketal, the phenolic
hydroxyl group of 15 was reacted with acetyl chloride,
affording ester 16 directly in 64% yield (Scheme 3), as ketal
deprotection took place during the work-up. Likewise
compound 15 was treated with chloroacetyl chloride to
give compound 17 in 78% yield. After purification by flash

chromatography ketal deprotection was achieved under
essentially neutral conditions with cerium ammonium
nitrate17 in 96% yield (Scheme 3).

Unfortunately, despite the presence of a diol group, did the
solubility in water of neither 16 nor 18 exceed 1025 M.

In order to test other possibilities, we turned to carboxy-
fluorescein 19 to introduce a polyol unit attached via the
pendant carboxyl group. Thus, acetylcarboxyfluorescein
20 was coupled to the triethanolamine derivative 21 using
O-benzotriazolyl-N,N,N0,N0-tetramethyluronium tetrafluoro-
borate in 54% yield and the tert-butyldimethylsilyl groups
of intermediate 22 were removed by treatment with 5% aq.
HF, yielding compound 23 in 97% yield (Scheme 4).

However, again the solubility of compound 23 in water did
not exceed 1025 M. Likewise, the solubility of diacetyl-
carboxyfluorescein 20, a potential candidate, was also
around 1025 M.

Due to the difficulties to increase the water solubility of
fluorescein derivatives, we were intrigued by a study of
Menger and co-workers18 who tested the activity of some
esterases like acetylcholinesterase and chymotrypsin, using
carboxylic esters derived from 7-hydroxyquinoline 24. The
synthesis of compounds 25 was achieved by acylating
7-hydroxyquinoline 24 with an anhydride or an acid chloride
and treating the resulting esters with MeI (Scheme 5).

Scheme 2.

Scheme 3.

Scheme 4.

Scheme 5.
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The water solubility of this class of fluorescent probes
was in all cases, larger than 1022 M providing a set of
compounds which should allow easy visual detection of
ester hydrolysis when exposed to potential catalysts.

3. Testing

In order to characterize the new fluorescent probes in a
qualitative manner, these were first subjected to stability

Table 1. Qualitative characterization of fluorescent probes

Fluorescent probes Solubility Stability Enzymatic assaya Outcomeb

5 .1023 M, pH¼8.8c 1 d, 1023 M, pH¼8.8c PDId 10 min, 1023 M, pH¼8.8c Green fluorescence

12 1025 M, pH¼8.8c 6 h, 1025 M, pH¼8.8c PDI,d 10 min, 1026 M, pH¼8.8c Green fluorescence

16 1025 M, pH¼7.0e 6 h, 1025 M, pH¼7.0e PPL,f 10 min, 1025 M, pH¼7.0e Green fluorescence

18 1025 M, pH¼7.0e 2 h, 1025 M, pH¼7.0e PPL,f 10 min, 1025 M, pH¼7.0e Green fluorescence

20 1025 M, pH¼8.8c 2 d, 1025 M, pH¼8.8c PPL,f 10 min, 1025 M, pH¼8.8c Green fluorescence

23 1025 M, pH¼8.8c 1 d, 1025 M, pH¼8.8c —g —g

25ah .1022 M, pH¼7.0e 2 h, 1023 M, pH¼7.0e —g —g

25bh .1022 M, pH¼7.0e 3 h, 1023 M, pH¼7.0e PPL,f 20 min, 1023 M, pH¼7.0e Green fluorescence

25ci .1022 M, pH¼7.0e 24 h, 1023 M, pH¼7.0e PPL,f 120 min, 1023 M, pH¼7.0e Green fluorescence

25di .1022 M, pH¼7.0e 30 h, 1023 M, pH¼7.0e PPL,f 240 min, 1023 M, pH¼7.0e Green fluorescence

a All enzymatic assays were done taking 1 mL of a stock solution of the corresponding fluorescent probe in the buffer and concentration quoted and adding the
enzyme as solid.

b The estimated visual detection threshold of all the probes is below 1026 M.
c 0.1 M AMPSO buffer {3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid}.
d Phosphodiesterase I (EC 3.1.4.1, type IV from crotalus atrox crude dried venom): 10 mg, 0.1 units.
e 0.1 M HEPES buffer [N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid)].
f Porcine pancreas lipase (EC 3.1.1.3. type II, crude): 4 mg, 50 units.
g Compound not tested because of a lack of enough material.
h A 1023 M solution of this compound in water shows a blue color.
i A 1023 M solution of this compound in water shows a violet color.

F. Caturla et al. / Tetrahedron 60 (2004) 1903–19111906



tests at pH 7 or 8.8. Lacking active synthetic catalysts at this
stage of our work we tested the viability of our probes by
subjecting them to cleavage by phosphodiesterase I or
porcine pancreas lipase under buffered conditions. The
results reported in Table 1 reflect the appearance of color as
determined by the naked eye.

As we can see from the table, the fluorescein derived
phosphodiester 5 showed good solubility in water
(.1023 M) and is stable in aqueous pH 8.8 buffer
safely over one day. Phosphodiester 6 was not tested
because of a lack of enough material. In the case of the
phosphodiester 12, its solubility in water was only around
1025 M, but higher concentrations are anyhow not tolerated
if the FRET technique is to be applied to monitor ester
hydrolysis.

Turning to the carboxylic esters 16 and 18, they showed a
low solubility in water (1025 M as maximum) and also low
stability towards spontaneous hydrolysis.

The problem of insufficient stability was overcome with
compounds 20 and 23 derived from carboxyfluorescein 19,
stability in the buffer system extended to around 2 d for
compound 20. The solubility of compounds 20 and 23 in
water is still low (1025 M). The triol moiety therefore did
not contribute too much to increase the solubility in water.
Nevertheless the strong green fluorescence emitted by the
fluorophore can easily be detected, once the carboxylic ester
is hydrolyzed.

In the case of the quinolinium derivatives shown in
Table 1, the solubility was not a problem, being higher
than 1022 M. The stability to spontaneous hydrolysis
ranges from 2 h, for compound 25a, to 30 h in the
case of compound 25d. Therefore, compounds 25a and
25b are too labile to be considered useful fluorescent
probes.

In summary, the best fluorescent probe for monitoring the
cleavage of phosphodiesters is compound 5. Regarding
fluorescent probes for cleavage of carboxylic esters, the best
candidates are compound 20, derived from carboxyfluor-
escein 19 and the quinolinium derivatives 25c and 25d,
showing good solubility in water and a useful stability
against spontaneous hydrolysis.

4. Experimental

4.1. General

All temperatures quoted are not corrected. Reactions were
carried out under dry nitrogen or argon. 1H and 13C NMR
spectra were recorded on Bruker ARX-200 and AC-300
spectrometers. Spectra were recorded for ca. 0.2 mM
solutions in CDCl3 (99% d), which was also used as an
internal standard. Coupling constants are quoted in Hz.
Flash chromatography was run using silica gel Si 60
(40–63 mm, E. Merck AG, Darmstadt). Electron impact
(EI, 70 eV) mass spectra were recorded on a Varian CH 7A
instrument.

4.2. 30-(Isopropoxy(methoxy)phosphoryl(-60-methoxy-
spiro(isobenzo-furan-1(3H)-90(90H)-xanthen(-3-one (3)
and isopropylbis{60-methoxy-spiro[isobenzofuran-
1(3H)-90(90H)-xanthen]-3-one-30-yl}phosphate (4)

Pyridine (1 mmol, 81 mL) was added via syringe to a
solution of PriOPCl2 219 (0.265 mmol, 43 mg) in dry THF
(0.35 mL) maintained at 278 8C in a small flask equipped
with a septum cover. To the solution was added methyl-
fluorescein (0.24 mmol, 83 mg) dissolved in 0.65 mL of dry
THF. After a total of 10 min, methanol (0.19 mmol) was
added (via syringe). The solution was maintained for 15 min
at 278 8C. The reaction mixture was warmed to rt and to it
was added a solution of t-BuOOH in CH2Cl2 (7 M, 125 mL).
After 2 h at rt, H2O was added and the aqueous phase was
extracted with CHCl3 (3£15 mL). The organic layer was
dried (MgSO4) and concentrated to afford a residue which
was purified by flash chromatography (eluent: CH2Cl2/
EtOAc: 93/7), yielding phosphates 3 and 4 with the yield
mentioned in the text. Compound 3. Rf¼0.36 (CHCl3/
EtOAc: 9/1). 1H NMR (200 MHz, CDCl3): d¼1.38 (m, 6H),
3.84 (s, 3H), 3.86 (d, J¼14.0 Hz, 3H), 4.79 (m, 1H), 6.64–
6.79 (m, 5H), 7.19 (m, 2H), 7.66 (m, 2H), and 8.03 (d,
J¼7.0 Hz, 1H). 13C NMR (50 MHz, CDCl3): d¼23.6, 54.7,
54.9, 55.6, 74.3, 74.4, 82.5, 100.9, 108.5, 111.0, 112.0,
115.8, 116.0, 124.0, 125.1, 126.6, 129.0, 129.4, 129.9,
135.1, 152.1, 152.3, 153.1, 161.5, and 169.3. 31P NMR
(81 MHz, CDCl3): d¼25.98. HR-MS: C24H20PO8–CH3

requires 467.0896; found 467.0903. Compound 4. Rf¼0.57
(CHCl3/EtOAc: 9/1). Mp 97–99 8C. 1H NMR (200 MHz,
CDCl3): d¼1.41 (m, 6H), 3.83 (s, 6H), 4.94 (m, 1H), 6.64–
7.00 (m, 10H), 7.17 (m, 4H), 7.65 (m, 4H), and 8.03
(d, J¼7.0 Hz, 2H). 13C NMR (50 MHz, CDCl3): d¼23.5,
25.8, 55.6, 75.8, 82.3, 100.9, 108.7, 110.9, 112.1, 115.8,
116.5, 123.9, 125.1, 126.5, 129.0, 129.6, 129.9, 135.2,
151.6, 152.1, 152.2, 153.0, 161.5, and 169.2. 31P NMR
(81 MHz, CDCl3): d¼213.10. m/z 360 (Mþ2436, 8%).
HR-MS: C20H10PO5 requires 360.0188; found 360.0981.

4.3. tert-Butylammonium isopropyl-{60-methoxy-spiro-
(isobenzofuran-1(3H)-90(90H)-xanthen(-3-one-30-
yl}phosphate (5)

A solution of phosphate 3 (230 mg) in t-BuNH2 (140 mL)
was heated at reflux for 8 h. The solvent was removed at
reduced pressure affording a solid which was recrystallized
from EtOAc/hexane to afford 200 mg of pure phospho-
diester 5 (87%). Rf¼0.27 (CHCl3/MeOH: 9/1). Mp 205–
206 8C. 1H NMR (200 MHz, CDCl3): d¼1.20 (d, J¼ 6.2 Hz,
6H), 1.31 (s, 9H), 3.83 (s, 3H), 4.50 (m, 1H), 6.58–7.24 (m,
7H), 7.63 (m, 2H), and 8.01 (m, 1H). 13C NMR (50 MHz,
CDCl3): d¼23.9, 27.7, 51.4, 55.6, 70.5, 83.0, 100.9, 107.7,
107.8, 111.1, 111.7, 113.6, 116.0, 116.1, 123.8, 125.0,
126.8, 128.7, 129.0, 129.7, 135.0, 151.9, 152.5, 153.2,
154.7, 154.8, 161.4, and 169.4. 31P NMR (81 MHz, CDCl3):
d¼26.23. m/z 466 (Mþ2H3NþBut-1, 2%). HR-MS:
C24H20O8P requires 467.0894; found 467.1537.

4.4. Bis{60-methoxy-spiro[isobenzofuran-1(3H)-90(90H)-
xanthen]-3-one-30-yl}phosphate (6)

To a solution of phosphate 4 (48 mg, 0.06 mmol) in dry
CH2Cl2 (4 mL) was added with stirring a 1 M solution of
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BCl3 in heptane at 210 8C. The stirring was continued
under N2 for 45 min at the same temperature, and then 1 M
HCl was added. The resulting mixture was extracted with
EtOAc (3£15 mL). The organic phase was washed with
H2O, dried (MgSO4) and concentrated to afford 38 mg (85%
yield) of phosphodiester 6, essentially pure. Rf¼0.24
(CHCl3/MeOH: 85/15). Mp 198 – 200 8C. 1H NMR
(200 MHz, CDCl3): d¼3.69 (s, 6H), 6.50–7.11 (m, 14H),
7.51 (m, 4H), 7.90 (m, 2H), and 8.60 (br s, 1H). 13C NMR
(50 MHz, CDCl3): d¼55.7, 100.7, 108.6, 111.2, 111.2,
112.6, 116.2, 116.5, 124.3, 125.4, 126.6, 129.0, 129.4,
129.9, 135.0, 152.2, 152.6, 162.1, and 169.1. 31P NMR
(81 MHz, CDCl3): d¼212.20. m/z 360 (Mþ2395, 66%).
HR-MS: C20H10PO5 requires 360.0188; found 360.0981.

4.5. N-[2-(Diisopropylamino-methoxyphosphoxy)ethyl]-
5-dimethylamino-1-naphthalenesulfonamide (9)

Chloro(diisopropylamino)methoxyphosphine 8 (268 mg,
1.35 mmol) was added to a solution of compound 7
(200 mg, 0.679 mmol) in CH2Cl2 (3 mL), containing
diisopropylethylamine (473 mL, 2.7 mmol). The mixture
was stirred for 35 min at rt. The resulting solution was
diluted with CH2Cl2 (50 mL) and washed with 5% aq.
NaHCO3 (2£25 mL), brine (820 mL), dried (MgSO4),
filtered and concentrated. The crude phosphoramidite was
purified by chromatography (5 g of silica gel, prewashed
with a mixture of pentane/EtOAc/Et3N: 50/50/1). The
product was eluted with the same mixture and evaporation
of appropriate fractions gave the phosphoramidite as a
yellow oil (71% yield). Rf¼0.53 (pentane/EtOAc/Et3N: 50/
50/1). 1H NMR (300 MHz, CDCl3): d¼1.00 (d, J¼6.8 Hz,
6H), 2.78 (s, 6H), 2.99 (t, J¼5.83 Hz, 2H), 3.16 (d, J¼
12.8 Hz, 3H), 3.39–3.48 (m, 4H), 6.56 (t, J¼9.8 Hz, 1H),
7.16 (m, 1H), 7.47–7.55 (m, 2H), and 8.11–8.48 (m, 2H).
31P NMR (81 MHz, CDCl3) d¼149.5. 13C NMR (50 MHz,
CDCl3): d¼25.0, 43.2, 45.3 (d, J¼13.5 Hz), 50.5 (d, J¼
10.06 Hz), 62.5 (d, J¼17.1 Hz), 115.4, 119.2, 123.5, 128.6,
129.7, 130.0, 130.3, 130.4, 135.1, 137.0.

4.6. 2-(5-Dimethylamino-1-naphthalenesulfonyl-
amide)ethoxy-4-(4-dimethyl-aminophenylazo)-phenyl-
methylphosphate (11)

A solution of phosphoramidite 9 (196 mg, 0.43 mmol) in
dry and acid free CH2Cl2 (2 mL) was added to a solution of
the azo-compound 10 (103 mg, 0.43 mmol) in CH2Cl2
(1 mL) containing tetrazole (1.9 mL, 0.45 M in CH3CN).
The mixture was stirred for 2 h and then t-BuOOH (3 M
solution in isooctane, 430 mL) was added and this mixture
was stirred for an additional hour. The resulting solution
was diluted with CH2Cl2 (30 mL) and washed with 5% aq.
NaHCO3 (2£15 mL), brine (20 mL), and dried (MgSO4).
The solution was filtered and evaporated under vacuum and
the residue was chromatographed (silica flash, 5 g, CH2Cl2/
EtOAc: 10/1 and 7/3). Evaporation of appropriate fractions
gave the phosphotriester 11 as an oil (64% yield). 1H NMR
(300 MHz, CDCl3): d¼2.74 (s, 6H), 2.97 (s, 6H), 3.36 (dd,
J¼5.5, 5.4 Hz, 2H), 3.65 (d, J¼11.4 Hz, 3H), 4.03 (ddd,
J¼9.2, 5.6 Hz, 2H), 6.73 (d, J¼9.2 Hz, 1H), 7.16 (m, 4H),
7.43–7.47 (m, 2H), 7.69 (t J¼9.2 Hz, 4H), 8.12 (dd, J¼7.3,
1.3 Hz, 1H), 8.26 (d, J¼8.3 Hz, 1H), 8.44 (d, J¼8.6 Hz,
1H). 31P NMR (81 MHz, CDCl3) d¼24.36. 13C NMR

(50 MHz, CDCl3): d¼40.7, 43.8, 55.6 (d, J¼ 6.0 Hz), 67.7
(d, J¼6.0 Hz), 111.8, 115.7, 119.1, 120.6, 120.7, 123.5,
124.0, 125.4, 128.9, 129.8, 129.9, 130.3, 131.0, 135.0,
143.8, 151.2 (d, J¼7.0 Hz), and 152.9.

4.7. 2-(5-Dimethylamino-1-naphthalenesulfonyl-
amide)ethoxy-4-(4-dimethylaminophenylazo)-phenyl-
phosphate (12)

To a solution of phosphate 11 (84 mg, 0.14 mmol) in
CH2Cl2 (4 mL), was added Me3SiBr (38.2 mL, 0.28 mmol).
The solution was stirred for 3 h at rt and then evaporated
under vacuum (30 8C). The residue was dissolved in acetone
(6.1 mL) followed by addition of water (1.15 mL). The
solution was stirred for 30 min at rt and then evaporated in
vacuo to give a residue that was dissolved in CHCl3
(50 mL), washed with water (20 mL), brine (20 mL), dried
(MgSO4) and concentrated to yield a crude phosphodiester
which was purified by chromatography (silica flash, 5 g,
Et2O, CHCl3/MeOH: 10/1). Concentration of the appro-
priate fractions gave phosphodiester 12 as a red solid (34%
yield). 1H NMR (300 MHz, CDCl3): d¼2.76 (s, 6H), 2.87
(s, 6H), 2.87 (m, 2H), 4.02 (ddd, J¼9.2, 5.6 Hz, 2H), 6.51
(m, 2H), 6.75 (m, 1H), 6.80 (d, J¼9.2 Hz, 1H), 7.36 (t, J¼
9.0 Hz, 2H), 7.74 (m, 5H), 8.20 (d, J¼7.3 Hz, 1H), 8.37 (d,
J¼7.4 Hz, 1H), 8.40 (d, J¼8.6 Hz, 1H). 31P NMR (81 MHz,
CDCl3) d¼23.68. 13C NMR (50 MHz, CDCl3): d¼40.1,
40.4, 42.3, 62.4 (d, J¼9.4 Hz), 118.8, 120.0, 121.8, 122.5,
122.8, 123.2, 123.8, 124.7, 125.4, 126.0, 135.6, 136.6,
140.1, 142.2, 148.1, 153.7 (d, J¼10.1 Hz), and 154.1.

4.8. 30-Hydroxy-60-(2,3-dihydroxypropoxy)spiro-
(isobenzofuran-1(3H)-90(90H)-xanthen(-3-one (14)

Fluorescein 13 (332 mg, 1 mmol) was added in small
portions under stirring at rt to a methanol solution of
Mg(OCH3)2 (0.25 M, 8 mL). After stirring for 40 min the
solvents were evaporated to dryness in vacuum. The
resulting solid was powdered and added to a solution of
glycidol (271 mL, 4 mmol) in DMF (8 mL). The mixture
was stirred at 120 8C for 16 h. The resulting solution was
diluted with 1 M HCl to pH¼2 and extracted by continuous
extraction with CH2Cl2 during 1 d. The organic layer was
dried (MgSO4) and evaporated to give a residue which was
purified by flash chromatography (CHCl3/MeOH: 85/15) on
silica gel, affording 179 mg (44%) of compound 14 as a
yellow solid (mixture of diastereomers). Rf¼0.25 (CHCl3/
CH3OH: 85/15). 1H NMR (300 MHz, CD3OD): d¼3.52–
3.74 (m, 2H), 3.89–4.02 (m, 3H), 4.78 (broad s, 2H), 6.39–
6.25 (m, 5H), 6.74 (d, J¼2.2 Hz, 1H), 7.04 (m, 1H, ArH),
7.59 (m, 2H), and 7.86 (m, 1H). 13C NMR (75 MHz,
CD4OD): d¼61.1, 63.3, 69.9, 70.8, 78.6, 80.2, 85.5, 101.9,
102.9, 110.4, 110.7, 112.2, 112.9, 124.4, 124.6, 125.0,
125.1, 127.2, 127.5, 129.2, 129.3, 129.4, 130.3, 135.7,
135.8, 153.1, 153.3, 153.5, 160.3, 160.5, 161.4, 170.8, and
170.9. m/z 406 (Mþ, 1%). HR-MS: C23H18O7 requires
406.1053; found 406.1052.

4.9. 60-Hydroxy-30-(2,2-dimethyl-1,3-dioxolan-4-yl-
methoxy)spiro(isobenzo-furan-1(3H),90(90H)-xanthen(-3-
one (15)

Anhydrous FeCl3 (33 mg, 0.20 mmol) was added at rt to a
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solution of compound 14 (100 mg, 0.25 mmol) in dry
acetone (13 mL), stirring the mixture at 36 8C. After 2 h,
evaporation of solvent left a residue, which was purified by
flash chromatography (CHCl3/MeOH: 95/5) to afford the
ketal 15 as a yellow solid (94 mg, 84%, mixture of
diastereomers). Rf¼0.20 (CHCl3/CH3OH: 95/5). 1H NMR
(300 MHz, CDCl3): d¼1.41, 1.47 (2 s, 6H), 3.90 (dd, J¼8.3,
5.8 Hz, 1H), 3.97 (dd, J¼9.6, 5.7 Hz, 1H), 4.06 (dd, J¼9.6,
5.4 Hz, 1H), 4.17 (m, 1H), 4.50 (m, 1H), 6.60–6.76 (m, 6H),
7.17 (d, J¼7.2 Hz, 1H), 7.64 (m, 2H), and 8.02 (d,
J¼6.9 Hz, 1H). 13C NMR (75 MHz, CDCl3): d¼25.3,
26.7, 66.6, 69.0, 73.8, 84.5, 101.6, 103.1, 110.0, 110.7,
111.5, 111.9, 112.5, 124.0, 125.0, 126.7, 129.1, 129.2,
129.7, 135.1, 152.4, 153.1, 158.3, 160.2, and 170.1. m/z 446
(Mþ, 2%), and 431 (Mþ215, 12%). HR-MS: C26H22O7

requires 446.1366; found 446.1372.

4.10. 60-Acetoxy-30-(2,3-dihydroxypropoxy)spiro-
(isobenzo-furan-1(3H),90(90H)-xanthen(-3-one (16)

A solution of ketal 15 (118 mg, 0.26 mmol), acetyl chloride
(21 mL, 0.29 mmol) and an excess of 4-dimethylamino-
pyridine (DMAP) in dry CH2Cl2 (4 mL) was heated under
reflux for 3 h. Then, one more portion of acetyl chloride
(21 mL, 0.29 mmol) was added, and the mixture was
refluxed for 4 h and kept overnight at rt H2O was added,
the phases were separated and the aqueous layer was
extracted with CHCl3 (3£15 mL). The combined organic
layers were dried (MgSO4) and evaporated in vacuum to
give a residue which was purified by silica flash chroma-
tography eluting with CHCl3/MeOH: 95/5 to give the ester
16 (72 mg, 64%) as a mixture of diastereomers. Rf¼0.20
(CHCl3/CH3OH: 95/5). 1H NMR (300 MHz, CDCl3):
d¼1.67 (broad s, 1H), 2.31 (s, 3H), 2.67 (m, 1H), 4.06 (m,
2H), 4.14–4.34 (m, 3H), 6.58–6.83 (m, 5H), 7.08 (m, 1H),
7.17 (m, 1H), 7.66 (m, 2H), and 8.03 (m, 1H). 13C NMR
(75 MHz, CDCl3): d¼21.1, 65.2, 68.4, 69.1, 84.5, 101.7,
110.3, 112.2, 116.7, 117.5, 124.0, 125.1, 126.5, 129.0,
129.1, 129.9, 135.1, 151.8, 152.0, 152.2, 153.0, 160.1,
168.8, and 171.1. m/z 446 (Mþ22, 4%). C25H20O8: requires
C, 66.96; H, 4.50; found C, 66.85; H, 4.66.

4.11. 60-(2-Chloroacetoxy)-30-(2,2-dimethyl-1,3-dioxo-
lan-4-yl-methoxy)spiro-(isobenzofuran-1(3H),90(90H)-
xanthen(-3-one (17)

A solution of compound 15 (64 mg, 0.14 mmol), chloro-
acetyl chloride (13 mL, 0.16 mmol) and an excess of
4-dimethylaminopyridine (DMAP) in dry CH2Cl2 (3 mL)
was heated under reflux for 6 h. The volatile components
were removed under reduced pressure and the residue was
purified by flash chromatography (pentane/EtOAc: 1/1) on
silica gel to give the ester 17 as almost colorless solid
(57 mg, 78%, mixture of diastereomers). Rf¼0.38 (CHCl3/
CH3OH: 10/1). 1H NMR (3£00 MHz, CDCl3): d¼1.41,
1.47 (2s, 6H), 3.90 (dd, J¼8.3, 6.0 Hz, 1H), 3.98 (dd, J¼9.6,
5.8 Hz, 1H), 4.08 (dd, J¼9.6, 5.5 Hz, 1H), 4.18 (dd, J¼8.3,
6.7 Hz, 1H), 4.32 (s, 2H), 4.49 (q, J¼ 5.8 Hz, 1H), 6.61–
6.84 (m, 5H), 7.10–7.20 (m, 2H), 7.67 (m, 2H), and 8.04
(m, 1H). 13C NMR (50 MHz, CDCl3): d¼25.3, 26.7, 40.7,
66.6, 69.1, 73.7, 82.2, 101.6, 109.9, 110.0, 111.3, 112.3,
116.9, 117.3, 123.9, 125.2, 126.4, 129.1, 129.3, 129.9,
135.2, 151.3, 151.8, 152.0, 152.9, 160.4, 165.4, and 169.2.

m/z 521 (Mþ21, 2%), and 523 (Mþ, 2%). HR-MS:
C28H22ClO8 requires 521.1003; found 521.0989.

4.12. 60-(2-Chloroacetoxy)-30-(2,3-dihydroxypropoxy)-
spiro-(isobenzofuran-1(3H),90(90H)-xanthen(-3-one (18)

A solution of CAN (123 mg, 0.22 mmol) in 6 mL of H2O
was added at 70 8C under inert atmosphere to a stirred
solution of the protected ester 17 (45 mg, 0.09 mmol) in
3 mL of CH3CN. The mixture was stirred at 70 8C during
5 min. Then, H2O was added (15 mL) and this mixture was
extracted with CHCl3 (3£15 mL). The combined organic
layers were dried over MgSO4 and the solvent was
evaporated under reduced pressure affording 40 mg of
pure product 18 (96%) as mixture of diastereomers. Rf¼0.32
(pentane/EtOAc: 1/4). 1H NMR (500 MHz, CDCl3): d¼
2.04, 2.61 (2 broad s, 2H), 3.75 (dd, J¼11.4, 5.4 Hz, 1H),
3.85 (dd, J¼11.4, 3.8 Hz, 1H), 4.05–4.16 (m, 3H, CH2),
4.31 (s, 2H), 6.62–6.84 (m, 5H), 7.12–7.17 (m, 2H), 7.67
(m, 2H), and 8.03 (d, J¼7.5 Hz, 1H). 13C NMR (100 MHz,
CDCl3): d¼40.8, 63.5, 69.4, 70.2, 82.1, 101.7, 110.0, 111.5,
112.3, 117.0, 117.4, 123.9, 125.2, 126.4, 129.2, 130.0,
135.2, 151.4, 151.8, 152.1, 152.9, 160.3, 165.4, and 169.2.
m/z 439 (Mþ244, ,1%).

4.13. 30,60-Diacetyl-5(6)-carboxyspiro-(isobenzofuran-
1(3H),90(90H)-xanthen(-3-one (20)

Acetic anhydride (1.08 g, 10.58 mmol) was added dropwise
to a solution of carboxyfluorescein (2.00 g, 5.31 mmol) in
dry pyridine (25 mL) and dry Et3N (14 mL). The yellow
solution was stirred for 36 h and then HCCl3 (30 mL) was
added, washed with HCl 10% (4 x 20 mL) and dried
(Na2SO4). The residue was crystallized in EtOAc–pentane
to obtain the desired diacetyl carboxyfluorescein 20 (1.75 g,
71%) as a white solid.

The observed spectral data were in accord with those
reported in literature.20

4.14. 30,60-Diacetyl-5(6)-{tris[(tert-butyldimethyl)-silyl-
oxymethyl]methylcarbamoyl}spiro-(isobenzo-furan-
1(3H),90(90H)-xanthen(-3-one (22)

To a solution of compound 20 (200 mg, 0.43 mmol), amine
24 (202 mg, 0.43 mmol), and triethylamine (0.13 mL,
0.93 mmol) in dry acetonitrile (10 mL) was added TBTU
(167 mg, 0.52 mmol). After stirring at rt for 25 min, brine
(20 mL) was added and the aqueous layer extracted with
EtOAc (3£15 mL). Organic layers were washed succes-
sively with HCl 10% (20 mL), water (20 mL), NaHCO3 5%
(2£25 mL), and water (20 mL), and dried with Na2SO4.
Solvent was removed to obtain a yellow foam which was
purified by silica gel flash chromatography (Et2O/pentane:
1/1) affording fluorescein derivative 22 as a white foam
(210 mg, 54%). 1H NMR (200 MHz, CDCl3, mixture of two
compounds) d¼20.03 (s, 18HB), 0.07 (s, 18HA), 0.78 (s,
27HB), 0.89 (s, 27HA), 2.32 (s, 6HAþ6HB), 3.88 (s, 6HB),
3.98 (s, 6HA), 6.28 (s, 1HB), 6.77 (s, 4HAþ4HB), 7.07 (s,
2HAþ2HB), 7.20 (m, 1HA), 7.36 (s, 1HB), 7.95 (d, J¼
4.2 Hz, 1HB), 8.05 (m, 1HAþ1HB), 8.29 (s, 1HA). m/z 890
(Mþ2Me, 52%), 848 (MHþ2Me – Ac, 100%), 806
(MHþ2Me–2Ac, 4%).
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4.15. 30,60-Diacetyl-5(6)-[tris[(hydroxymethyl)methyl-
carbamoyl]spiro-(isobenzofuran-1(3H),90(90H)-
xanthen(-3-one (23)

To a solution of fluorescein derivative 22 (100 mg,
0.11 mmol) in acetonitrile (2 mL) was added 1 mL of a
solution of HF 5% (acetonitrile/water). Ten minutes later,
CH2Cl2 (10 mL) and water (10 mL) were added. The
aqueous layer was extracted with CH2Cl2 (3£10 mL), and
organic layers were washed with brine (2£10 mL), and
dried with Na2SO4. Solvent was removed to obtain
fluoresceintriol 23 as a white solid (60 mg, 97%). 1H
NMR (200 MHz, CDCl3, mixture of two compounds) d¼
2.19 (s, 6HAþ6HB), 3.60 (s, 6HB), 3.68 (s, 6HA), 6.60 (m,
3HAþ4HB), 6.98 (m, 2HAþ2HB), 7.15 (d, J¼4.0 Hz, 1HA),
7.24 (s, 1HB), 7.42 (s, 1HA), 7.56 (s, 1HB), 7.95 (m, 1HA),
8.08 (d, J¼4.2 Hz, 1HB), 8.39 (s, 1HA). m/z 564 (MHþ, 8%).

4.16. 7-Acetoxy-N-methylquinolinium iodide (25a)

A solution of 7-hydroxyquinoline 24 (60 mg, 0.41 mmol) in
acetic anhydride (3 mL, 31.8 mmol) was stirred for 40 h at
37 8C. Methyl iodide (1.50 mL, 24.09 mmol) was added and
the mixture was stirred at 50 8C for 24 h. A solid was
formed. Ethyl ether was added to ensure complete
precipitation, and the solution was filtered. The crude
solid was crystallized three times from methanol–ethyl
ether to obtain 115 mg (85%) of yellow crystals. Mp 202–
203 8C (decomp.). 1H NMR (200 MHz, CDCl3) d¼2.43 (s,
3H), 4.73 (s, 3H), 7.74 (dd, J¼9.0, 2.0 Hz, 1H), 8.09 (dd,
J¼8.3, 5.8 Hz, 1H), 8.17 (d, J¼1.5 Hz, 1H), 8.33 (d, J¼
9.0 Hz, 1H), 9.18 (d, J¼8.3 Hz, 1H), 9.94 (d, J¼6.0 Hz,
1H). 13C NMR (50 MHz, MeOH-d4) d¼21.11, 46.59,
112.20, 122.63, 127.36, 129.19, 133.35, 141.39, 148.50,
151.57, 157.77, 170.06. m/z 187 (Mþ2Me, 5%), 160
(MHþ2Ac, 7%), 145 (MHþ2Me – Ac, 100%), 142
(Mþ2AcOH, 43%). HR-MS: C11H9NO2 requires
187.0633; found 187.0637.

4.17. 7-Propionyloxy-N-methylquinolinium iodide (25b)

A mixture of 7-hydroxyquinoline 24 (48 mg, 0.33 mmol) in
propionic anhydride (3 mL, 23.4 mmol) was stirred at 40 8C
for 48 h. Methyl iodide (1.50 mL, 24.09 mmol) was added
and the mixture was stirred at reflux for 24 h. Ethyl ether
was added and the yellow precipitate was filtered. The crude
solid was crystallized twice from methanol–ethyl ether to
obtain 47 mg (43%) of dark yellow crystals. Mp 159–
160 8C (decomp.). 1H NMR (200 MHz, CDCl3) d¼1.30 (t,
J¼7.6 Hz, 3H), 2.75 (q, J¼7.5 Hz, 2H), 4.80 (s, 3H), 7.73
(dd, J¼9.0, 2.0 Hz, 1H), 8.10 (dd, J¼8.3, 5.7 Hz, 1H), 8.22
(d, J¼1.5 Hz, 1H), 8.42 (d, J¼9.0 Hz, 1H), 9.04 (d,
J¼8.3 Hz, 1H), 10.16 (d, J¼5.7 Hz, 1H). 13C NMR
(50 MHz, MeOH-d4) d¼9.12, 28.51, 46.65, 112.16,
122.61, 127.36, 129.16, 133.35, 141.41, 148.49, 151.55,
157.89, 173.59. m/z 201 (Mþ2Me, 12%), 159 (Mþ2EtCO,
11%), 145 (MHþ2Me–EtCO, 100%), 142 (Mþ2EtCO2H,
52%), 57 (EtCOþ, 30%), 29 (Etþ, 49%). HR-MS:
C12H11NO2 requires 201.0790; found. 201.0784.

4.18. N-Methyl-7-benzoyloxyquinolinium iodide (25c)

A mixture of 7-hydroxyquinoline 24 (50 mg, 0.34 mmol)

and benzoyl chloride (0.24 mL, 2.06 mmol) in dry CH2Cl2
(2 mL) was heated at reflux for 29 h. Water (5 mL) was
added, the aqueous layer extracted with CH2Cl2 (3£5 mL),
and the combined organic layers were washed with sat.
NaHCO3 (1£15 mL) and dried (Na2SO4). The crude was
solved in dry CH2Cl2 (5 mL) and methyl iodide (1.00 mL,
16.06 mmol) was added. The mixture was stirred at 50 8C
for 24 h and a solid was formed. Ethyl ether was added to
ensure complete precipitation, and the solution was filtered.
The crude solid was crystallized twice from methanol–ethyl
ether to obtain 85 mg (64%) of yellow crystals. Mp 213–
214 8C (decomp.). 1H NMR (200 MHz, CDCl3) d¼4.87 (s,
3H), 7.59 (tt, J¼7.5, 1.5 Hz, 2H), 7.74 (tt, J¼7.5, 1.5 Hz,
1H), 7.93 (dd, J¼9.0, 2.0 Hz, 1H), 8.16 (dd, J¼8.3, 5.8 Hz,
1H), 8.25 (t, J¼1.8 Hz, 2H), 8.28 (dd, J¼2.0, 1.0 Hz, 1H),
8.40 (d, J¼8.8 Hz, 1H), 9.06 (dm, J¼8.0 Hz, 1H), 10.46
(dm, J¼5.7 Hz, 1H). 13C NMR (50 MHz, MeOH-d4) d¼
46.55, 112.37, 122.73, 127.43, 129.37, 129.77, 130.14,
131.49, 133.49, 135.73, 141.49, 148.59, 151.64, 158.02,
165.71. m/z 249 (Mþ2Me, 8%), 142 (Mþ2PhCO2H, 26%),
105 (PhCOþ, 100%), 77 (Phþ, 34%). HR-MS: C16H11NO2

requires 249.0790; found 249.0789.

4.19. 7-(tert-Butylcarbonyloxy)-N-methylquinolinium
iodide (25d)

A mixture of 7-hydroxyquinoline 24 (50 mg, 0.34 mmol)
and pivaloyl chloride (0.26 mL, 2.13 mmol) in dry CH2Cl2
(2 mL) was heated at reflux for 29 h. Water (5 mL) was
added and the aqueous layer was extracted with CH2Cl2
(3£5 mL). The combined organic layers were washed with
sat. NaHCO3 (1£15 mL), dried (Na2SO4) and concentrated.
The residue was dissolved in dry CH2Cl2 (5 mL) and methyl
iodide (1.00 mL, 16.06 mmol) was added. Upon stirring the
mixture at 50 8C for 24 h a solid formed. Ethyl ether was
added to ensure complete precipitation, and the solution was
filtered. The crude material was crystallized twice from
methanol–ethyl ether to obtain 66 mg (52%) of yellow
crystals. Mp 180–181 8C (Decomp.). 1H NMR (200 MHz,
CDCl3) d¼1.44 (s, 9H), 4.84 (s, 3H), 7.72 (dd, J¼9.0,
2.0 Hz, 1H), 8.10 (s, 1H), 8.14 (dd, J¼8.3, 5.8 Hz, 1H), 8.35
(dd, J¼9.0, 1.5 Hz, 1H), 9.08 (dm, J¼8.0 Hz, 1H), 10.35
(dm, J¼6.2 Hz, 1H). 13C NMR (50 MHz, MeOH-d4)
d¼27.22, 40.32, 111.87, 122.45, 127.08, 129.04, 133.24,
141.27, 148.33, 151.37, 158.03, 177.34. m/z 244 (Mþ,
0.5%), 229 (Mþ2Me, 11%), 186 (Mþ2Me– tBuH, 1%),
159 (Mþ2tBuCO, 6%), 145 (MHþ2tBuCO2, 94%), 142
(Mþ2tBuCO2H, 60%), 57 (tBuþ, 100%). HR-MS:
C14H15NO2 requires 229.1103; found 229.1105.
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Abstract—a-Vinylfurans were obtained by phosphine-initiated cyclization of various enynes bearing a carbonyl group at the ene end in the
presence of various aldehydes, in moderate to high yields. The reaction may consist of 1,6-addition of phosphine to the enynes, ring closure,
and Wittig reaction between the ylid resulting from cyclization and an aldehyde. Thus, various aldehydes were able to be used in the reaction.
The reaction was influenced greatly by the substituents at the acetylene position (R1) and the a-position of the carbonyl group (R3).
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The development of cyclization reactions is of vital
importance in organic chemistry, so that the cyclic systems
found in naturally occurring products can be constructed. A
number of cyclic systems containing one oxygen atom are
present in nature (e.g., hydrofuran, furan, pyran ring). Furan
rings, one example of five-membered heterocycles, are
found in a lot of naturally occurring products.1 The furan
ring is not only present as key structural units in naturally
occurring products, but is also important in the pharma-
ceutical industry.2 Therefore, there has been interest in the
synthesis of polysubstituted furans, and a number of useful
synthetic methods for furans have been reported, by many
synthetic chemists.3 The Paal–Knorr method,4 the Feist–
Benary method,5 etc. are known as long-standing methods
for furan ring construction. Conjugated enynols are useful
and important key intermediates for direct furan ring
construction.6 In our previous communication,7 we
described a novel synthetic method for the preparation of
a-vinylfurans in high yields by a phosphine-initiated
reaction of the simple 2-penten-4-yn-1-one system with
benzaldehyde in dichloromethane. Kim et al. have reported
furan ring construction by reaction of alkynic acetal,
aldehyde and phosphine.8 Trialkylphosphines are mild,
useful reagents in various organic reactions,9 including the
addition of alcohols to acetylenes having electron-with-
drawing groups,10 isomerization of ynones, ynoates, and
ynamides to the corresponding (2E, 3E)-diene11 and

polyenes.12 Trost et al. have reported phosphine-catalyzed
cyclization of v-hydroxylynoates to the corresponding
tetrahydrofuran or tetrahydropyran derivatives.13 Herein,
we wish to describe in detail the preparation of multi-
substituted enynes (1A–C) and phosphine-initiated furan
ring construction with a vinyl group at the a-position, by
reaction of the various enynes (1) in the presence of various
aldehydes (Scheme 1).

2. Results and discussions

2.1. Preparation of various enynes (1)

The synthesis of enynes (1Aa–1Ad; R2¼R3¼H) with
disubstituted olefinic moieties was carried out by the
reaction of ynals (3) with Wittig reagent (4) (Y. 69–82%)
(Eq. 1 in Scheme 2). The enynes (1Ba and 1Bb; R3¼H) with

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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trisubstituted olefinic moieties were prepared by the
procedure reported by Trost et al. from terminal alkynes
(5) and ynones (6), in 87 and 40% yields, respectively (Eq. 2
in Scheme 2).14 The enynes (1Ca and 1Cb; R2¼H) with
trisubstituted olefinic moieties were synthesized in two
steps by acidic aldol reaction of ynal (3) with silyl enol ether
(7), followed by dehydration of the aldol products in 69 and
64% yields (two steps), respectively (Eq. 3 in Scheme 2). As
mentioned above, the three types of enynes (1A–1C) were
prepared conveniently by modification of the known
methods.

2.2. Phosphine-initiated cyclization of 1

The tributylphosphine-initiated (Bu3P; 1 equiv.) cyclization
of 1 in the presence of a stoichiometric amount of
benzaldehyde was tried by using 1Aa in CH2Cl2 for 6 h at
room temperature, to obtain a-vinylfuran (2Aa) in 83%
yield. 1Aa was almost entirely consumed within 1 h under
these conditions, as shown by GC analysis, and it was found
that the reaction proceeded very smoothly under the mild
conditions. From the NMR, IR, and MS spectra, the
compound obtained was determined to be 2Aa, containing
an a-vinyl furan skeleton. 2Aa contained a small amount of
geometrical isomer† (E:Z¼90:10) and an NOE experiment
was carried out to determine the geometry of the major
isomer in 2Aa. The geometry of the major product was
determined to be the E-isomer because no effect was

observed between the olefinic proton of the vinyl group and
the proton at the allylic position in the experiment (Fig. 1).

Furthermore, the reaction was carried out in the presence of
stoichiometric amounts of triphenylphosphine or triethyl-
amine instead of tributylphosphine. Although the corre-
sponding furan (2Aa) was obtained in 73% yield after 6 h in
the presence of triphenylphosphine, in the case of
triethylamine the reaction did not proceed, and mostly
1Aa was recovered. Moreover, when the amount of
tributylphosphine was reduced to a 0.5 stoichiometric
equiv., the yield was reduced approximately by half.
These results may suggest the mechanism shown in
Scheme 3. The reaction may be initiated by 1,6-addition
of phosphine to 1, followed by cyclization to yield the ylid
(8) as an intermediate, and then Wittig reaction of 9 with an
aldehyde may take place to give the furan (2) which has a
double bond at the a-position. It is known that ylids
stabilized by an aromatic ring, such as 9, generally give an
E-isomer as the major product.15 Thus, the E-isomer might
be obtained as the major product in this reaction. The
reaction might not proceed in the presence of triethylamine
due to prevention of the generation of 9. Furthermore, the
reaction might be stoichiometric with regard to the amount

Scheme 2.

Figure 1. DNOE experiment for 2Aa.

† We were not able to separate the isomers because their physical properties
were almost identical, the products were slightly unstable at rt in air, and
the amount of minor isomer in the mixture was very small. We presumed
the minor product was a geometric isomer of the major product because
20Aa containing no double bonds was obtained as a single product in the
reaction of 1Aa with water in the presence of tributylphosphine and the
found value almost agreed with the calculated value in the elemental
analysis of the mixture of major and minor products, as described below.
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of phosphine because the phosphine was converted to the
corresponding phosphine oxide as shown in the suggested
reaction mechanism. Therefore, the yield might decrease if
the amount of phosphine is reduced. To detect the formation
of the ylid (9), 1Aa in CH2Cl2 was treated with tributyl-
phosphine (1 equiv.) in the presence of water (5 equiv.)
without aldehyde. The furan (20Aa) containing no double
bonds at the a-position was then obtained as a single
product after hydrolysis16 of the ylid, in 58% yield. 20Aa
was not obtained when 1Aa was treated with tributyl-
phosphine without water and aldehyde. These results may
suggest formation of the ylid (9) in the reaction process.

The reaction of various substituted enynes (1A–1C) was
carried out in CH2Cl2 at room temperature (Table 2). The
influence of substituents R1 and R4 was examined by using
1Aa–1Ad (runs 1–4). When R1¼alkyl groups (i.e., 1Aa
and 1Ab; runs 1 and 2), 2Aa and 2Ab were obtained in 83
and 56% yields, respectively. On the other hand, when
R1¼aromatic (i.e., 1Ac and 1Ad; runs 3 and 4), the reaction
gave a complex mixture containing only a small amount of
the corresponding furan. From these results, it was found
that the yields were markedly influenced by R1 rather than
by R4. In the cases of 1Ac and 1Ad, 8 stabilized by two
aromatic rings might be generated as the intermediate, based
on the mechanism described above. Generally, such an ylid
is too inert to react with aldehyde.17 Therefore, the
corresponding furans might not be obtained in the reactions
with 1Ac and 1Ad. Furthermore, the reaction was
investigated by using enynes (1B and 1C) with trisubstituted
olefinic moieties to examine the influence of R2 and R3 in
this reaction. In the case of enynes (1Ba and 1Bc; runs 5 and

6), the yield was not influenced by the type of substituent on
the double bond. In contrast to this result, the substituent R3

greatly affected the yield. In the case of R3¼alkyl group
(i.e., 1Ca), although 1Ca was almost entirely consumed, the
corresponding furan was not obtained, due to unknown side-
reactions (run 7). When the reaction was retried by using
triphenylphosphine, as a milder initiator than tributyl-
phosphine, 1Ca was almost exclusively recovered. This
result may be attributable to the stability of the enolate in the
suggested reaction mechanism. Thus, in the case of
R3¼alkyl group, the enolate might become unstable due
to the electron-donating effect of the alkyl substituent,
compared with the case of R3¼H. When 1Cb (R3¼phenyl
group) was used as substrate, the reaction proceeded
smoothly to give the corresponding furan in good yield
(run 8). The phenyl group might stabilize the enolate by the
resonance effect. These results suggest that the substituent
R3 may be important for control of the stability of the
enolate. Although all the substituents (R1–R4) in the enynes
(1) were effective for obtaining a-vinylfurans (2) as
mentioned above, the substituents were not so effective
for geometrical selectivity.‡ The a-vinylfurans (2) were
obtained regardless of the kind of substituents, with high
geometrical selectivity (runs 1, 2, 5, 6, and 8) (Table 1).

The reaction of 1Aa with various carbonyl compounds was
also examined on the basis of the suggested reaction
mechanism (Scheme 3). Although ketones were not
suitable, various aldehydes were able to be used in this
reaction. Furthermore, the aldehyde substituents (R5) had a

Scheme 3.

Table 1. Synthesis of furans from various enynes (1) and benzaldehydea

Run R1 R2 R3 R4 Yieldb/% E:Zc

1 Bu H H Ph Aa 83 90:10
2 Bu H H Me Ab 56 .99 (E)
3 Ph H H Ph Ac 0
4 Ph H H Me Ad 0
5 Bu Bu H Me Ba 64 91:9
6 Bu Ph H Me Bb 63 93:7
7 Bu H Et Ph Ca 0
8 Bu H Ph Ph Cb 70 90:10

a The reaction of 1 with benzaldehyde (1 equiv.) was carried out at room
temperature for 5 h in the presence of tributylphosphine (1 equiv.).

b Isolated yield (SiO2, ethyl acetate and hexane eluent).
c Determined by 1H NMR spectroscopy (400 MHz, CDCl3).

Table 2. Synthesis of furans from 1Aa and various carbonyl compoundsa

Run Carbonyl compounds Yieldb/% E:Zc

1 PhCHO 83 90:10
2 EtCHO 92 80:20
3 trans-PhCHvCHCHO 90 79:21
4 p-MeOC6H4CHO 89 92:8
5 p-MeC6H4COCH3 0

a The reaction of 1 with various carbonyl compounds (1 equiv.) was carried
out at room temperature for 5 h in the presence of tributylphosphine
(1 equiv.).

b Isolated yield (SiO2, ethyl acetate and hexane eluent).
c Determined by 1H NMR spectroscopy (400 MHz).

‡ Although attempts to separate the isomers were unsuccessful, we
presumed the major isomer of all obtained a-vinylfurans was the E-
form, from the suggested mechanism mentioned above.
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greater affect on the geometry of a-vinylfurans (2) than the
substituents (R1–R4) in the enynes (1).‡ (Table 2)

3. Conclusion

In this paper we described a novel phosphine-initiated
cyclization of enynes bearing a carbonyl group at the ene
end, in the presence of aldehydes, to obtain a-vinylfurans.
Although the reaction was influenced by some substituents
in the enyne compounds, the furans were obtained easily
with high geometrical selectivity in moderate to high yields.
We believe this reaction could become an important and
convenient method for the synthesis of compounds contain-
ing a-vinylfuran skeletons, which are currently being
investigated in detail.

4. Experimental

4.1. Materials and instruments

Tetrahydrofuran (THF), diethyl ether and benzene were
dried over sodium benzophenone ketyl and distilled under
nitrogen. Dichloromethane, dimethylformamide (DMF) and
triethyl amine were dried over calcium hydride and then
purified by distillation. Tributylphosphine and all aldehydes
were purified by distillation. Triphenylphosphine was
purified by recrystallization from ethyl acetate and dried
in vacuo. Other commercially available chemicals were
used without purification.

Infrared (IR) spectra were obtained with a JASCO FT/IR
8000 infrared spectrometer. 1H and 13C NMR spectra were
recorded on JNM-FX90 or AL400 spectrometers, in CDCl3
(using tetramethylsilane as an internal standard). MS spectra
were measured with a JMS-AX500 mass spectrometer.
Elemental analysis was carried out by using Yanagimoto
MT-5.

4.2. Synthesis of enynes

Enynes (1A, R2¼R3¼H) with disubstituted olefinic
moieties were synthesized by Wittig reaction of the
corresponding ynals (3) with phosphoranes (4).

The ynals were prepared from terminal acetylenes and DMF
by modification of the method described in literature.18

4.2.1. 2-Heptynal (3a). n-Butyllithium (1.54 M in hexane,
39.6 mL, 61.0 mmol) was added dropwise to a solution of
1-hexyne (5.00 g, 61.0 mmol) in diethyl ether (40 mL) at
270 8C under nitrogen. After 30 min, dried DMF (6.68 g,
91.5 mmol) was added, and then the temperature of the
mixture was allowed to rise to room temperature, and
stirring was continued for 30 min. The mixture was poured
into ice water and acidified slightly with conc. hydrochloric
acid. The mixture was then neutralized with sodium
hydrogen carbonate until a pH between 6 and 7 was
reached. The organic layer was separated and the aqueous
layer was extracted four times with 25 mL of ethyl acetate.
The combined organic solution was dried over magnesium
sulfate. After evaporation of the solvents, the residue was

purified by vacuum distillation to give 2-heptynal (5.19 g,
47.2 mmol, 86%: colorless oil, bp14 58–60 8C); IR (neat)
2959, 3310, 2961, 2872, 2282, 2202, 1670, 1138 cm21; 1H
NMR (90 MHz, d, ppm) 0.93 (t, J¼6.4 Hz, 3H, CH3CH2–),
1.14–1.89 (m, 4H, –CH2–), 2.42 (t, J¼6.4 Hz, 2H,
CH2CuC–), 9.18 (s, 1H, –CHO).

4.2.2. Phenyl-2-propynal (3b). Similarly, phenyl-2-
propynal (3b) (colorless oil, Rf¼0.45 on TLC; SiO2,
hexane/ethyl acetate¼4/1) was synthesized and then
purified by column chromatography on silica gel (hexane/
ethyl acetate¼20/1). Yield 97%; IR (neat) 3301, 2984,
2856, 2239, 2189, 1736, 1661, 1489 cm21; 1H NMR
(90 MHz, d, ppm) 7.1–7.8 (5H, Ph–), 9.41 (s, 1H, –CHO).

Phosphoranes were prepared from corresponding a-halo-
ketones and triphenylphosphine in two steps by modifi-
cation of the method described in the literature.19

4.2.3. Phenylcarbonylmethylenetriphenylphosphorane
(4a). A solution of a-bromoacetophenone (4.53 g,
22.8 mmol) in benzene (15 mL) was added dropwise to a
solution of triphenylphosphine (5.96 g, 22.8 mmol) in
benzene (15 mL) under nitrogen. The mixture was stirred
overnight and the resulting phosphonium salt was filtered.
The precipitate was washed with benzene and collected to
dry in vacuo. The dried phosphonium salt was suspended in
a mixture of water (250 mL) and methanol (250 mL), and
the mixture was stirred for 1 h. Aqueous sodium
hydroxide (2.00 M) was added to the mixture until a pH
between 7 and 8 was reached. The mixture was then
stirred vigorously for 1 h. The phosphorane precipitate was
filtered and washed water. After drying in vacuo, the
phosphorane was recrystallized from ethyl acetate and dried
under vacuum to obtain 7.39 g (19.1 mmol, yield 89%,
white crystal) of pure product; IR (neat) 3051, 2361, 1971,
1896, 1824, 1774, 1588, 1522 cm21. 1H NMR (90 MHz, d,
ppm) 4.44 (bd, J¼24.3 Hz, 1H, PvCH–), 7.22–8.14 (20H,
Ph).

4.2.4. Methylcarbonylmethylenetriphenylphosphorane
(4b). Similarly, methylcarbonylmethylenetriphenylphos-
phorane (4b) was obtained from triphenylphosphine and
bromoacetone in 69% yield as a white crystal; IR (neat)
3049, 2990, 2912, 1572, 1535, 1481, 1437 cm21; 1H NMR
(90 MHz, d, ppm) 2.09 (d, J¼1.9 Hz, 3H, CH3), 3.29–4.06
(br, 1H, PvCH–), 7.32–7.84 (15H, Ph).

4.2.5. trans-1-Phenyl-2-nonen-4-yn-1-one (1Aa). 2-Hep-
tynal (1.00 g, 9.09 mmol) was added slowly to a mixture of
phenylcarbonylmethylenetriphenylphosphorane (3.45 g,
9.09 mmol) in CH2Cl2 (56 mL). The mixture was stirred
at room temperature for 5 h and then concentrated by using
an evaporator. Hexane (100 mL) was added to the mixture,
and the triphenylphosphine oxide crystals were filtered. The
filtrate was concentrated by using an evaporator, and the
residue was purified by column chromatography on silica
gel (hexane/ethyl acetate¼100/1) to obtain the enyne (1Aa,
1.53 g, 7.20 mmol) in 79% yield (pale yellow oil, Rf¼0.63
on TLC: SiO2, hexane/ethyl acetate¼4/1); IR (neat) 2959,
2934, 2872, 2210, 1660, 1591, 1448, 1290 cm21; 1H NMR
(90 MHz, d, ppm) 0.93 (t, J¼6.6 Hz, 3H, CH3–), 1.24–1.57
(m, 4H, –CH2–), 2.42 (dt, J¼2.3, 6.8 Hz, 2H, –CH2Cu,
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6.68 (dt, J¼15.6, 2.3 Hz, 1H, uCCHv), 7.29 (d,
J¼15.6 Hz, 1H, vCHCO–), 7.44–7.58 (m, 3H, Ph),
7.89–8.00 (m, 2H, Ph).

Similarly, other 1A were synthesized from their correspond-
ing ynals and phosphoranes.

4.2.6. trans-3-Decen-5-yn-2-one (1Ab). Yield 82%, color-
less oil, Rf¼0.53 on TLC (SiO2, hexane/ethyl acetate¼4/1);
IR (neat) 2961, 2936, 2872, 2213, 1693, 1674, 1595,
1356 cm21; 1H NMR (90 MHz, d, ppm) 0.93 (t, J¼7.2 Hz,
3H, CH3–), 1.26–1.74 (m, 4H, –CH2–), 2.25 (s, 3H,
CH3CO), 2.24 (t, J¼7.2 Hz, 2H, uCCH2–), 6.36 (d,
J¼18.0 Hz, 1H, vCHCO–), 6.55 (dt, J¼18.0, 2.3 Hz,
1H, uCCHv).

4.2.7. trans-1,5-Diphenyl-2-penten-4-yn-1-one (1Ac).
Yield 69%, pale yellow solid, mp 46 8C, Rf¼0.72 on TLC
(SiO2, hexane/ethyl acetate¼4/1); IR (neat) 3063, 2191,
1661, 1597, 1580, 1337, 1308, 1254, 1211 cm21; 1H NMR
(90 MHz, d, ppm) 7.01 (d, J¼16.2 Hz, 1H, –CHvCHCO–),
7.20–7.80 (9H, vCHCO–, Ph), 7.80–8.10 (m, 2H, Ph).

4.2.8. trans-6-Phenyl-3-hexen-5-yn-2-one (1Ad). Yield
75%, pale yellow solid, mp 104 8C, Rf¼0.38 on TLC
(SiO2, hexane/ethyl acetate¼4/1); IR (neat) 3038, 3015,
2195, 1657, 1590, 1489, 1445, 1363 cm21; 1H NMR
(90 MHz, d, ppm) 2.24 (s, 3H, CH3CO–), 6.28 (d,
J¼16.1 Hz, 1H, uCCHv), 6.49 (d, J¼16.1 Hz, 1H,
vCHCO–), 7.20–7.56 (m, 5H, Ph).

Enynes (1B) with trisubstituted olefinic moieties were
prepared by the palladium-catalyzed cross coupling reaction
of ynones with terminal alkynes described in the literature.14

The ynones used in the cross coupling reaction were
prepared as follows:20

4.2.9. 3-Octyn-2-one (6a). n-Butyllithium (1.54 M in
hexane, 39.6 mL, 61.0 mmol) was added dropwise to a
solution of 1-hexyne (5.00 g, 61.0 mmol) in THF (60 mL) at
270 8C. After 30 min, acetic anhydride (12.4 g, 122 mmol)
was added to the mixture over 30 min and the mixture was
then stirred for an additional 20 min. The temperature was
then allowed to rise to 0 8C, and aqueous ammonium
chloride (3 M, 100 mL) was poured into the mixture,
followed by dropwise addition of concentrated aqueous
ammonia, over 30 min. The mixture was extracted four
times with 25 mL of ethyl acetate. The combined organic
solution was washed twice with 50 mL of saturated aqueous
ammonium chloride solution and then dried over mag-
nesium sulfate. After solvent evaporation, the residue was
purified by vacuum distillation to give 3-octyn-2-one
(4.60 g, 37.1 mmol, yield 68%: colorless oil, bp22 71–
77 8C); IR (neat) 3335, 2961, 2212, 1678, 1466, 1625, 1300,
1234 cm21; 1H NMR (90 MHz, d, ppm) 0.93 (t, J¼7.4 Hz,
3H, CH3CH2–), 1.14–1.89 (m, 4H, –CH2–), 2.32 (s, 3H,
CH3CO–), 2.36 (t, J¼7.4 Hz, 2H, –CH2CuC–).

4.2.10. 4-Phenyl-3-butyn-2-one (6b). n-Butyllithium
(1.54 M in hexane, 31.8 mL, 49.0 mmol) was added
dropwise to a solution of ethynylbenzene (5.00 g,
49.0 mmol) in THF (28 mL), at 230 8C. After 30 min, a
solution of zinc chloride (6.69 g, 49 mmol) in THF (18 mL)

was added dropwise to the mixture. The temperature of the
mixture was allowed to rise to 0 8C. After 30 min,
acetylchloride (3.85 g, 49.0 mmol) was added. The mixture
was stirred at 0 8C for 5 h and then poured into saturated
aqueous ammonium chloride. The mixture was extracted
four times with 25 mL of ethyl acetate and then dried over
magnesium sulfate. After evaporation of the solvents, the
residue was purified by column chromatography (SiO2,
hexane/ethyl acetate¼100/1) to give 4-phenyl-3-butyn-2-
one (4.70 g, 32.6 mmol, 67% yield, pale yellow oil, Rf¼0.48
on TLC; SiO2, hexane/ethyl acetate¼4/1); IR (neat) 2202,
1674, 1359, 1280, 1157, 978, 758, 690 cm21; 1H NMR
(90 MHz, d, ppm) 2.44 (s, 3H, CH3–), 7.25 (5H, Ph–).

4.2.11. (3E)-4-Butyl-3-decen-5-yn-2-one (1Ba). Tris (2,6-
dimethoxyphenyl)phosphine (0.092 g, 0.261 mmol) was
added to a suspension of palladium (II) acetate (0.035 g,
0.156 mmol) in benzene (9 mL). After 5 min, 6a (1.00 g,
8.06 mmol) was added, and the mixture was stirred for
10 min. 1-Hexyne (0.661 g, 8.06 mmol) was then added
slowly to the mixture, and the stirring was continued for
24 h. The mixture was subsequently concentrated in vacuo.
The residue was purified by column chromatography (SiO2,
hexane/ethyl acetate¼100/1) to obtain 1Ba (1.45 g,
7.03 mmol) (colorless oil, Rf¼0.63 on TLC; SiO2, hexane/
ethyl acetate¼4/1) in 87% yield; IR (neat) 2932, 2872,
2214, 1682, 1590, 1356, 1169 cm21; 1H NMR (90 MHz, d,
ppm) 0.94 (t, J¼7.6 Hz, 6H, CH3–) 1.36–1.58 (8H, –CH2–),
2.17 (s, 3H, CH3CO–), 2.36 (t, J¼6.4 Hz, –CH2CHv), 2.69
(t, J¼7.62 Hz, 2H, –CH2Cu), 6.34 (s, 1H, vCHCO–).

4.2.12. (3E)-4-phenyl-3-decen-5-yn-2-one (1Bb). Simi-
larly, (3E)-4-phenyl-3-decen-5-yn-2-one (1Bb) (pale
yellow oil, Rf¼0.63 on TLC; SiO2, hexane/ethyl
acetate¼4/1) was prepared by the palladium catalyzed
reaction (reaction time: 4 h) of 6b and 1-hexyne in 40%
yield; IR (neat) 2959, 2231, 1685, 1657, 1361, 1259, 763,
692 cm21; 1H NMR (90 MHz, d, ppm) 0.96 (t, J¼6.6 Hz,
6H, CH3–) 1.36–1.66 (4H, –CH2–), 2.56 (s, 3H, CH3CO–),
2.58 (t, J¼6.6 Hz, 2H, –CH2Cu), 6.71 (s, 1H, vCHCO–),
7.34 (m, 5H, Ph–).

Enynes (1C) with trisubstituted olefinic moieties were
synthesized from 2-heptynal (3a) and silyl enol ethers (7)
in two steps. The silyl enol ethers were prepared as
follows, by modification of the method described in the
literature:21

4.2.13. 1-phenyl-1-trimethylsiloxy-1-butene (7a). Butyl-
lithium (1.54 M in hexane, 21.9 mL, 33.7 mmol) was added
slowly at 0 8C to a solution of diisopropylamine (3.40 g,
33.7 mmol) and THF (150 mL). After 10 min, 1-phenyl-1-
butanone (5.00 g, 33.7 mmol) was added slowly to the
solution at 278 8C. The mixture was stirred for a further
30 min, and then chlorotrimethylsilane (4.39 g, 40.5 mmol)
was added at the same temperature. The solution was
allowed to warm slowly from 278 8C to room temperature.
After 12 h, the solvent had almost evaporated completely,
and hexane was added. The resulting precipitate was
removed and the obtained filtrate was evaporated, and
purified by distillation to obtain 7a (colorless oil, bp7 75–
80 8C) (7.01 g, 31.9 mmol, 95% yield); IR (neat) 2963,
1649, 1446, 1342, 1251, 1074, 843 cm21; 1H NMR
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(90 MHz, d, ppm) 0.13 (s, 9H, CH3Si–), 1.04 (t, J¼7.4 Hz,
3H, CH3–), 2.22 (q, J¼7.4 Hz, 2H, –CH2Cv), 5.23 (t,
J¼7.2 Hz, 1H, –CHv), 7.22–7.44 (m, 5H, Ph–).

4.2.14. 1,2-Diphenyl-1-trimethylsiloxyethene (7b). Color-
less oil, bp7 125–140 8C) was prepared similarly in 48%
yield; IR (neat) 2959, 1630, 1448, 1350, 1253, 1066, 897,
846 cm21; 1H NMR (90 MHz, d, ppm) 0.13 (s, 9H, CH3Si–),
6.29 (s, 1H, –CHv), 7.15–7.88 (m, 10H, Ph–).

4.2.15. 2-Ethyl-1-phenyl-2-nonen-4-yn-1-one (1Ca). 1Ca
was synthesized via 2-ethyl-3-hydroxy-1-phenyl-4-nonyn-
1-one. 2-Ethyl-3-hydroxy-1-phenyl-4-nonyn-1-one (8a):
Trifluoroborone diethyl ether complex (1.97 g, 13.9 mmol)
was added dropwise at 278 8C to a solution of 3a (1.00 g,
9.09 mmol) and 7a (2.00 g, 9.09 mmol) in CH2Cl2 (25 mL).
After 1 h, the mixture was poured into cold water (100 mL),
and neutralized with sodium bicarbonate until a pH of 7 was
attained. After separation of the organic layer, the aqueous
phase was extracted four times with 25 mL of ethyl acetate.
The combined organic phase was dried over magnesium
sulfate. After solvent evaporation, the residue was purified
by column chromatography (SiO2, hexane/ethyl
acetate¼20/1) to give 8a (2.15 g, 8.33 mmol) (pale yellow
oil, Rf¼0.10 and 0.20 on TLC; SiO2, hexane/ethyl
acetate¼4/1) as a diastereo mixture (The diastereo ratio
was estimated from the 1H NMR spectrum as 1:1.5) in 92%
yield; IR (neat) 3443, 2963, 2229, 1676, 1448, 1205, 1028,
704 cm21; 1H NMR (90 MHz, d, ppm) 0.78 (t, J¼7.0 Hz,
3H, CH3–), 0.91 (t, J¼7.0 Hz, 3H, CH3–), 1.17–1.80 (m,
–CH2– , 4H), 2.86 (br, 1H, –OH) (this peak may be
attributable to the minor diastereoisomer), 3.20 (br, 1H,
–OH), 3.68 (q, J¼6.6 Hz, 1H, –CH(Et)CO–), 4.64 (br, 1H,
–CH(OH)–), 7.00–8.00 (m, 5H, Ph–). Methanesulfonyl
chloride (0.177 g, 1.55 mmol) and then triethylamine
(0.157 g, 1.55 mmol) were added at 0 8C to a solution of
8a (diastereo mixture) (0.400 g 1.55 mmol) in CH2Cl2
(1.5 mL). This mixture was refluxed for 3 h and then poured
into saturated aqueous ammonium chloride (25 mL). After
separation of the organic layer, the aqueous phase was
extracted four times with 15 mL portions of ethyl acetate.
The combined organic phase was dried over magnesium
sulfate. After evaporation of the solvents, the residue was
purified by column chromatography (SiO2, hexane/ethyl
acetate¼20/1) to give 1Ca (0.280 g, 1.17 mmol) (pale
yellow oil, Rf¼0.58 on TLC; SiO2, hexane/ethyl acetate¼
4/1) as a single isomer in 75.2% yield; IR (neat) 2963, 2208,
1774, 1649, 1597, 1250, 1057, 880, 720 cm21; 1H NMR
(90 MHz, d, ppm) 0.96 (t, J¼7.9 Hz, 3H, CH3–), 1.12 (t,
J¼7.9 Hz, 3H, CH3–), 1.32–1.90 (m, –CH2–, 4H), 2.48
(t, J¼7.8 Hz, 2H, –CH2Cu), 3.76 (q, J¼7.9 Hz, 2H,
–CH2Cv), 6.10 (s, 1H, –CHv), 7.28–7.76 (m, 5H, Ph–).

4.2.16. 1,2-Diphenyl-2-nonen-4-yn-1-one (1Cb). Simi-
larly, 1,2-diphenyl-2-nonen-4-yn-1-one (1Cb) was prepared
as a single isomer via 3-hydroxy-1,2-diphenyl-4-nonyn-1-
one (8b) in two steps. 8b (pale yellow oil, Rf¼0.33 on TLC;
SiO2, hexane/ethyl acetate¼4/1) was obtained as a mixture
of diastereoisomers (1:1.7) in 81% yield; IR (neat) 3458,
2959, 2231, 1678, 1450, 1205, 1047, 700 cm21; 1H NMR
(400 MHz, d, ppm) 0.81 (t, J¼7.3 Hz, 3H, CH3–), 1.32–
1.60 (m, –CH2– , 4H), 2.12 (t, J¼6.8 Hz, 2H, –CH2Cu),
2.80 (br, 1H, –OH), 4.80 (d, J¼6.3 Hz, 1H, –CHPh–), 5.12

(d, J¼6.3 Hz, 1H, –CH(OH)–), 7.00–8.00 (m, 10H, Ph–).
0.82 (t, J¼7.3 Hz, 3H, CH3–), 1.32–1.60 (m, –CH2– , 4H),
2.13 (t, J¼6.8 Hz, 2H, –CH2Cu), 3.15 (br, 1H, –OH), 4.80
(d, J¼7.8 Hz, 1H, –CHPh–), 5.06 (d, J¼7.8 Hz, 1H,
–CH(OH)–), 7.00–8.00 (m, 10H, Ph–). 1Cb (pale yellow
oil, Rf¼0.48 on TLC; SiO2, hexane/ethyl acetate¼4/1); IR
(neat) 2959, 2208, 1657, 1591, 1259, 1068, 731, 696 cm21;
1H NMR (90 MHz, d, ppm) 0.88 (t, J¼7.7 Hz, 3H, CH3–),
1.11–1.69 (m, 4H, –CH2–), 2.34 (dt, J¼2.6, 7.7 Hz, 2H,
–CH2Cu), 6.30 (t, J¼2.6 Hz, 1H, –CHv), 7.11–8.09 (m,
10H, Ph–).

4.2.17. Phosphine-initiated cyclization of 1. 2-(1-Butyl-2-
phenylethenyl)-5-phenylfuran (2Aa). Tributylphosphine
(190 mg, 0.943 mmol) was added at room temperature to a
solution of 1Aa (200 mg, 0.943 mmol) and benzaldehyde
(100 mg, 0.943 mmol) in CH2Cl2 (1.9 mL). After stirring
for 5 h, the reaction mixture was concentrated under
vacuum. The residue was purified by column chromato-
graphy on silica gel (hexane/ethyl acetate¼200/1) to give
236 mg (83%) of 2Aa as a mixture of geometric isomers;
colorless oil, Rf¼0.63 on TLC (hexane/ethyl acetate¼4/1);
IR (neat) 3059, 2957, 1685, 1599, 1483, 1468, 1449, 1024,
785, 758, 692 cm21; 1H NMR (400 MHz, d, ppm) 0.95 (t,
J¼7.3 Hz, 3H, CH3–), 1.44 (m, 2H, CH3CH2–), 1.66 (m,
2H, –CH2CH2CH2–), 2.53 (t, J¼7.6 Hz, 2H, –CH2-furan;
minor isomer), 2.61 (t, J¼8.3 Hz, 2H, –CH2CH2CH2–),
6.23 (d J¼3.6 Hz, 1H, furan-H; minor isomer), 6.45 (d,
J¼3.4 Hz, 1H, furan-H), 6.56 (d J¼3.6 Hz, 1H, furan-H;
minor isomer), 6.68 (d, J¼3.4 Hz, 1H, furan-H) 7.19 (s, 1H,
–CHv), 7.20–7.75 (m, 10H, Ph),; 13C NMR (100 MHz, d,
ppm; major isomer) 13.9 (CH3), 23.0 (–CH2–), 28.2
(–CH2–), 32.0 (–CH2–), 107.0 (CH in furan ring), 108.6
(CH in furan ring), 123.7 (Ph), 124.2 (vCHPh), 126.6 (Ph),
127.3 (Ph), 128.3 (Ph), 128.7 (Ph), 128.8 (Ph), 130.8 (Ph),
131.6 (Ph), 137.5 (sCvCHPh), 153.0 (O–C in furan ring),
155.2 (O–C in furan ring). MS (EI, m/z) 302 (Mþ). Anal.
Calcd for C22H22O: C 87.38, H 7.33. Found: C 87.41, H
7.65.

Similarly, the cyclization was carried out by using various
enynes and aldehydes in the presence of tributylphosphine.

4.2.18. 2-(1-Butyl-2-phenylethenyl)-5-methylfuran
(2Ab). 2-(1-Butyl-2-phenylethenyl)-5-methylfuran (2Ab)
(pale yellow oil, Rf¼0.75 on TLC; SiO2, hexane/ethyl
acetate¼4/1) was obtained in 56% yield; IR (neat) 2957,
2930, 2870, 1701, 1653, 1599, 1456 cm21; 1H NMR
(400 MHz, d, ppm) 0.93 (t, J¼7.4 Hz, 3H, CH3–), 1.41
(m, 2H, –CH2–), 1.63 (m, 2H, –CH2–), 2.34 (d, J¼0.8 Hz,
3H, CH3-furan), 2.53 (t, J¼8.2 Hz, 2H, –CH2Cv), 6.00
(dq, J¼3.2, 0.8 Hz, 1H, furan-H), 6.26 (d, J¼3.2 Hz, 1H,
furan-H) 7.01 (s, 1H, –CHv), 7.20–7.50 (m, 5H, Ph); 13C
NMR (100 MHz, d, ppm) 13.8 (CH3), 13.9 (CH3), 22.9
(–CH2–), 28.1 (–CH2–), 31.9 (–CH2–), 107.1 (CH in
furan ring), 107.2 (CH in furan ring), 122.4 (vCHPh),
126.0 (Ph), 127.9 (Ph), 128.4 (Ph), 131.4 (Ph), 137.4
(sCvCHPh), 150.5 (O–C in furan ring), 153.7 (O–C in
furan ring). MS (EI, m/z) 240 (Mþ). Anal. Calcd for
C17H20O: C 84.96, H 8.39. Found: C 84.60, H 8.52.

4.2.19. 2-(1-Butyl-2-phenylethenyl)-3-butyl-5-methyl-
furan (2Ba). Pale yellow oil, Rf¼0.63 on TLC; SiO2,
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hexane/ethyl acetate¼4/1) was obtained as a mixture of
geometric isomers in 64% yield; IR (neat) 2957, 2860, 1616,
1458, 1259, 750, 698 cm21; 1H NMR (400 MHz, d, ppm)
0.74 (t, J¼7.1 Hz, 3H, CH3–; minor isomer), 0.84 (t,
J¼7.2 Hz, 3H, CH3–), 0.92 (t, J¼7.6 Hz, 3H, CH3–),
1.20–1.60 (m, 8H, –CH2–), 1.80 (t, J¼7.6 Hz, 2H, –CH2-
furan; minor isomer), 2.28 (s, 3H, CH3-Furan), 2.51 (t,
J¼7.6 Hz, 2H, CH2-furan), 2.61 (t, J¼7.6 Hz, 2H,
–CH2Cv), 5.80 (s, 1H, furan-H; minor isomer), 5.92 (s,
1H, furan-H), 6.46 (s, 1H, –CHv; minor isomer), 6.62 (s,
1H, –CHv), 6.46 (s, 1H, –CHv; minor isomer), 7.20–
7.50 (m, 5H, Ph),; 13C NMR (100 MHz, d, ppm) 13.6 (CH3),
13.9 (CH3), 14.0 (CH2), 22.5 (CH2), 22.7 (CH2), 25.7 (CH2),
28.7 (CH2), 31.4 (CH2), 32.5 (CH2), 109.0 (CH in furan
ring), 122.8 (Bu–C in furan), 126.0 (Ph), 126.1 (PhCHv),
127.9 (Ph), 128.4 (Ph), 133.7 (Ph), 137.6 (sCvCHPh),
148.9 (O–C in furan ring), 149.4 (O–C in furan ring). MS
(EI, m/z) 296 (Mþ). Anal. Calcd for C21H28O: C 85.08, H
9.52. Found: C 85.03, H 9.71.

4.2.20. 2-(1-Butyl-2-phenylethenyl)-5-methyl-3-phenyl-
furan (2Bb). Pale yellow oil, Rf¼0.68 on TLC; SiO2,
hexane/ethyl acetate¼4/1) was obtained as a mixture of
geometric isomers in 63% yield; IR (neat) 3026, 2926, 1740,
1601, 1444, 1126, 956, 763 cm21; 1H NMR (400 MHz, d,
ppm) 0.84 (t, J¼7.2 Hz, 3H, CH3–), 1.26 (m, 2H, –CH2–),
1.51 (m, 2H, –CH2–), 2.33 (d, J¼0.8 Hz, 3H, CH3-furan),
2.39 (d, J¼0.8 Hz, 3H, CH3-furan), 2.42 (t, J¼8.0 Hz, 2H,
–CH2Cv; minor isomer), 2.58 (t, J¼8.0 Hz, 2H, CH2Cv),
6.16 (q, J¼0.8 Hz, 1H, furan-H), 6.24 (q, J¼0.8 Hz, 1H,
furan-H, minor isomer), 6.58 (s, 1H, –CHv; minor isomer),
6.77 (s, 1H, –CHv), 7.20–7.50 (m, 10H, Ph); 13C NMR
(100 MHz, d, ppm; major isomer) 13.8 (CH3), 13.9 (CH3),
22.8 (CH2), 28.6 (CH2), 31.5 (CH2), 109.6 (CH in furan
ring), 123.3 (Ph–C in furan), 126.4 (vCHPh), 126.5 (Ph),
128.0 (Ph), 128.1 (Ph), 128.4 (Ph), 128.5 (Ph), 133.1 (Ph),
135.0 (Ph), 137.4 (sCvCHPh), 149.1 (O–C in furan ring),
150.2 (O–C in furan ring). MS (EI, m/z) 316 (Mþ). Anal.
Calcd for C23H24O: C 87.30, H 7.64. Found: C 86.86, H
7.87.

4.2.21. 2-(1-Butyl-2-phenylethenyl)-4,5-diphenylfuran
(2Cb). Pale yellow oil, Rf¼0.60 on TLC; SiO2, hexane/
ethyl acetate¼4/1) was obtained as a mixture of geometric
isomers in 70% yield; IR (neat) 2959, 2870, 1703, 1599,
1446, 1147, 763, 696 cm21; 1H NMR (400 MHz, d, ppm)
0.88 (t, J¼7.6 Hz, 3H, CH3–), 1.38 (m, 2H, –CH2–), 1.63
(m, 2H, –CH2–), 2.47 (t, J¼7.6 Hz, 2H, –CH2Cv; minor
isomer), 2.56 (t, J¼8.2 Hz, 2H, –CH2Cv), 6.24 (s, 1H,
furan-H; minor isomer), 6.47 (s, 1H, furan-H), 7.14 (s, 1H,
–CHv), 7.10–7.55 (m, 15H, Ph); 13C NMR (100 MHz, d,
ppm) 14.0 (CH3), 23.2 (CH2), 28.4 (CH2), 32.1 (CH2), 110.7
(CH in furan ring), 124.2 (Ph–C in furan), 124.5 (vCHPh),
126.0 (Ph), 126.5 (Ph), 127.1 (Ph), 127.3 (Ph), 128.2 (Ph),
128.3 (Ph), 128.5 (Ph), 128.6 (Ph), 128.7 (Ph), 130.9 (Ph),
131.2 (Ph), 134.2 (Ph), 137.3 (sCvCHPh), 147.3 (O–C in
furan ring), 154.1 (O–C in furan ring). MS (EI, m/z) 378
(Mþ). Anal. Calcd for C28H26O: C 88.85, H 6.92. Found: C
88.64, H 7.14.

4.2.21. 2-Pentyl-5-phenylfuran (2 0Aa). Colorless oil,
Rf¼0.63 on TLC; SiO2, hexane/ethyl acetate¼4/1) was
obtained in 58% yield; IR (neat) 2957, 2930, 2870, 1738,

1685, 1599, 1483, 1024, 785, 758 cm21; 1H NMR
(400 MHz, d, ppm) 0.91 (t, J¼7.0 Hz, 3H, CH3–), 1.37
(m, 4H, –CH2–), 1.69 (m, 2H, –CH2–), 2.67 (t, J¼7.6 Hz,
2H, –CH2-furan), 6.05 (d, J¼3.20 Hz, 1H, furan-H), 6.54
(d, J¼3.2 Hz, 1H, furan-H), 7.21 (m, 1H, –Ph), 7.34 (m, 2H,
Ph), 7.62 (m, 2H, Ph); 13C NMR (100 MHz, d, ppm) 14.2
(CH3), 22.6 (CH2), 27.9 (CH2), 28.3 (CH2), 31.5 (CH2),
105.5 (CH in furan ring), 106.7 (CH in furan ring), 123.2
(Ph), 126.5 (Ph), 128.4 (Ph), 131.1 (Ph), 151.9 (O–C in
furan ring), 156.2 (O–C in furan ring). MS (EI, m/z) 214
(Mþ). Anal. Calcd for C15H18O: C 84.07, H 8.47. Found: C
84.00, H 8.60.

4.2.22. 2-(1-Butyl-2-ethylethenyl)-5-phenylfuran. Pale
yellow oil, Rf¼0.73 on TLC; SiO2, hexane/ethyl
acetate¼4/1) was obtained as a mixture of geometric
isomers in 92% yield; IR (neat) 2959, 2932, 1606, 1523,
1485, 1458, 1024, 783, 758, 688 cm21; 1H NMR (400 MHz,
d, ppm) 0.94 (t, J¼7.2 Hz, 3H, CH3–), 0.96 (t, J¼7.2 Hz,
3H; minor isomer), 1.09 (t, J¼7.6 Hz, 3H, CH3–), 1.12 (t,
J¼7.6 Hz, 2H, CH3–; minor isomer), 1.39 (m, 2H, –CH2–
), 1.49 (m, 2H, –CH2–), 1.74 (quint, J¼7.6 Hz, 2H,
CH3CH2CHv; minor isomer), 2.24 (quint, J¼7.6 Hz, 2H,
CH3CH2CHv), 2.38 (t, J¼7.2 Hz, 2H, –CH2CH2Cv),
2.50 (t, J¼7.2 Hz, 2H, –CH2CH2Cv; minor isomer), 5.45
(t, J¼7.2 Hz, 1H, –CHv; minor isomer), 6.15 (t, J¼7.6 Hz,
1H, –CHv), 6.26 (d, J¼3.2 Hz, 1H, furan-H), 6.34 (d,
J¼3.6 Hz, 1H, furan-H; minor isomer), 6.63 (d, J¼3.2 Hz,
1H, furan-H), 6.67 (d, J¼3.6 Hz, 1H, furan-H; minor
isomer), 7.10–7.80 (m, 5H, Ph); 13C NMR (100 MHz, d,
ppm; major isomer) 14.0 (CH3), 14.3 (CH3), 21.2 (CH2),
22.8 (CH2), 27.6 (CH2), 31.8 (CH2), 106.2 (CH in furan
ring), 106.4 (CH in furan ring), 123.2 (Ph), 126.6 (vCHPh),
127.5 (Ph), 128.3 (Ph), 128.9 (Ph), 130.7 (sCvCHPh),
151.8 (O–C in furan ring), 154.9 (O–C in furan ring). MS
(EI, m/z) 254 (Mþ). Anal. Calcd for C18H22O: C 84.99, H
8.72. Found: C 84.72, H 8.79.

4.2.23. 2-(1-Butyl-4-phenyl-1,3-butadienyl)-5-phenyl-
furan. Pale yellow oil, Rf¼0.73 on TLC; SiO2, hexane/ethyl
acetate¼4/1) was obtained as a mixture of geometric
isomers in 90% yield; IR (neat) 3032, 2957, 2932, 1606,
1532, 1506, 1250, 1176, 1035, 758, 690 cm21; 1H NMR
(400 MHz, d, ppm) 0.94 (t, J¼7.2 Hz, 3H, CH3–; minor
isomer), 0.97 (t, J¼7.6 Hz, 3H, CH3–), 1.44 (m, 2H,
–CH2–), 1.61 (m, 2H, –CH2–), 2.46 (t, J¼7.6 Hz, 2H,
–CH2CH2Cv; minor isomer), 2.60 (t, J¼7.2 Hz, 2H,
–CH2CH2Cv), 6.21 (d, J¼11.6 Hz, 1H, PhCHvCHCHv;
minor isomer), 6.44 (d, J¼3.6 Hz, 1H, furan-H), 6.49 (d,
J¼3.6 Hz, 1H, furan-H; minor isomer), 6.64 (d, J¼15.6 Hz,
1H, PhCHvCH–; minor isomer), 6.68 (d, J¼3.20 Hz, 1H,
furan-H), 6.72 (d, J¼3.6 Hz, 1H, furan-H; minor isomer),
6.73 (d, J¼15.2 Hz, 1H, PhCHvCH–), 6.95 (d, J¼11.6 Hz,
1H, PhCHvCHCHv), 7.16 (dd, J¼11.6, 15.6 Hz, 1H,
PhCHvCH–), 7.20–7.80 (m, 10H, Ph) 7.96 (dd, J¼11.6,
15.6 Hz, 1H, PhCHvCH–; minor isomer); 13C NMR
(100 MHz, d, ppm; major isomer) 13.9 (CH3). 22.8 (CH2),
28.0 (CH2), 32.3 (CH2), 107.0 (CH in furan ring), 108.5 (CH
in furan ring), 123.4 (Ph), 123.8 (PhCHvCH–CHv),
124.6 (PhCHvCH–), 126.0 (Ph), 127.0 (Ph), 127.0 (Ph),
128.3 (Ph), 130.4 (vCH–CHvC,), 130.7 (Ph), 132.6
(PhCHvCH–), 137.5 (Ph), 152.8 (O–C in furan ring),
154.7 (O–C in furan ring). MS (EI, m/z) 328 (Mþ). Anal.
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Calcd for C24H24O: C 87.76, H 7.37. Found: C 87.34, H
7.53.

4.2.24. 2-[1-Butyl-2-(p-methoxyphenyl)ethenyl]-5-phe-
nylfuran. Pale yellow oil, Rf¼0.70 on TLC; SiO2,
hexane/ethyl acetate¼4/1) was obtained as a mixture of
geometric isomers in 89% yield; IR (neat) 2957, 29.32,
1606, 1524, 1506, 1464, 1250, 1176, 758 cm21; 1H NMR
(400 MHz, d, ppm) 0.88 (t, J¼6.8 Hz, 3H, CH3–; minor
isomer), 0.96 (t, J¼7.2 Hz, 3H, CH3–), 1.45 (m, 2H,
–CH2–), 1.66 (m, 2H, –CH2–), 2.51 (t, J¼8.0 Hz, 2H,
–CH2CH2CHv; minor isomer), 2.60 (t, J¼8.0 Hz, 2H,
–CH2CH2CHv), 3.80 (s, 3H, CH3O–; minor isomer), 3.82
(s, 3H, CH3O–), 6.24 (d, J¼3.6 Hz, 1H, furan-H; minor
isomer), 6.42 (d, J¼3.6 Hz, 1H, furan-H), 6.57 (d,
J¼3.6 Hz, 1H, furan-H; minor isomer), 6.68 (d, J¼3.6 Hz,
1H, furan-H), 6.91 (m, 2H, MeOPh–; minor isomer), 6.92
(m, 2H, MeOPh–), 7.13 (s, 1H, –CHv), 7.20–7.80 (m, 7H,
Ph, MeOPh–); 13C NMR (100 MHz, d, ppm) 13.9 (CH3),
23.0 (CH2), 28.2 (CH2), 31.8 (CH2), 55.1 (CH3O), 106.7
(CH in furan ring), 107.7 (CH in furan ring), 113.1
(p-MeC6H4–), 123.3 (Ph), 123.5 (Ph), 126.8 (–CHv),
128.3 (Ph), 129.7 (p-MeOC6H4–), 129.8 (p-MeOC6H4–,
Ph), 130.5 (sCvCH–), 152.4 (O–C in furan ring), 155.1
(O–C in furan ring), 158.0 (p-MeC6H4–),. MS (EI, m/z) 332
(Mþ). Anal. Calcd for C23H24O2: C 83.10, H 7.28. Found: C
82.98, H 7.52.
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Abstract—The electron transfer (ET) reaction of aryl methyl sulfoxides with ruthenium(III)–polypyridine complexes is sensitive to the
change of substituent in the aryl moiety of ArS(O)CH3 and ligand of Ru(III) complex. The detection of sulfoxide radical cation as the
transient by conventional flash photolysis confirms ET in the rate-controlling step. The successful application of Marcus cross relation of ET
leads to the evaluation of self-exchange rate constant of ArSþ(O)CH3/ArS(O)CH3 as 4.0£105 M21 s21 similar to organic sulfides. Comparison
with the reactivity of iron(III)–polypyridyl complexes points out that both reactivity and r values are higher with Ru(III) complexes.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The sulfoxide functional group is involved in different
biological activities1 – 3 and chiral sulfoxides are of
considerable importance as synthetic intermediates4 and
ligands for asymmetric synthesis.5 Organic sulfoxides are
biphilic substrates and they may act as either electrophiles
or nucleophiles depending on the nature of oxidant.1,2,5 The
X-ray spectroscopy and MO calculations indicate that the
sulfoxide may be represented as a resonance hybrid of two
cannonical forms, Eq. 1.1,3

ð1Þ

The S–O bond distance of 1.492 Å is lengthened in the
presence of proton and in this case single bond becomes
more important, reducing the bond order. The protonated
sulfoxide may be represented as given in Eq. 2.3

ð2Þ

The presence of polarized S–O bond and weakening of the
S–O bond by protonation make sulfoxide a weaker
nucleophile compared to organic sulfides particularly at
high [Hþ]. When these substrates, organic sulfides and
sulfoxides, undergo redox reactions with electrophiles or
electron transfer (ET) reactions with electron acceptors, it is
expected that sulfoxides are less reactive and reaction
constant (r) values are always smaller with aryl methyl
sulfoxides compared to the corresponding sulfides.1,2,6 – 10

To get an idea of the reactivity of these biologically
important substrates, organic sulfides and sulfoxides, we
have initiated a systematic study on the kinetics and
mechanism of oxidation of these substrates with
several electrophilic oxo(salen)metal complexes11 – 15 and
iron(III)–polypyridyl complexes.16,17

Both organic sulfides and sulfoxides behave as nucleophiles
towards oxo(salen)manganese(V)11,12 and oxo(salen)iron14,15

complexes. With oxo(salen)iron complexes the reactivity
and reaction constant values are smaller for sulfoxides
compared to sulfides. On the other hand, with oxo(salen)-
manganese complexes, though the reactivity of sulfoxides is
slightly less, interestingly the r value is higher with
sulfoxides compared to sulfides. This is explained in terms
of the Hammond postulate that sulfides proceed via the

0040–4020/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2003.12.009
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reaction with an early transition state and sulfoxides with a
late transition state. Organic sulfoxides behave differently
with oxo(salen)chromium(V) complexes and they act as a
donor ligand and bind with metal center with appreciable
binding constant (K¼100 M21).13b These interesting obser-
vations obtained in this laboratory and by other workers7 – 19

led us to conclude that the presence of polarized S–O bond
in sulfoxides makes these substrates behave differently from
sulfides depending on the nature of the oxidant. Recently,
we have reported our results on the ET reactions of organic
sulfides with powerful one electron oxidants, Ru(III)–
polypyridyl complexes, generated photochemically from
Ru(II) complexes using molecular oxygen as oxidant.20

Because of the unique behavior of organic sulfoxides with
the different metal ions, we wanted to check the reactivity of
organic sulfoxides towards these Ru(III) complexes (see
Chart 1 for the structure of Ru(III) complexes (I–V)). The
study of the reactivity of Ru(III) ion with organic sulfoxides
is significant because several Ru(III)–sulfoxide complexes
have recently been tried as anti-tumor agents.21 Though
organic sulfoxides have less reactivity (reactivity differs by
more than two orders) as electron donors towards Ru(III)
complexes (I–V), a comparable r value is obtained
compared to organic sulfides. The ET nature of the titled
reaction is confirmed from the transient absorption spectrum
of sulfoxide radical cation recorded using conventional flash
photolysis technique. Since the self-exchange rates for the
redox couple Ru3þ/Ru2þ and the redox potentials of the
reactants used in the titled reaction are available we utilized
this ET reaction to estimate the self-exchange rate of
ArSþ(O)Me/ArS(O)Me. The interesting spectral, kinetic
and mechanistic details of the ET reaction of organic
sulfoxides with five Ru(III)–polypyridyl complexes (I–V)
are presented in this article.

2. Results and discussion

The structure of ligands and abbreviation of [Ru(NN)3]3þ

complexes used in the present study are shown in Chart 1.

The kinetics of oxidation of six organic sulfoxides with five

[Ru(NN)3]3þ complexes (I–V) have been studied by
spectrophotometric technique under pseudo first-order
condition by monitoring the increase in the absorbance of
Ru(II) complex formed during the course of reaction. A
sample run to show the change in the O.D. with time is given
in Figure 1.

The linear log OD of [Ru(bpy)3]2þ, formed from the
reaction between [Ru(bpy)3]3þ and methyl phenyl sulfoxide
(MPSO), versus time plot and constant k1 value at different
concentration of [Ru(NN)3]3þ indicate that the reaction is
first-order in Ru(III). The kinetic data observed at different
[sulfoxide] but at constant [Ru(III)] of complexes (I–V)
show that the reaction is first-order in sulfoxide also (Fig. 2).

In order to understand the influence of other parameters on
the rate of the reaction, the kinetics of the reaction has been
followed at different solvent composition and the results are
collected in Table 1.

Chart 1. Structures of NN in [Ru(NN)3]3þ.

Figure 1. The absorption spectral changes for the reaction between
[Ru(bpy)3]3þ and methyl phenyl sulfoxide at 20 s time intervals.

Figure 2. Plots of k1 versus [sulfoxide] for the oxidation of aryl methyl
sulfoxides by [Ru(dtbpy)3]3þ in aqueous CH3CN (50% v/v) at 298 K. The
numbers refer to the sulfoxides given in Table 2.
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The increase in water content in the CH3CN–water
mixture favors the reaction which may be attributed
to charge development on the substrate in the transition
state. The reaction is highly sensitive to the change of
substituent in the phenyl ring of X–C6H4S(O)Me and the
observed data are collected in Table 2. The data given in
Table 2 show that introduction of electron-donating
groups in the phenyl ring of C6H5S(O)Me facilitates the
reaction and electron-withdrawing groups inhibit the
reaction. Application of the Hammett equation22 for
the analysis of kinetic data points out that a good correlation
is obtained between log k2 and Hammett s values (Fig. 3)
and the reaction constant values (r) are also collected in
Table 2.

Though there is a substantial variation in the reactivity with
the change of Ru(III) complex, surprisingly the r value
remains almost constant (Table 2). These results support the
postulation of ET in the rate-determining step. To check the
importance of resonance interaction of the substitutent with
the reaction site we tried the correlation of log k2 with
Brown–Okamoto’s s þ values23 but there is no improve-
ment in the correlation (r þ¼20.65, r¼20.941). It is
worthwhile to recall that better correlation with s þ and low
r þ value have been taken as kinetic evidence for the
operation of ET mechanism in the oxidation of organic
sulfoxides.24 As Ru(III) is a well established one electron
oxidant and the formation of sulfoxide radical cation is
confirmed from flash photolysis study (vide infra), the
postulation of better correlation of log k2 with s þ is not a
necessary condition for the operation of an ET
mechanism.

The ET reaction of [Ru(NN)3]3þ with organic sulfoxides
has been studied in four different temperatures and the
enthalpy (DH ‡) and entropy (DS ‡) of activation evaluated
from kinetic data. The rate constants obtained at four
temperatures and the thermodynamic data are collected in
Table 3. The values of DG ‡ calculated from these DH ‡ and
DS ‡ values using the equation DG ‡¼DH ‡2TDS ‡ have also
been given in Table 2. The values of DH ‡ and DS ‡ collected
in Table 3 show that the change in DH ‡ with the change of
substituent in the aryl moiety of ArS(O)Me is mainly
responsible for the change in the reactivity because there is
little change in DS ‡ values, i.e., the reaction is enthalpy
controlled. Further, the values of DG ‡ collected in Table 2
are in accordance with the reactivity of different sulfoxides
conforming the operation of an ET mechanism for all
substrates. T
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Table 1. Effect of varying solvent composition on the reaction of
[Ru(NN)3]3þ with methyl phenyl sulfoxide (MPSO) at 298 K

Solvent composition,
CH3CN–H2O (v/v)

MPSO

[Ru(bpy)3]3þ, k2

(M21 s21)
[Ru(phen)3]3þ, k2

(M21 s21)

80:20 1.26 1.37
70:30 1.70 1.74
60:40 1.94 2.00
50:50 2.37 2.45
40:60 3.71 3.49
20:80 5.63 4.92
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2.1. Formation of sulfoxide radical cation

Ruthenium(III) complexes (I–V), [Ru(NN)3]3þ, are one-
electron oxidants and the proposal of ET mechanism can be
confirmed if the short lived transient radical, formed during
the course of the reaction, is identified by time resolved
technique. In the titled reaction, the progress of the reaction
is followed by monitoring the increase in the concentration
of Ru(II) complex formed as the product which supports the
ET nature of the reaction. To confirm it further we have
decided to record the transient absorption spectrum of
sulfoxide radical cation. Though the transient absorption
spectrum of sulfide radical cation has been recorded
previously by generating them using pulse radiolysis and
flash photolysis techniques by many workers,23 – 25 as far as
we know no attempt has been made to record the absorption
spectrum of the sulfoxide radical cation. This is under-
standable because X-ray spectroscopy, MO calculations and
other physical measurements show that the S–O band in
organic sulfoxide is polarized with a net positive charge
localized on the sulfur atom (Eq. 1).3,5 Thus compared to
sulfide it will be difficult to remove an electron from the
positively charged sulfur of organic sulfoxides. In order to
ascertain the formation of the sulfoxide radical cation we
attempted the flash photolysis study of the reaction between
[Ru(NN)3]3þ complex and organic sulfoxides. The

experiment is designed as follows: the reaction mixture
consisting of [Ru(phen)3]2þ and methyl phenyl sulfoxide
(MPSO), taken in aqueous CH3CN (50% v/v) and 4.5 M
H2SO4, is purged with molecular oxygen for 20 min.

Then the reaction mixture is irradiated with flash of light
and the absorption spectrum of the reaction solution is
monitored at different time intervals. The spectra shown in
Figure 4 show two strong absorptions at 300–350 and
500–550 nm. Comparing these data with the spectral data
obtained for the sulfide radical cation by Baciocchi et al.,25,26

Yokoi et al.,27 and others28 and from our recent study20 we feel
it reasonable that the peaks at 300–350 and 500–550 nm may
be attributed to the sulfoxide radical cation. The absorption
spectrum and the lifetime of this transient are not affected by
the presence of oxygen. To get a clear picture of the different
transients formed during the course of the reaction, a detailed
study using a facility with high time resolution is required. At
this stage we take the peaks at 300–350 and 500–550 nm to be
due to the formation of sulfoxide radical cation.

Thus from the conventional flash photolysis study we are able
to record the absorption spectrum of the transient, sulfoxide
radical cation which supports the postulation of ET mechan-
ism for the titled reaction. However, it is important to mention
that though we are able to get spectral evidence for the
formation of sulfoxide radical cation the bands are weak
compared to the transients formed from organic sulfide. The
transient spectrum of sulfide radical cation recorded under
similar reaction conditions is shown in Figure 5.

In the present study, it is possible to record the transient
spectrum of sulfoxide radical cation with millisecond (ms)
time resolution because the species is stable at high [Hþ].
The stabilization of this type of radical ion at high [Hþ] has
already been established.29

It is known that molecular oxygen reacts with the excited
state Ru(II) complex, p[Ru(NN)3]2þ to produce Ru(III) as
shown in Eqs. 3–7 (vide supra) Scheme 1.

½RuðNNÞ3�
2þ þ hn! p½RuðNNÞ3�

2þ ð3Þ

p½RuðNNÞ3�
2þ þ O2 ! ½RuðNNÞ2þ3 · · ·O2�

p ð4Þ

½RuðNNÞ2þ3 · · ·O2�
p !

Electron

Transfer
½RuðNNÞ3�

3þ· · ·Oz

22 � ð5Þ

½RuðNNÞ3þ3 · · ·Oz2
2 � þ Hþ ! ½RuðNNÞ3�

3þ þ HOz

2 ð6Þ

2HOz

2 ! H2O2 þ O2 ð7Þ

Scheme 1.

Table 3. Second order rate constants for the oxidation of sulfoxides (p-XC6H4SOCH3) by [Ru(phen)3]3þ in aqueous acetonitrile (50% (v/v)) at four different
temperatures and activation parameters, enthalpy (DH #) and entropy (DS #) of activation

No. X¼ k2 (M21 s21) DH # (kcal mol21) 2DS # (cal K21 mol21)

293 K 298 K 303 K 313 K

1 OMe 4.49 5.18 6.06 7.92 4.5 40.1
2 Me 3.74 4.30 5.08 6.76 4.8 39.7
3 H 2.25 2.86 3.73 4.89 6.4 35.1
4 Br 0.66 0.80 1.01 1.48 5.8 39.3
5 Cl 0.75 0.96 1.16 1.56 6.6 36.7
6 NO2 0.24 0.34 0.46 0.68 8.5 32.3

Figure 3. Hammett plot for the oxidation of aryl methyl sulfoxides by
[Ru(dtbpy)3]3þ in aqueous CH3CN (50% v/v) at 298 K. The numbers refer
to the sulfoxides given in Table 2.
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It is important to mention that apart from ET quenching,
p[Ru(NN)3]2þ is also quenched by energy transfer mechan-
ism to produce singlet oxygen. As the present reaction is
concerned with the reaction of [Ru(NN)3]3þ with
ArS(O)Me, the role of 1O2 is not discussed here. The
oxygenation of organic sulfur compounds with 1O2 has been
extensively studied. It is known that at high [Hþ] both 1O2

and [Ru(NN)3]3þ contribute equally for the oxidation of
organic substrates. The H2O2 oxidation of organic sulf-
oxides with H2O2 has been extensively studied but the
reaction is slow. Thus the major part of the redox reaction
takes place between [Ru(NN)3]3þ and ArS(O)Me particu-
larly at [Hþ].

2.2. Mechanism of the [Ru(NN)3]31 oxidation of organic
sulfoxides

The formation of Ru(II) as one of the products of the
reaction and sulfoxide radical cation as a transient are
strongly in favor of ET from sulfoxide to Ru(III) in the rate
determining step. The additional support for the ET
mechanism comes from the substituent effect study, i.e.,
electron-donating substituents facilitate the reaction and
electron-withdrawing groups retard the rate of reaction. The
reaction constant (r) value is around 21.20 (Table 2). To
account for the above spectral and kinetic results the
mechanism shown in Scheme 2 has been proposed.
Equations 8–12 are given in Scheme 2.

ArSðOÞMe þ ½RuðNNÞ3�
3þ !

k
ArSþzðOÞMe þ ½RuðNNÞ3�

2þ ð8Þ

ð9Þ

ð10Þ

ð11Þ

ð12Þ

Scheme 2.

Generally the outer sphere oxidants, [Ru(NN)3]3þ, undergo
reaction with electron donors by second order kinetics with
rate limiting ET to generate organic radical ion. In the
presence of strong oxidants like [Ru(NN)3]3þ, the driving
force for back ET is diminished resulting in the long
lifetimes of the radical cation. Consequently, the sulfoxide
radical cation may undergo other types of reaction, either
fragmentation or reaction with [Ru(NN)3]3þ or solvent in
competition with back ET.25,30 Jenks and co-workers have
established that the photolysis of aromatic sulfoxides leads
to a-cleavage as the predominant primary photochemical
process.31 The formation of sulfone as the major product of
the reaction helps us to conclude that the major portion of
sulfoxide radical cation is consumed by the solvent, water,
though fragmentation and back ET may be competing
processes. The formation of sulfone from sulfoxide radical
cation may be shown as three-step process (Eqs. 9–12).
Further, a good agreement between the experimentally
observed second-order rate constants and the values calculated
by Marcus theory (vide infra) also support the proposed
mechanism (Scheme 2). The reaction between [Ru(NN)3]3þ

and ArS(O)(OH)Me is fast and leads to the formation of Ru(II)
complex in the excited state (p[Ru(NN)3]2þ) (Eq. 11) which
is supported from the peak observed at 600 nm in the
transient spectrum (Fig. 4). However, it is well known that
when [Ru(bpy)3]3þ captures electrons from radicals or
powerful electron donors the product [Ru(bpy)3]2þ is
formed in the excited state.32 – 35 The mechanism proposed
here is similar to the one postulated for the [Ru(NN)3]3þ

oxidation of organic sulfides.20

2.3. Application of Marcus cross-reaction relation

In the past half-century, great progress has been achieved in
understanding both the kinetics and thermodynamics of ET

Figure 4. The absorption spectra of transients at different time intervals
formed from the reaction of [Ru(phen)3]3þ with MPSO in oxygen-saturated
aqueous CH3CN (50% v/v) solution at 298 K by flash photolysis
experiment.

Figure 5. The absorption spectra of transients at different time intervals
formed from the reaction of [Ru(bpy)3]3þ with MPS in oxygen-saturated
aqueous CH3CN (50% v/v) at 298 K.
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reactions (Eq. 13) by applying the Marcus cross-relation.

red1 þ OX2 O OX1 þ red2 ð13Þ

For ET reactions, like Eq. 13, the value of k12 is given by
activated complex theory as Eq. 14

k12 ¼ Z12 expð2DG#
12=RTÞ ð14Þ

Where Z12 is the preexponential term and DG12
‡ is the free

energy of activation. According to Marcus theory, reactions
like Eq. 13 can be described using the cross-relation given in
Eqs. 15a and 15b.

k12 ¼ ðk11k22K12f12Þ
1=2 ð15aÞ

ln f12 ¼ ½lnðK12Þ�
2
=½4 ln k11k22=Z

2� ð15bÞ

The self-exchange rate constants, k11 and k22 and the
equilibrium constant K12 are the principal parameters
determining k12. The term Z is the preexponential factor
which is often taken as 1011 M21 s21. The more general
form of Eqs. 15a and 15b including work terms, has
successfully been applied to a variety of inorganic, organic,
organometallic and biochemical reactions.33,36 – 42 The
fundamental assumption in deriving Eqs. 15a and 15b was
that averaging the activation barriers for self-exchange
reactions produced the proper activation barrier for the
cross-reactions.30 Recently, it has been established that the
great majority of ET reactions are non-adiabatic.43 The rate
constant of non-adiabatic ET is given by Eq. 16.

k12 4p3
=h2lkBT

� �1=2
V2 exp 2

ðDGo þ lÞ2

4lkBT

" #

ð16Þ

In Eq. 16, V is the electronic coupling matrix element, l,
the reorganization energy and DG o, the free energy
change for ET. The reorganization energy of ET(l) is the
energy required to structurally reorganize the donor,
acceptor and their solvation spheres upon ET. Despite the
predictions of modern theory by Bixon and Jortner,43

Nelson et al.,30,44 have applied Eqs. 15a and 15b
successfully for the calculation of rate constants, k12, for
141 reactions having couples of a wide range of structural
types. Since Eqs. 15a and 15b is successful in accounting
for ET reactions for couples having a wide range of
structural types including heteroatom-substituted aro-
matics we have applied this equation to the titled reaction
and to get the self-exchange rate of SOþ/SO. The value of
self-exchange rate of [Ru(NN)3]3þ/[Ru(NN)3]2þ is known
from previous studies of Sutin et al.37 as 4£108 M21 s21.
The high self-exchange rates observed with [M(NN)3]3þ/2þ

(M¼Fe, Ru and Os) complexes is accounted for by Sutin
et al. and others.37,42c In the divalent state there is relatively
strong mixing of metal d and ligand pp orbitals so that
significant metal electron density exists on the ligands. The
back-bonding interaction has the effect of shortening the
metal(II)–nitrogen bonds so that inner-shell reorganization
barrier to ET is lowered. Sutin and co-workers37 pointed out
another reason for large self-exchange rates of [M(NN)3]3þ.
The space-filling models of the tris(2,20-bipyridine) or
tris(1,10-phenanthroline) metal complexes show the favor-
able ‘stacked’ overlap of a pyridine ring in one complex
with one pyridine in another complex. This contact may
offer an especially facile pathway for the self-exchange
reaction.

In Eqs. 15a and 15b the value of K12 is calculated from the
redox potentials of the couples [Ru(NN)3]3þ/[Ru(NN)3]2þ

and SOþ/SO using Eqs. 17 and 18.

DG0 ¼ nFðE0
SOþ=SO 2 E0

Ru3þ=Ru2þÞ ð17Þ

K12 ¼ expð2DGo
=RTÞ ð18Þ

On taking logarithm Eq. 15a becomes Eq. 18.

log k12 2 0:5 log k11 2 0:5 log f12

¼ 0:5 log k22 þ 0:5 log K12 ð19Þ

The value of k22 for SOþ/SO can be estimated from an
iterative procedure, i.e., a value of k22 is guessed and
plugged into Eq. 16 to calculate f. With the calculated value
of log f, plots of left hand side of Eq. 16 versus log K12 are
made and from mean least-square calculations, the intercept
and slope of such plots are determined. From the intercept a
new estimated value of k22 is obtained and this is then used
to calculate a new log f. The entire iterative process was
repeated until successive estimates of k22 differed by less
than 10%. The final results give k22¼4.0£105 M21 s21 if we
use all five Ru(III) complexes (I–V) as the oxidant and a
sample plot is shown in Figure 6.

It is pertinent to point out that similar treatment to oxidation
of organic sulfides has given the same value of k22 for
sulfides.20 After calculating the value of k22, it is then used
to get the values of rate constant for ET, k12, from organic
sulfoxides to [Ru(NN)3]3þ and the values are collected in
Table 2. These calculated values are in fair agreement with
the experimental values, supporting our arguments pre-
sented above. A difference of 1–2 orders is observed
between the experimental and the calculated values for
sulfoxides carrying electron-donating groups in the phenyl
ring. The solvation of the reactants and transients plays an
important role in deciding the reactivity and course of the
reaction particularly when polar solvents are used in
reactions involving charge development. The presence of
electron-donating and withdrawing groups leads to different
solvation energy. Recently it has been established that

Figure 6. Plot of log k1220.5(log k11þlog f)) versus log K12. The numbers
refer to the sulfoxides given in Table 2. [Ru(bpy)3]3þ and [Ru(phen)3]3þ

(X), [Ru(dmbpy)3]3þ (O) [Ru(dtpby)3]3þ (B) and [Ru(dpphen)3]3þ (V).
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p-OCH3C6H4Sz involves a solvation energy of 42 kJ mol21

and p-NO2C6H5Sz 296 kJ mol21 in CH3CN.45 Thus, in
order to account for the dynamics of ET reactions it is
essential to include the solvation energy in the calculation.
Thus we presume that if the solvation energy was also
included the agreement between the experimental and
calculated values would be better.

2.4. Comparison of the reactivity of [Ru(NN)3]31 with
[Fe(NN)3]31

Recently, iron(III)–polypyridyl complexes have been used
in this laboratory as one-electron oxidants for the oxidation
of organic sulfides and sulfoxides.16,17 Compared to Fe(III),
Ru(III) complexes are better electron acceptors and undergo
facile one-ET reactions with a variety of organic, inorganic
and biological substrates. The reduction potentials of
[Ru(bpy)3]3þ and [Fe(bpy)3]3þ are 1.02 and 0.76 V versus
SCE, respectively. It was interesting to compare the
reactivity of these metal–polypyridyl complexes towards
the same substrate, organic sulfoxides. The second-order
rate constants for the ET reaction of [Ru(bpy)3]3þ and
[Fe(bpy)3]3þ with MPSO under similar conditions are 2.3
and 0.27 M21 s21, respectively. The DG o values for the
reactions of [Ru(bpy)3]3þ and [Fe(bpy)3]3þ with MPSO are
0.70 and 0.90 eV, respectively. This comparison points out
that the reactivity of these metal complexes is in accordance
with the driving force of the reaction. The reaction constant
(r þ) values for the reaction of [Ru(bpy)3]3þ and
[Fe(bpy)3]3þ with X–C6H4S(O)Me are 21.2 and 20.8,
respectively. These rate (k) and reaction constant (r) data
point out that for Ru(III) complexes the rate as well as the
r values are higher compared to those of Fe(III)
complexes.

This comparison leads us to conclude that reactions
proceeding through an ET mechanism do not obey the
reactivity–selectivity principle (RSP). It is interesting to
recall that though aromatic sulfides have more reactivity by
two orders magnitude compared to sulfoxides towards the
same oxidant [Ru(NN)3]3þ, they have a similar r value. On
the other hand, these substrates have r values of ,3.2 and
0.8, respectively, towards [Fe(NN)3]3þ. All these results
strengthen our conclusion that though all reactions proceed
through a similar ET mechanism, RSP is not successful for
these ET reactions. To provide an explanation for this
behavior, it is useful to take at the nature of the transition
state of this ET reaction. In order to achieve selectivity in a
chemical reaction the transition state should have definite
structure.46,47 For the reactions proceeding through outer-
sphere ET mechanism the implicit assumption is that little
interaction exists between the electron donor and acceptor
in the transition state.48 – 50 On the other hand, for the SN2
transition state the most dominant interaction exists between
the donor highest occupied molecular orbital (HOMO) and
the acceptor lowest unoccupied molecular orbital (LUMO).
It is interesting to mention that reactions of organic sulfides
and sulfoxides with oxo(salen)metal complexes obey RSP
and these reactions proceed through the nucleophilic attack
of sulfur of the substrate on the oxygen center of the oxidant.
The failure of RSP in the ET reactions led us to presume that
these reactions might be of the unbound, outer-sphere type
involving weakly bound transition states.

Further it is important to note the difference in self-
exchange rate constant obtained for these organic sulfur
compounds at different [Hþ]. The self-exchange rate is
1.0£107 M21 s21 at 0.5 mHþ but the value is
4.0£105 M21 s21 at 4.5 [Hþ]. Thus at high [Hþ] the self-
exchange rate is small because the radical cation is more
stabilized at high [Hþ].

In conclusion the ET reaction between organic sulfoxides
and Ru(III) complexes is established by observation of
absorption spectrum of transient sulfoxide radical cation at
high [Hþ]. The Marcus cross relation is applied successfully
to estimate the self-exchange rate constant of sulfoxide
radical cation/sulfoxide redox couple. This conclusion on
the metal ion oxidation of biologically important organic
sulfides and sulfoxides is of importance because the
oxidation of proteins and lipids by a single ET process has
been associated with the onset of several diseases.49,50

3. Experimental

3.1. Materials

The [Ru(NN)3]2þ complexes (NN¼2,20-bipyridine (bpy),
4,40-dimethyl-2,20-dipyridine (dmbpy), 4,40-di-tert-2,20-
bipyridine (dtbpy), 1,10-phenanthroline (phen) and 4,7-
diphenyl-1,10-phenanthroline (dpphen)) were synthesized
by known procedures.51 – 53 The Ru(III) complexes needed
for the titled reaction were prepared by adopting the
procedure described below.54,55 The steady-state photolysis
of [Ru(NN)3]2þ in 4.5 M H2SO4 using a 500 W tungsten–
halogen lamp led to the formation of corresponding Ru(III)
complex. The light beam was made parallel by using a
planoconvex lens. The infrared (IR) and ultraviolet (UV)
radiations were cut-off by passing the light beam through a
5 cm quartz cell filled with water and pyrex glass filter. It
was observed that the color of the solution readily changed
from orange-yellow to green during irradiation. The
formation of [Ru(NN)3]3þ complexes was confirmed by
recording the absorption spectrum of the irradiated solution.
[Ru(NN)3]3þ complexes showed peaks around 420–430
and 650–670 nm.

Methyl phenyl sulfoxide and methyl p-tolyl sulfoxide
(Aldrich) were used as received. The other aryl methyl
sulfoxides used in this study were prepared from the
corresponding sulfides according to the literature pro-
cedures.56,57 All the sulfoxides were purified by vacuum
distillation/recrystallization from suitable solvents. The
physical constants of the sulfoxides were found to agree
with literature values. The GC analyses of each sulfoxide
showed the presence of a single entity, and no impurity peak
appeared in the 1H NMR spectra. Acetonitrile (GR,
E. Merck) was refluxed over P2O5 for 5 h and then
distilled.58 All other reagents were of AnalaR grade or
used after purification. The kinetic study of the reaction was
performed after confirming the purity of the reactants and
solvents used in the system.

3.2. Conventional flash kinetic spectrometer

Flash photolysis experiments were carried out using an
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applied photophysics UK KN-020 series model flash kinetic
spectrometer. It consists of two LR-16, xenon filled flash
lamps with an electrode separation of 140 mm, an overall
length of 205 mm and a bore diameter of 10 mm. The
sample cell was made of quartz with an outer jacket. The
cell has an inner diameter of 10 mm and an optical path
length of 105 mm. The cell was placed between the flash
lamps in the middle and the lamps were fired at 10 kV using
a 200 J, 1 mF capacitor bank. A 12 V, 100 W quartz-iodine
lamp (Phillips, Holland) operated by a power supply unit
(Model 415/01) was used as the light source for the
monitoring beam. The detecting system consisted of a
Hamamatsu R-928 photomultiplier tube with a spectral
sensitivity from 190 to 900 nm. The output signal from the
PMT was fed into an International Electronics India, digital
storage oscilloscope and hard copies of the traces were
obtained using an EPSON-LX80 printer.

3.3. Kinetic measurements

The absorption spectra of [Ru(NN)3]2þ and [Ru(NN)3]3þ

complexes were obtained using a JASCO model 7800 UV–
Vis spectrophotometer. The reaction between the photo-
generated [Ru(NN)3]3þ and sulfoxide was monitored by
following the increase in absorbance of [Ru(NN)3]2þ

(lmax¼450 nm) at definite time intervals at 298 K. The
reaction was followed up to 50% conversion. The kinetic
study was carried out in aqueous CH3CN (50% v/v) under
pseudo first-order condition. The pseudo first-order rate
constant (k1) for each kinetic run was evaluated from the
slope of linear plot of log OD versus time by the method of
least squares. The linearity of each fit is confirmed from the
values of correlation co-efficient (r) and standard deviations
(s). The second-order rate constant (k2) is evaluated from the
relation k2¼k1/(sulfoxide). The thermodynamic parameters,
the enthalpy (DH ‡) and entropy (DS –) of activation, were
evaluated by the least-squares method from the linear plot of
log k2/T versus 1/T.

3.4. Product analysis

A sample of 0.5 mM substrate (ArSOMe) was added to a
0.5 mM solution of [Ru(NN)3]3þ complex in 5 ml of
aqueous CH3CN (50% v/v). The solution was stirred at
298 K for ,90 min or more depending upon the nature of
sulfoxide and complex. The products of the reaction were
extracted with chloroform and dried and the solvent was
removed. Then the resulting residue was analyzed by IR
spectroscopy and GC. The IR spectrum of the product
(sulfone) was found to have stretching frequency in the
characteristic region 1100–1150 cm21. The GC analysis
(Model GC17A Schimadzu) of the product also indicated
the formation of sulfone as the major product under the
present experimental conditions.
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Abstract—Versatility and synthetic potential of 1-(trimethylsilyloxy)-1,3-butadiene, 1-(trimethylsilyloxy)penta-1,3-diene, and their methyl
substituted derivatives have been demonstrated in a modular synthetic methodology of stereodefined p-conjugated unsymmetrical,
symmetrical two-dimensional, and octupolar polyenal structure.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The conjugated polyenic backbone is an important struc-
tural unit in macrolide antibiotics and various classes of
natural products (e g., retinoic acids, chrysophysarin A).1 It
has also been shown that conjugated polyenes can be used as
model compounds for a variety of applications including
electron transfer,2 light harvesting,3 nonlinear optics,4,5 and
conductivity2 and are potentially useful compounds for
electronic and non-linear optical materials.6 Thus, it is not
surprising that considerable efforts have been made to
search for stereoselective methods of synthesis of such
conjugated systems.

In the literature, the most common strategy of double-bond
formation in the conjugated system is the Wittig reaction
or one of its variants (Wittig–Horner, WH; Horner–
Wadsworth–Emmons, HWE).7 A site of unsaturation in
the conjugated structure can also be generated by means of,
for example, ring opening metathesis oligomerization,8

retro-Diels–Alder reaction,9 transition-metal-catalyzed
reaction,10 homocoupling reaction of unsaturated silanes11

or allylboration reaction12 and hydrozirconation-cross-
coupling.13 Knoevenagel condensation affords a possibility
for incorporation of double bond, and donor or acceptor
entity at one time and is commonly used to prepare
conjugated polyenes with various functional groups.14,15

In our previous studies dealing with the synthesis of

stereodefined (pure all-E) p-conjugated polyenes16 we
have devised new methodology for the synthesis of a
polyenic backbone starting from 5,5-diethoxypenta-2-enal
as a template and using 1-(trimethylsilyloxy)-1,3-butadiene
as a building block. This modular method was successfully
applied to the synthesis of linear, unsymmetrical amphi-
philic conjugated all-E polyenals (v,v0-(p-alkoxyphenyl)-
polyenals)16 containing up to eight double bonds.

The main purpose of the present contribution is to illustrate
the versatility and the efficient synthetic potential of
O-trimethylsilylenol ethers (1-(trimethylsilyloxy)-1,3-buta-
diene 8, 1-(trimethylsilyloxy)penta-1,3-diene 4 and their
methyl substituted derivatives 5–7) for the stereoselective
preparation of unsymmetrical as well as symmetrical and
octupolar conjugated polyenals with and without the methyl
groups in the polyenic backbone. We generalize the
modular method by use of 1-(trimethylsilyloxy)penta-1,3-
diene 4, 3-methyl-1-(trimethylsilyloxy)-1,3-butadiene 5,
2-methyl-1-(trimethylsilyloxy)-1,3-butadiene 6, 2-methyl-
1-(trimethylsilyloxy)penta-1,3-diene 7 as building blocks
and new templates (4-hexyloxy-3-methoxybenzaldehyde
1(0), 3-(4-hexyloxy-3-methoxyphenyl)propenal 1(1), 2-meth-
oxy-5-methyl-isophtalaldehyde 2, and 2,4,6-trimethoxy-
1,3,5-benzenetricarbaldehyde 3). These building blocks
lead to new conjugated polyenes with an angular methyl
group — very important class of carotenoid-type polyenes.
We are also interested in the synthesis of symmetrical two-
dimensional conjugated polyenals and octupolar structures.
The use of template with two reactive carbonyl moieties
(2) leads to new symmetrical, conjugated polyenals —
precursors of acceptor or donor substituted polyenes
which represent an approach to a molecular wire.17 The
new octupolar structures that are of particular interest in
the field of nonlinear optics due to their potentially large two
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or three-dimensional quadratic nonlinearities can be
obtained from the template with three reactive carbonyl
moieties.

2. Results and discussion

Scheme 1 presents the synthetic approach for unsym-
metrical carotenoid-type structures (A), as well as
symmetrical (B) and octupolar (C) conjugated polyenals.
Thus, in this modular synthesis, which involves reactive
silyl enol ethers 4–8 as building blocks, and aldehyde
comprising conjugation in its structure (1(0), 1(1), 2, 3) as
templates, a series of conjugated polyenals presented in
Table 1 are obtained.

Each particular step of the designed iterative process,
independent of the applied template, involves three steps.
The first one — the slowest reaction step in the whole
modular approach (reaction (i) in Scheme 1) — denotes the
acetalization of the respective template (aldehyde compris-
ing conjugation in its structure) with triethyl orthoformate in
the presence of pyridinium p-toluenesulfonate (PPTS) or

camphorsulfonic acid (CSA). In the case of PPTS, as the
catalyst at 25 8C, the first step has been completed within
154 h for template 3 (see Table 2). Increasing temperature
up to 50 8C makes the reaction time shorter (130 h), but
unfortunately, the yield was diminished (Table 2). It is
worth noting that CSA catalyzes the studied reaction
effectively at 25 8C; tenfold reaction time decrease, high
yield (see Table 2).

The second step (reaction (ii) in Scheme 1) represents the
reaction of the nucleophilic building block to the above
mentioned acetal in the presence of catalytic amounts of
ZnCl2, giving rise to d-ethoxy-a,b-unsaturated aldehydes.
The use of silyl enol ethers 4–8, indicated in the first
paragraph, made it possible to achieve in one step the carbon
chain elongation of up to four atoms. Then, the 4–7 silyl
enol ethers led, additionally to the methyl group introduc-
tion in the polyenic backbone and, furthermore, to the
carotenoid-like structures 8–11, 14, 16 and polyenals 12.
The building block 8 is commercially available and the rest
of used silyl enol ethers are easy to obtain from appropriate
aldehydes according to method described in the literature.18

In order to complete the synthesis of conjugated polyenals,

Scheme 1. The general synthetic approach for (A) unsymmetrical carotenoid-type polyenals, (B) symmetrical conjugated polyenals and (C) octupolar
conjugated polyenals. Templates T and silyl enol ethers are presented in Table 1.
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water or/and ethanol are to be eliminated, double bonds
shifted and the acetal moiety hydrolyzed in a cascade of four
simultaneous reactions. The intermediates are carbocations,
which are stable because of their allylic character.11 The
mentioned process carried out in the presence of pyridinium
hydrobromide12 (reaction (iii) Scheme 1) gave thermo-
dynamically stable pure all-E isomers comprising two,
three, four, five, six, seven and eight double bonds in one

conjugated chain. The overall yields for the given series of
conjugated polyenes 8–11, 12, 13, 14, 15 and 16 ranged
between 53–75%, 43–62%, 51–74%, 49–72%, 41–69%
and 40–67%, respectively.

All synthesized polyenals 8–16 were purified by medium
pressure column chromatography (MPLC) or/and radial
chromatography in darkness under N2 and identified

Table 1. Templates 1–3 and building blocks 4–6 leading to polyenals 8–16 by modular synthesis
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unambiguously by NMR. The structure and stereochemistry
of conjugated polyenals 8–16 were studied by NMR
spectroscopy using one- (1H, 13C) and two-dimensional
spectra (1H–1H and 1H–13C correlated spectroscopy—
COSY). At 300 MHz these two methods allowed identifi-
cation of almost all protons of the studied polyenic chains
and determination of the coupling constants JCHvCH (14.1–
15.4 Hz) and JCH – CH (10.1–11.2 Hz) which are charac-
teristic for all-E structures.13 The stereochemical homo-
geneity of all obtained aldehyde structures was evidenced
by the presence of a single doublet (at about 9.6 ppm)
corresponding to the CHO. As in other all-E polyenes
described in the literature the UV–vis spectra of compounds
8–16 are characterized by an intense, structureless and
broad absorption band in the visible and ultraviolet
region.15,19 The p–pp transition is responsible for the first
absorption band.15,19 Symmetry of the first absorption band
and lack of the additional bands in the longer wavelength
region of the spectra evidence the existence of all-E isomer
in the CHCl3 solution. The IR spectrum in KBr of all studied
compounds is very complex but detailed analysis confirms
the structure and all-E configuration for the new polyenals
8–15. The IR spectrum of all polyenals has absorption band
between 1665 and 1685 cm21 indicating the presence of
long conjudated system (CvC–CvC and CvC–CvO).

We do not observe any bands between 1400 and 1420 cm21

and 660 and 730 cm21 what confirms the absence of Z
isomer. All spectroscopic analysis indicate all-E configu-
ration for the studied compounds.

3. Conclusion

Summing up, we have described the use of O-trimethylsilyl
enol ethers as versatile building blocks in modular synthesis
of unsymmetrical, symmetrical and octupolar conjugated
polyenals containing long polyenic backbones. In spite of
difficulties with purity of conjugated polyenes MPLC and
radial chromatography proved effective purification methods
(purity was confirmed by elemental analysis, ESI-MS, NMR
and UV–vis spectroscopy). Thus, obtained and purified
derivatives, identified by NMR, UV–vis and IR spectro-
scopy, represent in ground state only one all-E isomer.

The unsymmetrical polyenals are convenient reagents for the
synthesis of push–pull structures.15,20 Push–pull polyenes
as well as symmetrical and octupolar polyenals and their
derivatives play important role as: molecular wires, novel
NLO materials or electroluminescent material for light-
emitting diodes.21 – 23

4. Experimental

4.1. General methods and materials

Starting materials were of the highest commercial quality
and were used without further purification. All reactions
were carried out under a protective atmosphere of N2 gas
using oven-dried glassware. Mps were determined on a
Kofler block and are uncorrected. Elemental analyses were
carried out with a Perkin–Elmer 2400 CHN analyzer
(Norwalk, CT). Chromatographic purification was accom-
plished by medium pressure column chromatography
(MPLC, Büchi Labortechnik AG, silica gel, flow rate
20 mL min21, eluent—hexane/ethyl acetate, 3:1) or/and
radial chromatography (Chromatotron, Harrison Research
Inc., N2, 60 rpm, 2 mm layer of Silica Gel 60 GF254,
flow rate 6 mL min21, eluent — hexane/ethyl acetate, 4:1).
Electrospray ionization (ESI) spectra were obtained with a
Finnigan TSQ-700 mass spectrometer. Nuclear magnetic
resonance (NMR) spectra were recorded with a Bruker
AMX-300 spectrometer (Karlsruhe, Germany). 1H chemical
shifts (at 300.13 MHz) are referenced in CDCl3 to residual
protons of CDCl3 (7.24 ppm). The UV–Vis absorption
spectra of freshly prepared solutions of all obtained
polyenes were measured in CH3Cl at room temperature
using UV–Vis Unicam (Thermo Spectronic) spectro-
photometer. IR spectra were obtained on FT-IR Nexus
(Thermo Nicolet) spectrophotometer.

4.2. General procedure for the preparation of
unsymmetrical conjugated polyenals 8(n)-12(n)

A mixture of appropriate aldehyde (template 1(m), or
polyenal 8(n) – 12(n) (22 mmol), CH(OEt)3 (10 mL,
60 mmol) and catalyst (PPTS or CSA, 100 mg) in anhyd
Et2O (10 mL) was stirred at rt for 16–120 h (reaction

Table 2. Experimental conditions of template 1–3 acetalization

Template Catalyst T (8C) ta (h) Yieldb

1(0)

PPTSc 25 9 90
CSAd 25 0.5 93

1(1)

PPTSc 25 18 94
CSAd 25 1.5 96

2

PPTSc 25 35 89
PPTSc 50 8.5 85
CSAd 25 2.5 93

3

PPTSc 25 154 87
PPTSc 50 130 85
CSAd 25 10 90

a The progress of reaction was followed by TLC on silica gel with ethyl
acetate/hexane (v/v, 3:1) as eluent.

b Isolated.
c Pyridinium p-toluenesulfonate.
d Camphorsulfonic acid.
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progress was controlled by TLC analysis). Then the mixture
was poured into 5% aq ammonium hydroxide solution
(50 mL) and the aqueous layer was extracted with Et2O
(4£80 mL). The combined organic layers were washed with
brine, dried with K2CO3 and the solvent was evaporated
under reduced pressure. The appropriate silyl enol ether (4,
5, 6, or 7) (36 mmol) in anhyd Et2O (20 mL) was then added
dropwise to a well-stirred, ice-cooled solution of bis-acetal
and ZnCl2 (1.0 g, 7.34 mmol) in anhyd Et2O (20 mL). After
36 h stirring at 5 8C, the reaction mixture was poured into
the ice–water (100 mL). The organic phase was shaken
with sat. aq NaHCO3 and water, dried with MgSO4 and the
solvent was removed in vacuo. The obtained brown oil was
added to a solution of a pyridine hydrobromide (0.10 g,
0.31 mmol) in acetone containing 0.2 mL of water. The
mixture was stirred at 40 8C for 20–46 h, then poured into
cold water (25 mL) and extracted with anhyd Et2O
(2£25 mL). The organic phase was washed with cold
water, dried with MgSO4 and evaporated. The residue was
purified by medium pressure column chromatography or
radial chromatography (hexane/EtOAc, 3:1 v/v).

4.2.1. (2E,4E)-5-(4-Hexyloxy-3-methoxyphenyl)-4-
methyl-penta-2,4-dienal (8(1)). Brown solid, mp 30–
35 8C, yield 75%. Anal. Calcd for C19H26O3 (302.4): C,
75.46; H, 8.67. Found: C, 75.26; H, 8.85. ESI-MS:
MHþ¼303.2. nmax (KBr) 2940, 2851, 1668, 1591, 1507,
1470, 1395, 1310, 1249, 1180, 1028, 968, 850, 795,
640 cm21. dH (300 MHz, CDCl3) 9.40 (1H, d, J¼8.1 Hz,
CHO), 7.20 (1H, d, J¼15.0 Hz, CHvCHCHO), 6.82 (1H,
dd, J¼8.9, 3.0 Hz, ArH), 6.80 (1H, s, ArCH), 6.76 (1H, d,
J¼8.6 Hz, ArH), 6.65 (1H, d, J¼3.0 Hz), 6.20 (1H, dd,
J¼8.0, 15.1 Hz, CHCHO), 3.97 (2H, t, J¼6.5 Hz, CH2O),
3.89 (3H, s, OMe), 1.90 (3H, s, CHvCMe), 1.30–1.80
(8H, m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz, Me(CH2)4).
lmax(CHCl3)¼354 nm, 1¼2.8£105.

4.2.2. (2E,4E,6E,8E)-9-(4-Hexyloxy-3-methoxyphenyl)-
4,8-dimethyl-nona-2,4,6,8-tetraenal (8(2)). Brown solid,
mp 49–54 8C, yield 67%. Anal. Calcd for C24H32O3

(368.5): C, 78.22; H, 8.75. Found: C, 78.0; H 8.9. ESI-
MS: MHþ¼369.22. nmax (KBr) 3020, 2949, 2860, 1730,
1640, 1620, 1600, 1537, 1510, 1250, 1180, 1024, 975, 835,
795, 645, 645 cm21. dH (300 MHz, CDCl3) 9.42 (1H, d,
J¼8.1 Hz, CHO), 6.98 (1H, d, J¼15.0 Hz, CHvCHCHO),
6.82 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.80 (1H, s, ArCH), 6.76
(1H, d, J¼8.6 Hz, ArH), 6.70 (1H, dd, J¼14.9, 7.9 Hz,
MeCCHvCH), 6.66 (1H, d, J¼14.9 Hz, MeCCHvCH),
6.65 (1H, d, J¼3.0 Hz, ArH), 6.44 (1H, d, J¼7.9 Hz,
CHvC(Me)), 6.22 (1H, dd, J¼14.9, 8.1 Hz, CHCHO),
3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89 (3H, s, OMe), 1.90
(6H, s, 2£CMe), 1.30–1.80 (8H, m, Me(CH2)4), 0.90
(3H, t, J¼6.9 Hz, Me(CH2)4). lmax(CHCl3)¼394 nm,
1¼4.2£105.

4.2.3. (2E,4E,6E,8E,10E,12E)-13-(4-Hexyloxy-3-methoxy-
phenyl)-4,8,12-trimethyl-trideca-2,4,6,8,10, 12-heksaenal
(8(3)). Brown solid, mp 62–68 8C, yield 60%. Anal. Calcd
for C29H38O3 (434.61): C, 80.14; H, 8.81. Found: C, 79.9;
H, 8.9. ESI-MS: MHþ¼435.3. nmax (KBr) 3025, 2960,
2937, 2853, 1677, 1586, 1508, 1470, 1390, 1302, 1290,
1254, 1240, 1175, 1150, 1120, 1010, 990, 920, 855, 795,
650, 625 cm21. dH (300 MHz, CDCl3) 9.40 (1H, d, J¼

8.1 Hz, CHO), 6.82 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.80
(1H, s, ArCH), 6.76 (1H, d, J¼8.6 Hz, ArH), 6.73–6.78
(2H, m, ((Me)CCHvCHCHv)2), 6.71 (1H, dd, J¼14.9,
7.9 Hz, MeCCHvCH), 6.70 (1H, d, J¼15.0 Hz,
CHvCHCHO), 6.66 (1H, d, J¼14.9 Hz, MeCCHvCH),
6.65 (1H, d, J¼3.0 Hz), 6.44 (2H, 2£d, J¼7.9 Hz,
(CHvC(Me)CHvCH)2), 6.22 (1H, dd, J¼14.9, 8.1 Hz,
CHCHO), 3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89 (3H, s, OMe),
1.90 (9H, s, 3£CHvCMe), 1.30–1.80 (8H, m, Me(CH2)4),
0.90 (3H, t, J¼6.9 Hz, Me(CH2)4). lmax(CHCl3)¼422 nm,
1¼4.9£105.

4.2.4. (2E,4E,6E,8E,10E,12E,14E,16E)-17-(4-Hexyloxy-
3-methoxyphenyl)-4,8,12,16-tetramethyl-heptadeca-
2,4,6,8,10,12,14,16-octaenal (8(4)). Brown solid, mp
79–84 8C, yield 54%. Anal. Calcd for C34H44O3 (500.72):
C, 81.56; H, 8.86. Found: C, 81.3; H, 9.0. ESI-MS:
MHþ¼501.4. nmax (KBr) 3020, 2935, 2855, 1665, 1590,
1510, 1465, 1395, 1300, 1267, 1465, 1260, 1140, 1120,
1030, 970, 850, 645 cm21. dH (300 MHz, CDCl3) 9.40
(1H, d, J¼8.0 Hz, CHO), 6.98 (1H, d, J¼15.0 Hz,
CHvCHCHO), 6.82 (1H, dd, J¼9.0, 3.0 Hz, ArH), 6.80
(1H, s, ArCH), 6.73–6.78 (4H, m, (CHCHvC(Me)CH)3þ
ArH), 6.65 (1H, d, J¼3.0 Hz, ArH), 6.60 (3H, 3£d, J¼
14.9 Hz, (CHvCHCHvCMe)3), 6.42 (3H, 3£d, J¼7.9 Hz,
(CHvC(Me)CHvCH)3), 6.22 (1H, dd, J¼8.1, 14.9 Hz,
CHCHO), 3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89 (3H,
s, OMe), 1.90 (12H, s, 4£CHvCMe), 1.30–1.80 (8H,
m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz, Me(CH2)4).
lmax(CHCl3)¼445 nm, 1¼5.7£105.

4.2.5. (2E,4E)-5-(4-Hexyloxy-3-methoxyphenyl)-3-
methyl-penta-2,4-dienal (9(1)). Brown solid, mp
32–36 8C, yield 74%. Anal. Calcd for C19H26O3 (302.41):
C, 75.46; H, 8.67. Found: C, 75.2; H, 8.9. ESI-MS:
MHþ¼303.2. nmax (KBr) 2950, 2862, 1663, 1590, 1508,
1470, 1395, 1305, 1250, 1150, 1025, 965, 850, 642 cm21.
dH (300 MHz, CDCl3) 9.42 (1H, d, J¼8.0 Hz, CHO), 6.82
(1H, dd, J¼8.7, 3.0 Hz), 6.76 (1H, d, J¼8.6 Hz, ArH), 6.70
(1H, d, J¼15.1 Hz, ArCH), 6.65 (1H, d, J¼3.0 Hz, ArH),
6.63 (1H, d, J¼15.4 Hz, ArCHvCH), 6.32 (1H, d, J¼
8.0 Hz, CHCHO), 3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89
(3H, s, OMe), 1.88 (3H, s, CHvCMe), 1.30–1.80 (8H,
m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz, Me(CH2)4).
lmax(CHCl3)¼345 nm, 1¼2.5£105.

4.2.6. (2E,4E,6E,8E)-9-(4-Hexyloxy-3-methoxyphenyl)-
3,7-dimethyl-nona-2,4,6,8-tetraenal (9(2)). Brown solid,
mp 49–54 8C, yield 68%. Anal. Calcd for C24H32O3

(368.52): C, 78.22; H, 8.75. Found: C, 78.0; H, 8.9.
ESI-MS: MHþ¼369.2. nmax (KBr) 2930, 2890, 1670, 1638,
1620, 1510, 1470, 1380, 1253, 1135, 999, 836, 792,
645 cm21. dH (300 MHz, CDCl3) 9.45 (1H, d, J¼8.0 Hz,
CHO), 6.82 (1H, dd, J¼8.9, 3.0 Hz), 6.77 (1H, d, J¼
8.6 Hz), 6.75 (1H, dd, J¼9.0, 14.8 Hz, CHvCHC(Me)),
6.71 (1H, d, J¼15.3 Hz, ArCH), 6.65 (1H, d, J¼3.0 Hz),
6.64 (1H, d, J¼8.9 Hz, MeCvCHCH), 6.63 (1H, d,
J¼15.0 Hz, ArCHvCH), 6.41 (1H, d, J¼15.0 Hz,
CHC(Me)vCHCHO), 6.32 (1H, d, J¼7.9 Hz, CHCHO),
3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89 (3H, s, OMe), 1.90
(6H, s, 2£CHvCMe), 1.30–1.79 (8H, m, Me(CH2)4), 0.90
(3H, t, J¼6.9 Hz, Me(CH2)4). lmax(CHCl3)¼384 nm, 1¼
4.0£105.
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4.2.7. (2E,4E,6E,8E,10E,12E)-13-(4-Hexyloxy-3-methoxy-
phenyl)-3,7,11-trimethyl-trideca-2,4,6,8,10, 12-heksaenal
(9(3)). Brown solid, mp 62–66 8C, yield 59%. Anal. Calcd
for C29H38O3 (434.62): C, 80.14; H, 8.81. Found: C, 79.9;
H, 9.0. ESI-MS: MHþ¼435.3. nmax (KBr) 3020, 2950,
2931, 2860, 1675, 1585, 1510, 1465, 1390, 1305, 1292,
1253, 1170, 1135, 1015, 998, 920, 855, 645 cm21. dH

(300 MHz, CDCl3) 9.45 (1H, d, J¼8.0 Hz, CHO), 6.82 (1H,
dd, J¼8.9, 3.0 Hz, ArH), 6.76 (1H, d, J¼8.7 Hz, ArH), 6.72
(2H, dd, J¼14.8, 9.0 Hz, CHvCHC(Me)), 6.70 (1H, d,
J¼15.3 Hz, ArCH), 6.65 (3H, m, (C(Me)vCHCHvCH)2þ
ArH), 6.64 (1H, d, J¼15.0 Hz, ArCHvCH), 6.41 (2H,
m, (C(Me)vCHCHvCH)2), 6.30 (1H, d, J¼7.9 Hz,
CHCHO), 3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89 (3H, s,
OMe), 1.90 (9H, s, 3£CHvCMe), 1.30–1.79 (8H, m,
Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼415 nm,
1¼5.1£105.

4.2.8. (2E,4E,6E,8E,10E,12E,14E,16E)-17-(4-Hexyloxy-
3-methoxyphenyl)-3,7,11,14-tetramethyl-heptadeca-
2,4,6,8,10,12,14,16-octaenal (9(4)). Brown solid, mp 80–
85 8C, yield 55%. Anal. Calcd for C34H44O3 (500.72): C,
81.56; H, 8.86. Found: C, 81.3; H, 9.0. ESI-MS: MHþ¼
501.3. nmax (KBr) 3025, 2940, 2852, 1665, 1589, 1511,
1463, 1380, 1310, 1290, 1230, 1175, 1130, 1015, 998, 850,
795, 650 cm21. dH (300 MHz, CDCl3) 9.42 (1H, d, J¼
8.0 Hz, CHO), 6.82 (1H, dd, J¼8.9, 2.9 Hz, ArH), 6.76 (4H,
m, (CHvCHC(Me)vCH)3þArH), 6.70 (1H, d, J¼15.3 Hz,
ArCH), 6.66 (3H, m, (CHCHvCHCMe)3), 6.65 (1H, d,
J¼2.98 Hz, ArH), 6.63 (1H, d, J¼15.0 Hz, ArCHvCH),
6.41 (3H, m, (C(Me)vCHCHvCH)3), 6.32 (1H, d,
J¼8.0 Hz, CHCHO), 3.97 (2H, t, J¼6.54 Hz, CH2O), 3.89
(3H, s, OMe), 1.90 (12H, s, 4£CHvCMe), 1.30–1.79 (8H, m,
Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼438 nm,
1¼5.9£105.

4.2.9. (2E,4E,6E)-7-(4-Hexyloxy-3-methoxyphenyl)-2-
methyl-hepta-2,4,6-trienal (10(1)). Brown solid, mp
40–45 8C, yield 70%. Anal. Calcd for C21H28O3 (328.45):
C, 76.79; H, 8.59. Found: C, 75.12; H, 8.69. ESI-MS:
MHþ¼329.2. nmax (KBr) 3000, 2930, 2860, 1720, 1660,
1604, 1512, 1465, 1270, 1031, 1020, 995, 845, 800,
645 cm21. dH (300 MHz, CDCl3) 9.43 (1H, s, CHO), 6.92
(1H, d, J¼11.0 Hz, CHC(CH3)CHO), 6.82 (dd, 1H, J¼8.9,
3.0 Hz, ArH), 6.80 (1H, dd, J¼10.1, 15.0 Hz, ArCHvCH),
6.76 (1H, d, J¼8.6 Hz, ArH), 6.70 (1H, d, J¼14.7 Hz,
ArCHvCH), 6.65 (1H, d, J¼3.0 Hz, ArH), 6.60 (2H, dd,
J¼15.0, 9.2 Hz, CHvCH) 3.97 (2H, t, J¼6.54 Hz, CH2O),
3.89 (3H, s, OMe), 1.90 (3H, s, CHvCMe), 1.30–1.79 (8H,
m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼369
nm, 1¼2.4£105.

4.2.10. (2E,4E,6E,8E,10E)-11-(4-Hexyloxy-3-methoxy-
phenyl)-2,6-dimethyl-undeca-2,4,6,8,10-pentaenal
(10(2)). Brown solid, mp 58–63 8C, yield 63%. Anal. Calcd
for C26H34O3 (394.55): C, 79.15; H, 8.69. Found: C, 78.9;
H, 8.8. ESI-MS: MHþ¼395.2. nmax (KBr) 2999, 2930,
2859, 1720, 1659, 1600, 1510, 1465, 1270, 1250, 1175,
1140, 1029, 969, 845, 645 cm21. dH (300 MHz, CDCl3)
9.40 (s, 1H, CHO), 6.90 (1H, d, J¼11.0 Hz, CHC(CH3)-
CHO), 6.82 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.79 (1H, dd,
J¼14.9, 9.8 Hz, ArCHvCH), 6.76 (1H, dd, J¼14.8,
10.1 Hz, ArCHvCH), 6.76 (d, 1H, J¼8.6 Hz, ArH), 6.71

(1H, d, J¼14.7 Hz, ArCH), 6.66 (1H, d, J¼15.0 Hz,
C(Me)CH), 6.65 (1H, d, J¼3.0 Hz), 6.59 (2H, m,
CHvCHCHvCH), 6.30 (1H, d, J¼9.2 Hz, CHvCMe),
3.97 (2H, t, J¼6.5 Hz, CH2O), 3.89 (3H, s, OMe), 1.90
(6H, s, (CHvCHCHvCMe)2), 1.30–1.79 (8H, m,
Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼415 nm,
1¼2.8£105.

4.2.11. (2E,4E,6E,8E,10E,12E,14E)-15-(4-Hexyloxy-3-
methoxyphenyl)-2,6,10-trimethyl-pentadeca-2,4,6,8,10,
12,14-heptaenal (10(3)). Brown solid, mp 70–74 8C, yield
59%. Anal. Calcd for C31H40O3 (460.65): C, 80.83; H, 8.75.
Found: C, 81.1; H, 9.0. ESI-MS: MHþ¼461.3. nmax (KBr)
3005, 2935, 2850, 1670, 1600, 1511, 1466, 1268, 1178,
1138, 1030, 835, 795, 650 cm21. dH (300 MHz, CDCl3)
9.41 (1H, s, CHO), 6.90 (1H, d, J¼10.2 Hz, CHC(CH3)-
CHO), 6.82 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.79 (1H, dd,
J¼14.9, 9.8 Hz, ArCHvCH), 6.76 (1H, d, J¼8.6 Hz, ArH),
6.76 (2H, m, (CHvCHCHvCMe)2), 6.71 (1H, d, J¼
14.7 Hz, ArCHvCH), 6.65 (1H, d, J¼2.9 Hz), 6.63 (2H, m,
(CHvCHCHvCMe)2), 6.59 (1H, dd, J¼15.9, 9.0 Hz,
CHvCHCHvCH), 6.58 (dd, 1H, J¼14.9, 9.7 Hz,
CHvCHCHvCH), 6.41 (2H, m, (CHvC(Me)CHvCH)2),
3.97 (2H, t, J¼6.5 Hz, CH2O), 3.89 (3H, s, OMe), 1.90 (6H,
s, (CHvCHCHvCMe)2), 1.30–1.79 (8H, m, Me(CH2)4),
0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼452 nm, 1¼3.4£105.

4.2.12. (2E,4E,6E,8E,10E,12E,14E,16E,18E)-19-(4-Hexyl-
oxy-3-methoxyphenyl)-2,6,10,14-tetramethylheptadeca-
2,4,6,8,10,12,14,16,18-nonaenal (10(4)). Brown solid, mp
87–91 8C, yield 53%. Anal. Calcd for C36H46O3 (526.75):
C, 82.09; H, 8.80. Found: C, 81.7; H, 9.0. ESI-MS:
MHþ¼527.3. nmax (KBr) 3029, 2952, 2856, 1662, 1587,
1510, 1471, 1365, 1137, 991, 863, 790, 742, 640 cm21. dH

(300 MHz, CDCl3) 9.43 (1H, s, CHO), 6.91 (1H, d,
J¼10.2 Hz, CHC(CH3)CHO), 6.82 (1H, dd, J¼8.9,
3.0 Hz, ArH), 6.79 (1H, dd, J¼14.9, 9.8 Hz, ArCHvCH),
6.73–6.77 (4H, m, (CHvCHCHvCMe)3þArH), 6.71
(1H, d, J¼14.7 Hz, ArCHvCH), 6.62–6.66 (4H,
m, (CHvCHCHvCMe)3þArH), 6.59 (2H, m,
CHvCHCHvCH), 6.40 (3H, m, (CHvC(Me)CHvCH)3),
3.97 (2H, t, J¼6.5 Hz, CH2O), 3.89 (3H, s, OMe), 1.90
(12H, s, (CHvCHCHvCMe)2), 1.30–1.79 (8H, m,
Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼467 nm,
1¼4.0£105.

4.2.13. (2E,4E)-5-(4-Hexyloxy-3-methoxyphenyl)-2-
methyl-penta-2,4-dienal (11(1)). Brown solid, mp 35–
39 8C, yield 71%. Anal. Calcd for C19H26O3 (302.41): H,
8.67; C, 75.46. Found: H, 8.7; C, 75.4. ESI-MS:
MHþ¼303.2. nmax (KBr) 3030, 2950, 2860, 1670, 1590,
1511, 1475, 1265, 1135, 990, 860, 789, 745, 650 cm21. dH

(300 MHz, CDCl3) 9.40 (1H, s, CHO), 6.90 (1H, d,
J¼10.8 Hz, CHvC(CH3)CHO), 6.81 (1H, dd, J¼8.9,
3.0 Hz, ArH), 6.79 (1H, dd, J¼14.7, 10.7 Hz, ArCHvCH),
6.76 (1H, d, J¼8.6 Hz, ArH), 6.70 (1H, d, J¼14.5 Hz,
ArCH), 6.65 (1H, d, J¼3.0 Hz), 3.97 (2H, t, J¼6.5 Hz,
CH2O), 3.89 (3H, s, OMe), 1.91 (3H, s, CMe), 1.30–1.79 (8H,
m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼354
nm, 1¼1.1£105.

4.2.14. (2E,4E,6E,8E)-9-(4-Hexyloxy-3-methoxyphenyl)-
2,6-dimethylnona-2,4,6,8-tetraenal (11(2)). Brown solid,
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mp 50–54 8C, yield 65%. Anal. Calcd for C24H32O3

(368.51): H, 8.75; C, 78.22. Found: H, 8.80; C, 78.18.
ESI-MS: MHþ¼369.3. nmax (KBr) 3025, 2955, 2855, 1670,
1588, 1510, 1471, 1265, 1137, 991, 864, 791, 640 cm21. dH

(300 MHz, CDCl3) 9.41 (1H, s, CHO), 6.90 (1H, d, J¼
10.3 Hz, CHvC(CH3)CHO), 6.81 (1H, dd, J¼8.9, 3.0 Hz,
ArH), 6.79 (1H, dd, J¼10.1, 14.5 Hz, ArCHvCH), 6.76
(1H, d, J¼8.6 Hz, ArH), 6.79 (1H, dd, J¼14.0, 10.1 Hz,
ArCHvCH), 6.71 (1H, d, J¼14.8 Hz, ArCH), 6.65 (1H,
d, J¼2.98 Hz, ArH), 6.61 (1H, d, J¼10.2 Hz,
ArCHvCHCH), 6.30 (d, 1H, J¼14.3 Hz, C(Me)CH),
3.97 (2H, t, J¼6.6 Hz, CH2O), 3.89 (3H, s, OMe), 1.90
(6H, s, (CHvCHCHvC(Me))2), 1.30–1.79 (8H, m,
Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3) 410 nm,
1¼1.7£105.

4.2.15. (2E,4E,6E,8E,10E,12E)-13-(4-Hexyloxy-3-meth-
oxyphenyl)-2,6,10-trimethyl-trideca-2,4,6,8,10,12-hek-
saenal (11(3)). Brown solid, mp 69–73 8C, yield 58%.
Anal. Calcd for C29H38O3 (434.62): H, 8.81; C, 80.14.
Found: H, 8.9; C, 80.1. ESI-MS: MHþ¼435.3. nmax (KBr)
3022, 2960, 2920, 2870, 1668, 1588, 1509, 1470, 1264,
1137, 990, 862, 879, 740, 640 cm21. dH (300 MHz, CDCl3)
9.41 ((1H, s, CHO), 6.89 (1H, d, J¼10.2 Hz, CHvCMe-
CHO), 6.81, (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.79 (1H, dd,
J¼10.1, 14.0 Hz, ArCHvCH), 6.76 (1H, d, J¼8.6 Hz,
ArH), 6.70–6.73 (3H, m, (CHvCHCHCMe)2þArCH), 6.65
(1H, d, J¼3.0 Hz, ArH), 6.63 (2H, m, (CHvCHCHCMe)2),
6.61 (1H, d, J¼10.2 Hz, ArCHvCHCH), 6.30
(d, 1H, J¼9.8 Hz, (CHvCHCHCMe)2), 3.97 (2H, t, J¼
6.5 Hz, CH2O), 3.89 (3H, s, OMe), 1.90 (9H, s,
(CHvCHCHvC(Me))3), 1.30–1.79 (8H, m, Me(CH2)4),
0.90 (3H, t, J¼6.9 Hz). lmax(CHCl3)¼442 nm, 1¼2.1£105.

4.2.16. (2E,4E,6E,8E,10E,12E,14E,16E)-17-(4-Hexyloxy-
3-methoxyphenyl)-2,6,10,14-tetramethylheptadeca-
2,4,6,8,10,12,14,16-octaenal (11(4)). Brown solid, mp 87–
93 8C, yield 54%. Anal. Calcd for C34H44O3 (500.72): H,
8.86; C, 81.56. Found: H, 8.9; C, 81.5. ESI-MS: MHþ¼
501,3. nmax (KBr) 3025, 2955, 2950, 2860, 1672, 1587,
1510, 1472, 1265, 1140, 1125, 1030, 990, 860, 792,
742 cm21. dH (300 MHz, CDCl3) 9.41 (1H, s, CHO), 6.90
(1H, d, J¼10.2 Hz, CHvCMeCHO), 6.81, (1H, dd, J¼8.9,
3.0 Hz, ArH), 6.79 (1H, dd, J¼10.1, 14.0 Hz, ArCHvCH),
6.74–6.77 (4H, m, ArHþ(CHvCHCHCMe)3CHO),
6.71 (1H, d, J¼14.8 Hz, ArCH), 6.65 (1H, d, J¼3.0 Hz,
ArH), 6.63 (3H, m, (CHvCHCHCMe)3), 6.41 (3H, m,
(CHvCMeCHvCH)3), 3.97 (2H, t, J¼6.5 Hz, CH2O),
3.89 (3H, s, OMe), 1.90 (12H, s, (CHvCHCHvC(Me))4),
1.30–1.79 (8H, m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz).
lmax(CHCl3)¼458 nm, 1¼2.5£105.

4.2.17. (2E,4E)-5-(4-Hexyloxy-3-methoxyphenyl)-2,4-
dimethyl-penta-2,4-dienal (12(1)). Brown solid, yield
62%. Anal. Calcd for C20H28O3 (316.44): H, 8.92; C,
75.91. Found: H, 9.0; C, 75.7. ESI-MS: MHþ¼317.3. nmax

(KBr) 2980, 2930, 2850, 1668, 1637, 1510, 1466, 1377,
1253, 1135, 999 cm21. dH (300 MHz, CDCl3) 9.40 (1H, s,
CHO), 7.23 (1H, s, CHvCMeCHO), 6.81, (1H, dd, J¼8.9,
3.0 Hz, ArH), 6.76 (1H, d, J¼8.6 Hz, ArH), 6.65 (1H, d,
J¼3.0 Hz, ArH), 6.39 (1H, s, ArCH), 3.97 (2H, t, J¼6.5 Hz,
CH2O), 3.89 (3H, s, OMe), 1.90 (6H, s, CHvCMe)2), 1.30–
1.79 (8H, m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz).

4.2.18. (2E,4E,6E,8E)-9-(4-Hexyloxy-3-methoxyphenyl)-
2,4,6,8-tetramethylnona-2,4,6,8-tetraenal (12(2)). Brown
solid, yield 55%. Anal. Calcd for C26H36O3 (396.57): H,
9.15; C, 78.75. Found: H, 9.35; C, 78.62. ESI-MS:
MHþ¼397.3. nmax (KBr) 3010, 2985, 2933, 2860, 1668,
1625, 1510, 1460, 1340, 1255, 1140, 998 cm21. dH

(300 MHz, CDCl3) 9.41 (1H, s, CHO), 7.20 (1H, s,
CHvCMeCHO), 6.81 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.76
(1H, d, J¼8.6 Hz, ArH), 6.65 (1H, d, J¼3.0 Hz, ArH), 6.40
(1H, s, ArCH), 6.31 (2H, s, (CHCMe)2), 3.97 (2H, t, J¼6.5 Hz,
CH2O), 3.89 (3H, s, OMe), 1.91 (12H, s, CHvCMe)4), 1.30–
1.79 (8H, m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz).

4.2.19. (2E,4E,6E,8E,10E,12E)-13-(4-Hexyloxy-3-meth-
oxyphenyl)-2,4,6,8,10,12-hexamethyltrideca-2,4,6,8,
10,12-heksaenal (12(3)). Brown solid, yield 46%. Anal.
Calcd for C32H44O3 (476.70): H, 9.30; C, 80.63. Found: H,
9.55; C, 80.98. ESI-MS: MHþ¼477.3. nmax (KBr) 3025,
2965, 2935, 2857, 1670, 1596, 1511, 1468, 1360, 1254,
1240, 1175, 1150, 1010, 990, 855 cm21. dH (300 MHz,
CDCl3) 9.41 (1H, s, CHO), 7.20 (1H, s, CHvCMeCHO),
6.81 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.76 (1H, d, J¼8.6 Hz,
ArH), 6.65 (1H, d, J¼3.0 Hz, ArH), 6.40 (1H, s, ArCH),
6.30 (4H, s, (CHCMe)4), 3.97 (2H, t, J¼6.5 Hz, CH2O),
3.89 (3H, s, OMe), 1.91 (18H, s, (CHvCMe)6), 1.30–1.79
(8H, m, Me(CH2)4), 0.90 (3H, t, J¼6.9 Hz).

4.2.20. (2E,4E,6E,8E,10E,12E,14E,16E)-17-(4-Hexyloxy-
3-methoxyphenyl)-2,4,6,8,10,12,14,16-octamethylhepta-
deca-2,4,6,8,10,12,14,16-octaenal (12(4)). Brown solid,
yield 63%. Anal. Calcd for C38H52O3 (556.83): H, 9.41;
C, 81.97. Found: H, 9.7; C, 81.8. ESI-MS: MHþ¼557.4.
nmax (KBr) 3023, 2985, 2964, 2937, 2855, 1672, 1599,
1510, 1465, 1366, 1250, 1180, 1145, 1009, 995, 858 cm21.
dH (300 MHz, CDCl3) 9.41 (1H, s, CHO), 7.19 (1H, s,
CHvCMeCHO), 6.81 (1H, dd, J¼8.9, 3.0 Hz, ArH), 6.76
(1H, d, J¼8.6 Hz, ArH), 6.65 (1H, d, J¼3.0 Hz, ArH), 6.40
(1H, s, ArCH), 6.30 (6H, s, (CHCMe)6), 3.97 (2H, t,
J¼6.5 Hz, CH2O), 3.89 (3H, s, OMe), 1.91 (24H, s,
(CHvCMe)6), 1.30–1.79 (8H, m, Me(CH2)4), 0.90 (3H, t,
J¼6.9 Hz).

4.3. General procedure for the preparation of
symmetrical conjugated polyenals 13(n)–14(n)

Symmetrical conjugated polyenes 13(n) – 14(n) were
obtained according to the procedure in Section 4.2 using
120 mmol of CH(OEt)3 (20 mL) in the first step and
22 mmol of template 2 and 72 mmol of appropriate ether 6
or 8 in the second step of synthesis.

4.3.1. 5-[2-Methoxy-5-methyl-3-(5-oxo-penta-1,3-dienyl)-
phenyl]-penta-2,4-dienal (13(2)). Brown solid, mp 42–
45 8C, yield 74%. Anal. Calcd for C18H18O3 (382.1): H,
6.43; C, 76.56. Found: H, 6.7; C, 76.2. ESI-MS: MHþ¼
383.3. nmax (KBr) 3010, 2973, 2930, 1689, 1475, 1470,
1396, 1234, 1095, 1002, 877 cm21. dH (300 MHz, CDCl3)
9.50 (2H, d, J¼8.0 Hz, 2£CHO), 7.8 (2H, s, HArH), 7.25
(2H, dd, J¼14.8, 10.6 Hz, 2£CHvCHCHO), 6.93 (2H, d,
J¼15.2 Hz, HCArCH), 6.79 (2H, dd, J¼10.4, 15.1 Hz,
2£CHvCH), 6.2 (2H, dd, J¼8.1, 14.8 Hz, 2£CHCHO),
4.01 (3H, s, OCH3), 2.40 (3H, s, ArMe). lmax(CHCl3)¼316
nm, 1¼1.3£105.
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4.3.2. 9-[2-Methoxy-5-methyl-3-(9-oxo-nona-1,3,5,7-
teraenyl)-phenyl]-nona-2,4,6,8-tetraenal (13(4)). Brown
solid, yield 51%. Anal. Calcd for C26H26O3 (386.19): H,
6.79; C, 80.79. Found: H, 7.0; C, 80.5. ESI-MS: MHþ¼
387.5. nmax (KBr) 3025, 2970, 2932, 1690, 1472, 1470,
1400, 1235, 1170, 1002, 875 cm21. dH (300 MHz, CDCl3)
9.51 (2H, d, J¼8.1 Hz, 2£CHO), 7.8 (2H, s, HArH), 7.18
(2H, dd, J¼15.1, 11.3 Hz, 2£CHvCHCHO), 6.93 (2H, d,
J¼15.0 Hz, HCArCH), 6.79 (2H, dd, J¼15.2, 10.8 Hz,
2£CHvCH), 6.45–6.70 (8H, m, 2£(CHvCH)2), 6.1 (2H,
dd, J¼8.1, 15.0 Hz, 2£CHCHO), 3.90 (3H, s, OCH3), 2.40
(3H, s, ArMe). lmax(CHCl3)¼362 nm, 1¼2.2£105.

4.3.3. 5-[2-Methoxy-5-methyl-3-(4-methyl-5-oxo-penta-
1,3-dienyl)-phenyl]-2-methyl-penta-2,4-dienal (14(1)).
Brown solid, yield 72%. Anal. Calcd for C20H22O3

(310.39): H, 7.14; C, 77.39. Found: H, 7.3; C, 77.4. ESI-
MS: MHþ¼311.1. nmax (KBr) 3030, 2970, 2861, 2756, 1690,
1477, 1396, 1235, 1170, 1090, 870 cm21. dH (300 MHz,
CDCl3) 9.41 (2H, s, 2£CHO), 7.8 (2H, s, HArH), 6.91 (2H, d,
J¼10.5 Hz, CHvCMeCHO), 6.75 (2H, dd, J¼10.5, 14.5 Hz,
HCvHCArCHvCH), 6.71 (2H, d, J¼13.5 Hz, HCArCH),
3.90 (3H, s, OCH3), 2.40 (3H, s, ArMe), 1.90 (6H, s,
2£CMeCHO). lmax(CHCl3)¼337 nm, 1¼1.5£105.

4.3.4. 9-[3-(4,8-Dimethyl-9-oxo-nona-1,3,5,7-tetraenyl)-
2-methoxy-5-methyl-phenyl]-2,6-dimethyl-nona-2,4,6,8-
tetraenal (14(2)). Brown solid, yield 49%. Anal. Calcd for
C30H34O3 (442.60): H, 7.74; C, 81.41. Found: H, 7.88; C,
81.12. ESI-MS: MHþ¼443.2. nmax (KBr) 2975, 2932, 2856,
1690, 1625, 1475, 1470, 1396, 1233, 1100, 875 cm21. dH

(300 MHz, CDCl3) 9.41 (2H, s, 2£CHO), 7.60 (2H, s,
HArH), 6.90 (2H, d, J¼10.0 Hz, CHvCMeCHO), 6.79
(2H, dd, J¼10.5, 14.5 Hz, HCvHCArCHvCH), 6.76
(2H, dd, J¼14.1, 10.1 Hz, 2£CHCHvC(Me)CHO), 6.71
(2H, d, J¼14.8 Hz, HCArCH), 6.61 (2H, d, J¼10.2 Hz,
HCHCvHCArCHvCHCH), 6.30 (2H, d, J¼14.3 Hz,
2£CMeCH), 3.90 (3H, s, OCH3), 2.40 (3H, s, ArMe), 1.90
(12H, s, 4£CMe). lmax(CHCl3)¼382 nm, 1¼2.5£105.

4.4. General procedure for the preparation of
symmetrical conjugated polyenals 15(n), 16(n)

Octupolar conjugated polyenes were obtained according
to procedure described in Section 4.2 using 180 mmol of
CH(OEt)3 (30 mL) to acetalization reaction and 22 mmol of
template 3 and 108 mmol of appropriate ether 6 or 8 in the
second step of reaction.

4.4.1. 5-[2,4,6-Trimethoxy-3,5-bis-(5-oxo-penta-1,3-die-
nyl)-phenyl]-penta-2,4-dienal (15(2)). Brown solid, mp
98–102 8C, yield 69%. Anal. Calcd for C24H24O6 (408.15):
H, 5.93; C, 70.56. Found: H, 6.0; C, 70.5. ESI-MS: MHþ¼
409.1. nmax (KBr) 3029, 2954, 2856, 1705, 1637, 1510,
1467, 1132, 975, 870 cm21. dH (300 MHz, CDCl3) 9.50
(3H, d, J¼8.0 Hz, 3£CHO), 7.19 (3H, dd, J¼14.8, 10.6 Hz,
3£CHvCHCHO), 6.93 (3H, d, J¼15.2 Hz, Ar(CH)3), 6.79
(3H, dd, J¼10.4, 15.1 Hz, 3£CHvCH), 6.2 (3H, dd, J¼8.1,
14.8 Hz, 3£CHCHO), 4.03 (9H, s, 3£OCH3). lmax(CHCl3)
331 nm, 1¼3.4£105.

4.4.2. 9-[2,4,6-Trimethoxy-3,5-bis-(9-oxo-nona-1,3,5,7-
tetraenyl)-phenyl]-nona-2,4,6,8-tetraenal (15(4)). Brown

solid, mp 135–139 8C, yield 41%. Anal. Calcd for
C36H36O6 (564.2): H, 6.43; C, 76.56. Found: H, 6.5; C,
76.4. ESI-MS: MHþ¼565.7. nmax (KBr) 2980, 2935, 2850,
1860, 1688, 1626, 1590, 1475, 1399, 1235, 1100, 1025, 880,
640 cm21. dH (300 MHz, CDCl3) 9.51 (3H, d, J¼8.1 Hz,
3£CHO), 7.18 (3H, dd, J¼15.1, 11.3 Hz, 3£
CHvCHCHO), 6.92 (3H, d, J¼15.0 Hz, Ar(CH)3), 6.80
(3H, dd, J¼10.8, 15.2 Hz, 3£CHvCH), 6.45–6.70
(m, 12H), 6.1 (3H, dd, J¼8.1, 15.0 Hz, 3£CHCHO), 3.90
(9H, s, 3£OCH3).

4.4.3. 2-Methyl-5-[2,4,6-trimethoxy-3,5-bis-(4-methyl-5-
oxo-penta-1,3-dienyl)-phenyl]-penta-2,4-dienal (16(1)).
Brown solid, yield 67%. Anal. Calcd for C27H30O6

(450.2): H, 6.72; C, 71.97. Found: H, 6.9; C, 71.8. ESI-
MS: MHþ¼451.5. nmax (KBr) 2935, 2890, 1850, 1670,
1630, 1510, 1472, 1380, 1240, 1135, 889, 645 cm21. dH

(300 MHz, CDCl3) 9.50 (3H, s, 3£CHO), 6.90 (3H, d,
J¼10.8 Hz, 3£CHvCMe), 6.79 (3H, dd, J¼10.7, 14.7 Hz,
CHvCH), 6.70 (3H, d, J¼14.5 Hz, Ar(CH)3), 4.01 (9H,
s, 3£OCH3), 1.91 (9H, s, 3£CMe). lmax(CHCl3)¼324 nm,
1¼1.9£105.

4.4.4. 9-[3,5-Bis-(4,8-dimethyl-9-oxo-nona-1,3,5,7-tetra-
enyl)-2,4,6-trimethoxy-phenyl]-2,6-dimethyl-nona-2,4,
6,8-tetraenal 16(2). Brown solid, yield 40%. Anal. Calcd
for C42H48O6 (648.3): H, 7.46; C, 77.74. Found: H, 7.6; C,
77.6. ESI-MS: MHþ¼649.8. nmax (KBr) 3020, 2940, 2839,
1680, 1580, 1476, 1390, 1310, 1230, 1170, 1015, 798,
650 cm21. dH (300 MHz, CDCl3) 9.44 (3H, s, 3£CHO),
6.90 (3H, d, J¼10.2 Hz, 3£CHvCMe), 6.79 (3H, dd,
J¼10.1, 14.5 Hz, 3£CHvCH), 6.76 (3H, dd, J¼14.1,
10.2 Hz, 3£CHCHvC(Me)CHO), 6.71 (3H, d, J¼14.8 Hz,
Ar(CH)3), 6.61 (3H, d, J¼10.2 Hz, 3£CHvCHMe), 6.30
(3H, d, J¼14.3 Hz, MeCvCH), 4.01 (9H, s, 3£OCH3), 1.90
(18H, s, 6£CMe).
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Michael reaction of indoles with 3-(20-nitrovinyl)indole under
solvent-free conditions and in solution. An efficient synthesis of

2,2-bis(indolyl)nitroethanes and studies on their reduction
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Abstract—Michael reaction of 3-(20-nitrovinyl)indole with eight 3-unsubstituted indoles on TLC-grade silica gel furnished unsymmetrical
bis(indolyl)nitroethanes in 7–12 min under microwave irradiation and in 8–14 h at rt. In contrast, the p-TsOH-catalysed reaction of the
nitrovinylindole with the 3-unsubstituted and two 3-substituted indoles in solution under reflux furnished both unsymmetrical and
symmetrical bis(indolyl)nitroethanes, the latter resulting from novel tandem Michael addition–elimination–Michael addition reactions. The
synthesis of a 20,300-bis(indolyl)nitroethane, the precursor core structure of two bioactive marine metabolites, and the reduction of 2,2-bis(30-
indolyl)nitroethane to the corresponding ethylamine, isolated as its N-acetyl derivative, have been achieved. Significantly, attempted
hydrolysis of three nitronates, derived from the corresponding bis(indolyl)nitroethanes, with buffered aqueous TiCl3 has led to the first
isolation of oximes (syn/anti-mixture) as the only products.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Bis(indolyl)alkanes, -alkylamines, -alkanols, -alkanals and
-alkanoic acids, often with bromo and hydroxy substituents
in the benzenoid rings, constitute a small group of bisindoles
of synthetic as well as natural origins (both terrestrial and
marine). Some of these compounds are reported to be
significantly bioactive as, for example, coronary dilator,1

plant hormone,2a,b hallucinogen,3 antibacterial,4 DNA-
damaging,5 antiserotonin activity, strong affinity for
somatostatin and neuropeptide Y receptors in recepter-
binding assays6 and anticarcinogen.7a,b In our recent review
on this class of compounds,8 we stated that bioactive 2,2-
bis(indolyl)ethylamines (BIEAs), earlier reported to be only
of synthetic origin,1 have recently been reported from
marine sources as well, for example, the BIEAs 1 from a
tunicate9 and 2 and 3 from a sponge.6

 

 

 

 

 

 

 

 

Although a BIEA (4) was first synthesised by the reaction of
3-indolylmagnesium iodide with benzamidoacetaldehyde,10

the first general synthesis of BIEAs, only symmetrical ones,
involved mainly the acid-catalysed reaction of indoles with
N,N-dialkylaminoalkanals or their diethylacetals.1 The
second synthesis of BIEAs comprised the reaction of
indoles with nitrones or 3-indolylhydroxylamines using
trimethylsilyl chloride as an activator.11a,b But both these
routes often required long reaction periods (up to 60 h) and
furnished BIEAs in very low (e.g., 7%) or wide ranging
yields (31–92%). We, therefore, intended to synthesise 2,2-
bis(indolyl)nitroethanes (BINEs) which, upon subsequent
reduction, should furnish BIEAs.

In this context, our attention was drawn to the fact that,
although the Michael addition of nucleophilic indoles to
nitroolefins has been well studied,12a – c the use of 3-(20-
nitrovinyl)indole (5) as a Michael acceptor in its reaction
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with indoles as nucleophiles has never been reported. We,
therefore, developed an efficient synthesis of BINEs by the
Michael reaction of 5 with 3-unsubstituted indoles (6a– f)
on TLC-grade silica gel (acting as a mild acidic catalyst)
under microwave irradiation or at rt to furnish in high yields
the BINEs 7a– f,13 all but one (7a) of which were
unsymmetrical. We have now extended this reaction to
other substrates and have overcome the failures encountered
in some cases by carrying out the Michael reaction in
conventional solution phase in the presence of a protic acid
catalyst to furnish both unsymmetrical and symmetrical
BINEs, the latter resulting from novel tandem reactions. We
applied our solution phase protocol for the synthesis of a
20,300-BIEA which forms the precursor to the core structure
of two naturally occurring bioactive BIEAs. Further, as
originally targeted, a BINE was successfully reduced to the
corresponding BIEA. Moreover, while trying to convert
some of the BINEs to the respective bis(indolyl)alkanals
with aqueous TiCl3, the respective oximes were isolated as

the only products for the first time. The significance of these
observations and the results are presented in this report.

2. Results and discussion

In our preliminary communication,13 we reported that when
5,14 prepared by Henry reaction of 3-formylindole, was
allowed to react with indole (6a) and the 3-unsubstituted
indoles (6b– f) on TLC-grade silica gel, only the unsym-
metrical BINEs (7b – f; also 7a, which is clearly a
symmetrical BINE) were formed in high yields,
expeditiously (7–12 min) under microwave irradiation
and in a much longer period (8–14 h) at rt. The reaction
with 5 has now been extended to 5-bromoindole (6g), 1,2-
dimethylindole (6h), skatole (6i), 1-methylskatole (6j) and
1-acetylindole (6k). 1-Acetylindole (6k) failed to react
obviously due to its lack of nucleophilicity. Surprisingly,
however, both the 3-methylindoles (6i,j) also met with
failure, which is rather baffling. The results are shown in
Scheme 1, Table 1.

In order to account for this failure, we reasoned that silica
gel is not acidic enough to bring about the desired Michael
addition of 6i and 6j at their less nucleophilic site, C-2, to 5.
To overcome this difficulty, the reaction of 5 with 6a–k in
general was studied in acetonitrile solution under reflux
using para-toluene sulfonic acid (p-TsOH; 25% by wt) as
the catalyst. As expected, except 6k which failed to react
this time too, all other indoles furnished unsymmetrical
BINEs (7b–h,9i,9j). But surprisingly, the 1-alkylindoles
6b–e additionally furnished the symmetrical bis(1-alkyl-
indolyl)nitroethanes 8b–e (Scheme 2, Table 2), whose
formation must involve tandem reactions.

Regarding the formation of 8b–e, we envisaged that the
corresponding unsymmetrical BINEs 7b–e were the initial
reaction products in these cases too. Once formed, these
BINEs underwent acid-catalysed elimination of an indole

 

 

 

 

 

   

 

 

Scheme 1.

Table 1. Reaction of 5 with 6 on TLC-grade silica gel (5 g)

Indoles
(6)

BINEs
(7)

Sl. No. R R0 R00 X mv rt

Time
(min)

Yield
(%)

Time
(h)

Yield
(%)

6a H H H H 10 86 14 82
6b Me H H H 9 85 9 84
6c Me H H Br 9 73 10 72
6d Et H H H 8.5 71 8 70
6e iPr H H H 9 75 9.5 72
6f H Me H H 7 70 8 69
6g H H H Br 10 83 9 82
6h Me Me H H 12 78 11 76
6ia H H Me H — — — —
6ja Me H Me H — — — —
6ka Ac H H H — — — —

a No reaction occurred.

 

 

 

  

Scheme 2.
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molecule, resulting in the indoleninium cations 70b–e.
Michael addition of 1-alkylindoles (6b–e) to 70b–e soon
after their formation lead to the rearranged symmetrical
BINEs 8b–e. Since only the 1-alkylindoles 6b–e furnished
the rearranged BINEs 8b–e, the increased electron density
at the indolic nitrogen, arising from 1-alkylation, may be
considered to have triggered the elimination of indole
molecules to form the crucial indoleinium compounds 70b–
e. This mechanistic proposition of tandem Michael
addition – elimination – Michael addition received
support from the slow formation of the respective BINEs
(8b–e) in 15–30% yields when each of 7b–e was
separately refluxed with the corresponding alkylindole
(6b–e) in solution under similar conditions (CH3CN,
p-TsOH, K) (Scheme 3).

It is not clear to us as to why a similar product of tandem
reactions was not formed from the reaction of 1,2-
dimethylindole (6h), although the initial Michael addition
product 7h was formed in comparable yield.

Our methodology could be well utilised for the synthesis of
the BINE 11, which can be reduced to the core BIEA
structure of the marine metabolites 2 and 3. Thus, when 5
was treated with N-acetyltryptamine (10) in the solution
phase (CH3CN, p-TsOH, K), the 20,300-BINE 11 was
obtained in high yield (Scheme 4).

Since various types of BINEs could now be easily and
efficiently prepared by our method, it only remained to be
seen if the BINEs could be reduced to the corresponding
BIEAs, the original target molecules. We, therefore,
attempted the reduction of the representative BINE 7a, the
simplest member of the group, by some of the reagents
reported for this purpose,15a viz. LiAlH4, NiCl2·6H2O/
NaBH4, Zn/HCl, H2/Pd–C (1 atm), NiB2/NH2NH2.H2O,16

In/NH4Cl.17 But none of these reagents worked. We,
therefore, tried another method, viz. transfer hydrogenation
using HCO2NH4/Pd–C under reflux18a,b (Scheme 5), when
7a was smoothly reduced to the corresponding amine,
isolated as its N-acetyl derivative (12).

In order to widen the utility of the present synthesis, the
conversion of the BINEs into the corresponding 2,2-
bis(indolyl)alkanals was aimed at because the latter can be
converted into the corresponding alkanols and alkanoic
acids which are natural products. The obvious choice, the
Nef reaction,19 could not be employed since it involves the
use of sulfuric acid. Although the conversion of nitroalkanes

Table 2. Reaction of 5 with 6 in CH3CN solution using p-TsOH

Indoles (6) BINEs

Sl. No. R R0 R00 X Time (h) Yield (%)

7 8 9 Overall

6a H H H H 8 84 — — 84
6b Me H H H 5 63 27 — 90
6c Me H H Br 6 56 20 — 76
6d Et H H H 4 51 22 — 73
6e iPr H H H 4 52 26 — 78
6f H Me H H 6 70 — — 70
6g H H H Br 7 81 — — 81
6h Me Me H H 5 78 — — 78
6i H H Me H 4 — — 82 82
6j Me H Me H 3 — — 80 80
6ka Ac H H H — — — — —

a No reaction occurred.

Scheme 3.

Scheme 4.
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to aldehydes or ketones has been reported to be accom-
plished by several other reagents,15b we opted for
McMurry’s method of using aqueous TiCl3 in buffered or
unbuffered media on the nitroalkanes or the nitronates
derived therefrom.20a,b Accordingly, when the BINE 7a was
treated with aqueous TiCl3 (pH,1) at rt under nitrogen
atmosphere and later in the presence of ammonium acetate,
it caused decomposition and no change, respectively.
However, when the nitronate derived (NaOMe/MeOH)
from 7a was treated with aqueous TiCl3 in a buffered
medium (pH,5–6) in methanol under nitrogen atmosphere
at rt, the reaction was complete (TLC) within 30 min.
Contrary to our expectation, the product was identified as
the corresponding aldoxime 13a (a mixture of the syn- and
anti-isomers: 2:1; 1H NMR) and no aldehyde could be
isolated even after repeated trials. An attempt to drive the
reaction towards the formation of the alkanal by stirring the
reaction mixture for a longer period (2 h) led only to
decomposition. In order to test the generality of this
observation, we carried out the reaction with two more
substrates, viz. 7b and 7f. In each case, a mixture of the syn-
and anti-isomers of the corresponding aldoxime (13b,f) was
obtained (Scheme 6; Table 3). Attempts were made to
separate the two isomeric products in all three cases, but
only the anti-isomer of 13a could be isolated in 20% yield,
i.e. with 80% recovery.

The configurations of the syn- and the anti-isomers of the
oximes were ascertained from their 1H NMR spectroscopic
data. A survey of the literature21a – c revealed that the
aldehydic proton of alkenyl or aryl aldoximes appears
downfield in the syn-isomers compared to their chemical
shifts in the anti-isomers. Based on the chemical shift of the
aldehydic proton of the pure anti-isomer of 13a, it was noted
that the CHvN appears at d 7.23, 7.16 and 7.28 for the anti-
isomers and d 7.82, 7.79 and 7.91 for the syn-isomers of
13a,b and f, respectively. A perusal of the 13C NMR
chemical shifts of the isomers of 13a,b,f revealed that in
each case the two isomers can be very well differentiated
also from the chemical shifts of the Ar2CH carbons. Thus,
the Ar2CH appears at around d 29 for the anti-isomers and
around d 35 for the syn-isomers (vide Section 4).

The formation of the oximes was indeed surprising and
significant too. In view of an earlier report on the reduction
of oximes by aqueous TiCl3 to the imines and their
subsequent hydrolysis to the carbonyl compounds,22

McMurry suggested20 that the conversion of primary and
secondary nitroalkanes to the aldehydes and ketones,
respectively by titanium(III) proceeds through the inter-
mediacy of the oximes. But, to our knowledge, no oxime has
yet been reported to be isolated from such a reduction. Thus,
the isolation of the oximes 13a,b and f is significant because

Scheme 5.

Scheme 6.

Table 3. Reaction of BINEs (7) with buffered aqueous TiCl3

BINEs (7) Oximes (13)

Time (min) syn/anti (1H NMR) Overall yield (%)

7a 30 2:1 76
7b 15 2:1 63
7f 25 3:2 72
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it constitutes the first direct evidence in support of the
intermediacy of the oximes in McMurry’s conversion of
nitroalkanes, BINEs in this case, by aqueous TiCl3. The
failure to isolate any bis(indolyl)acetaldehyde from these
reactions is probably due to the instability of the
corresponding oximes under the reaction conditions.

3. Conclusions

A novel Michael reaction of 3-(20-nitrovinyl)indole (5) with
3-unsubstituted indoles (6a–h) furnished only the addition
products (BINEs 7a–h, all but 7a of which are unsym-
metrical) using dry reaction conditions on TLC-grade silica
gel, but both 7a–e and symmetrical BINEs (8b–e) were
obtained when the reactions were carried out in acetonitrile
solution in presence of p-TsOH. A new sequence of tandem
Michael addition–elimination–Michael addition reactions
has been proposed for the formation of 8b–e. This
methodology has also been employed for the preparation
of a 20,300-BINE (11), thereby opening a new avenue to the
synthesis of naturally occurring BIEAs, for example, 2 and
3, which would, of course, require a subsequent reduction.
Further, the BINE 7a was efficiently reduced by transfer
hydrogenation (HCO2NH4, Pd–C) to the corresponding
BIEA 12, which thus provides access to a general synthesis
of both symmetrical and unsymmetrical BIEAs. Finally,
treatment of three BINEs (7a,b,f) with buffered aqueous
TiCl3 afforded the corresponding oximes (13a,b,f; syn- and
anti-mixtures), which constitutes the first evidence in
support of the previously predicted20 intermediacy of
oximes in the TiCl3-mediated conversion of primary
nitroalkanes to alkanals.

4. Experimental

4.1. General

Solvents were dried and purified using standard techniques.
The glass apparatus for the anhydrous reactions were dried
in an oven and assembled hot before use. Melting points (in
Celcius) were determined on a Toshniwal apparatus and are
uncorrected. IR spectra were recorded on a Nicolet Impact
410 and Nicolet Magnus 750 Series II spectrophotometer,
LR EI-MS in a AEI MS 30 and LR EI-MS as well as HR
MS, both EI and FAB (m-nitrobenzyl alcohol as liquid
matrix), on JEOL JMS-AX505HA and JEOL JMS-700
MStation mass spectrometers and 1H (500 MHz) and 13C
(125 MHz) NMR spectra, both 1D and 2D including DEPT-
135, on a Bruker DRX 500 NMR spectrometer. Individual
1H and 13C NMR assignments, wherever made, are based on
HMQC and HMBC spectral analyses. Silica gel G (Merck,
India) was used for carrying out the dry reactions as well as
for TLCs, both analytical and preparative, and silica gel
(60–120 mesh; Qualigens, India) was used for column
chromatography (CC). Elemental analyses were performed
in a Dr. Hans Hoesli Analyser (Type A1; No. 1058).

4.2. General procedure for the synthesis of BINEs

Under microwave irradiation. A solution of 5 (0.5 mmol)
and an 3-unsubstituted indole (6a–h; 1 mmol) in EtOAc

(5 mL) was adsorbed on silica gel G (5 g) and the solvent
was allowed to evaporate off at rt. The resulting dry mass
was irradiated with microwave (BPL-SANYO, domestic
multimode oven, 800 W, 50% power). When 5 was
consumed (TLC), the reaction mixture was allowed to
cool down to rt, the organic matter leached with EtOAc
(3£25 mL), filtered through a bed of celite and the residue
obtained by removal of solvent from the filtrate was purified
by prep. TLC or CC to furnish the BINEs 7a–h.

At rt. The reactants adsorbed on silica gel G as above was
left at rt until 5 was consumed. The products were isolated
as above and identified by comparison (mp, mmp, co-TLC)
with samples obtained from the microwave-assisted
experiments.

4.2.1. 2,2-Bis(30-indolyl)nitroethane (7a). Brown solid;
yield: mv, 86%; rt, 82%; mp 64–66 8C (pet. ether–
CH2Cl2); IR (KBr) 3414, 1548, 1378, 745 cm21; 1H NMR
(CDCl3): d 5.08 (2H, d, J¼8 Hz), 5.49 (1H, t, J¼8 Hz), 7.03
(2H, d, J¼2 Hz), 7.09 and 7.20 (2H, t each, J¼7.5 Hz), 7.35
and 7.59 (2H, d each, J¼8 Hz), 8.01 (2H, br s); 13C NMR: d
34.2 (Ar2CH), 79.5 (CH2NO2), 111.8 (2£), 119.4 (2£),
120.2 (2£), 122.7 (2£), 122.9 (2£) (all Ar–CH), 114.7 (2£),
126.5 (2£), 136.9 (2£) (all Ar–C); MS: m/z (%) 305 (Mþ,
18), 258 (35), 257 (23), 245 (50), 243 (37), 142 (27), 130
(97), 115 (100), 89 (86), 77 (52). Anal. calcd for
C18H15N3O2: C, 70.82; H, 4.91; N, 13.77. Found C,
70.74; H, 4.93; N, 13.74.

4.2.2. 2-(30-Indolyl)-2-(100-methyl-300-indolyl)nitroethane
(7b). Orange crystals; yield: mv, 85%; rt, 84%; mp
174 8C (pet. ether–CHCl3); IR (KBR), 1H and 13C NMR
(CDCl3) and EI–MS data have earlier been reported by
us.13

4.2.3. 2-(30-Indolyl)-2-(500-bromo-100-methyl-300-indolyl)-
nitroethane (7c). Waxy; yield: mv, 73%; rt, 72%; IR
(CHCl3) 3429, 1560, 1381, 758 cm21; 1H NMR (CDCl3): d
3.65 (3H, s, NCH3), 4.98 (1H, dd, J¼8, 6.25 Hz, CHAHB-
NO2), 5.04 (1H, dd, J¼7.5, 6.25 Hz, CHAHBNO2), 5.38
(1H, dd, J¼8, 7.5 Hz, Ar2CH), 6.89 (1H, s, H-200), 6.99 (1H,
d, J¼2 Hz, H-20), 7.08 (1H, t, J¼7.5 Hz, H-50), 7.12 (1H, d,
J¼9 Hz, H-700) 7.18 (1H, t, J¼7.5 Hz, H-60), 7.27 (1H, dd,
J¼9, 2 Hz, H-600), 7.33 (1H, d, J¼8 Hz, H-70), 7.54 (1H, d,
J¼8 Hz, H-40), 7.66 (1H, d, J¼2 Hz, H-400), 8.05 (1H, br s,
NH); 13C NMR: d 33.3 (NCH3), 34.0 (Ar2CH), 79.4
(CH2NO2), 111.5 (CH-700), 111.9 (CH-70), 113.2 (CH-500),
119.2 (CH-400), 120.3 (CH-50), 121.9 (CH-400), 122.6
(CH-20), 123.0 (CH-60), 125.3 (CH-600), 128.5 (CH-200);
112.6 (C-300), 114.4 (C-30), 126.4 (C-30a), 128.6 (C-300a),
136.4 (C-700a), 137.0 (C-70a); MS: m/z (%) 399 (22), 397
(Mþ, 21), 352 (44), 350 (33), 339 (100), 337 (95), 257 (45).
Anal. calcd for C19H16N3O2Br: C, 57.28; H, 4.02; N, 10.55.
Found C, 57.20; H, 4.01; N, 10.59.

4.2.4. 2-(30-Indolyl)-2-(100-ethyl-300-indolyl)nitroethane
(7d). Brown crystals; yield: mv, 71%; rt, 70%; mp 135–
136 8C (pet. ether–CH2Cl2); IR (KBr) 3400, 1541, 1379,
758, 744 cm21; 1H NMR (CDCl3): d 1.40 (3H, t, J¼7.0 Hz,
NCH2CH3), 4.09 (2H, dq, J¼3, 7 Hz, NCH2), 5.09 (2H, d,
J¼7.75 Hz, CH2NO2), 5.50 (1H, t, J¼7.75 Hz, Ar2CH),
6.97 (1H, s, H-200), 7.03 (1H, d, J¼2 Hz, H-20), 7.10 (1H, t,
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J¼7.5 Hz, H-500), 7.11 (1H, t, J¼7.5 Hz, H-50) 7.21 (1H, t,
J¼7.5 Hz, H-60), 7.24 (1H, t, J¼7.5 Hz, H-600), 7.34 (2H, d,
J¼8.0 Hz, H-70, 700), 7.61 (2H, d, J¼8 Hz, H-40, 400), 8.06
(1H, br s, NH); 13C NMR: d 15.8 (CH3), 34.2 (Ar2CH), 41.3
(NCH2), 79.7 (CH2NO2), 110.0 (CH-700), 111.8 (CH-70),
119.4 and 119.5 (CH-40, 400), 119.6 (CH-500), 120.1 (CH-50),
122.2 (CH-600), 122.80 and 122.84 (CH-20, 60), 125.7
(CH-200); 113.1 (C-300), 114.8 (C-30), 126.6 (C-30a), 127.1
(C-300a), 136.8 (C-700a), 137.0 (C-70a); MS: m/z (%) 333
(Mþ, 24), 286 (36), 273 (96), 272 (80), 271 (100), 256 (41),
243 (32). Anal. calcd for C20H19N3O2: C, 72.07; H, 5.70; N,
12.61. Found C, 72.18; H, 5.73; N, 12.56.

4.2.5. 2-(30-Indolyl)-2-(100-isopropyl-300-indolyl)nitro-
ethane (7e). Reddish brown crystals; yield: mv, 75%; rt,
72%; mp 142 8C (pet. ether–EtOAc); IR (KBr) 3406, 1537,
1377, 740 cm21; 1H NMR (CDCl3): d 1.46 and 1.49 (3H, d
each, J¼7 Hz, NCHMe2), 4.63 (1H, septet, J¼7 Hz,
NCHMe2), 5.10 (2H, d, J¼7.5 Hz, CH2NO2), 5.51 (1H, t,
J¼7.5 Hz, H-2), 7.04 (1H, d, J¼2 Hz, H-20), 7.094 (1H, t,
J¼8 Hz, H-500), 7.097 (1H, s, H-200), 7.11 (1H, t, J¼8 Hz,
H-50), 7.21 (1H, t, J¼8 Hz, H-60) 7.22 (1H, t, J¼8 Hz, H-600),
7.35 (1H, d, J¼8 Hz, H-70), 7.38 (1H, d, J¼8 Hz, H-700),
7.60 (1H, d, J¼7.5 Hz, H-400), 7.61 (1H, d, J¼7.5 Hz, H-40),
8.02 (1H, br s, NH); 13C NMR: d 23.10 and 23.14
(NCHMe2), 34.4 (Ar2CH), 79.7 (CH2NO2), 47.5
(NCHMe2), 110.2 (CH-700), 111.8 (CH-70), 119.4 (CH-40),
119.61 (CH-400), 119.67 (CH-500), 120.1 (CH-50), 122.1
(CH-600), 122.3 (CH-200), 122.83 (CH-60), 122.85 (CH-20);
113.1 (C-300), 114.9 (C-30), 126.6 (C-30a), 127.1 (C-300a),
136.6 (C-700a), 137.0 (C-70a). MS: m/z (%) 347 (Mþ, 50),
300 (44), 287 (100), 257 (29), 243 (61). Anal. calcd for
C21H21N3O2: C, 72.62; H, 6.05; N, 12.10. Found C, 72.50;
H, 6.03; N, 12.14.

4.2.6. 2-(30-Indolyl)-2-(200-methyl-300-indolyl)nitroethane
(7f). Orange crystals; yield: mv: 70%; rt, 69%; mp 207–
208 8C (pet. ether–EtOAc); IR (KBr) 3413, 1550, 1378,
747 cm21; 1H NMR (d6-DMSO): d 2.43 (3H, s, CH3), 5.22
(1H, dd, J¼9.5, 6.5 Hz), 5.31 (1H, dd, J¼12.5, 9.5 Hz), 5.44
(1H, dd, J¼12.5, 6.5 Hz), 6.82, 6.92 and 7.0 (1H, t each,
J¼7.5 Hz), 6.86 (1H, d, J¼7.5 Hz), 7.19, 7.30 and 7.48 (1H,
d each, J¼8 Hz), 7.27 (1H, t, J¼8 Hz), 7.42 (1H, d,
J¼2 Hz), 10.82 and 10.93 (1H, br s each); 13C NMR: d 12.4
(CH3), 33.3 (Ar2CH), 79.3 (CH2NO2), 111.4, 112.3, 119.11,
119.14, 119.15, 119.3, 120.8, 122.0, 122.7 (all Ar–CH),
108.8, 114.1, 127.2, 127.5, 133.4, 136.1, 137.1 (all Ar–C);
MS: m/z (%) 319 (Mþ, 24), 272 (33), 259 (76), 257 (100),
256 (57), 243 (27). Anal. calcd for C19H17N3O2: C, 71.47;
H, 5.33; N, 13.16. Found C, 71.60; H, 5.30; N, 13.21.

4.2.7. 2-(30-Indolyl)-2-(500-bromo-300-indolyl)nitroethane
(7g). Reddish brown solid; yield: mv, 83%; rt, 82%; mp
86–88 8C (pet. ether–CH2Cl2); IR (nujol) 3405, 1544,
1376, 744 cm21; 1H NMR (CDCl3): d 5.01 (1H, dd, J¼12.5,
8.3 Hz), 5.06 (1H, dd, J¼12.5, 7.5 Hz), 5.40 (1H, t,
J¼7.5 Hz), 6.98 and 7.03 (1H, d each, J¼2 Hz), 7.09 (1H,
t, J¼7.5 Hz), 7.19 (1H, d, J¼8.5 Hz), 7.199 (1H, t,
J¼8.5 Hz), 7.25 (1H, dd, J¼8.5, 1.5 Hz), 7.35 and 7.55
(1H, d each, J¼8 Hz), 7.67 (1H, d, J¼1.2 Hz), 8.11 and 8.17
(1H, br s each); 13C NMR: d 34.0 (Ar2CH), 79.3 (CH2NO2),
111.9, 113.3, 119.2, 120.3, 121.9, 122.7, 123.0, 123.9,
125.8 (all Ar–CH), 113.5, 114.21, 114.27, 126.3, 128.2,

135.6, 137.0 (all Ar–C). Anal. calcd for C18H14N3O2Br:
C, 56.25; H, 3.64; N, 10.94. Found C, 56.35; H, 3.61; N,
10.90.

4.2.8. 2-(30-Indolyl)-2-(100,200-dimethyl-300-indolyl)nitro-
ethane (7h). Dark brown solid; yield: mv, 78%; rt, 76%;
mp 128–130 8C (pet. ether–EtOAc); IR (nujol) 3409, 1546,
1374, 738 cm21; 1H NMR (CDCl3): d 2.41 (3H, s, CH3),
3.63 (3H, s, NCH3), 5.10 (1H, dd, J¼12, 9.5 Hz), 5.23 (1H,
dd, J¼12.5, 6 Hz), 5.45 (1H, dd, J¼9, 6 Hz), 7.01, 7.13 and
7.17 (1H, t each, J¼7.5 Hz), 7.05 (1H, s), 7.07 (1H, t,
J¼8 Hz), 7.25 and 7.32 (1H, d each, J¼8 Hz), 7.52 and 7.53
(1H, d each, J¼7.5 Hz), 8.0 (1H, br s); 13C NMR: d 10.8
(200-CH3), 30.0, 34.1, 79.0 (CH2NO2), 109.4, 111.7, 119.17,
119.19, 119.4, 120.2, 121.1, 122.4, 122.8 (all Ar–CH),
108.2, 114.9, 126.5, 126.8, 134.8, 136.8, 137.4 (all Ar–C);
MS: m/z (%) 333 (Mþ, 38), 287 (9), 273 (100), 170 (25), 160
(29), 148 (31), 145 (23); HR EI-MS: calcd for C20H19N3O2

333.1496. Found 333.1487.

4.3. General procedure for the synthesis of BINEs in
solution phase

To a solution of 5 (1 mmol) and the indoles (6a–k,10,
2 mmol) in CH3CN (10 mL) containing p-TsOH (25% by
wt) was refluxed until 5 was consumed. The solution was
poured into satd. aq. NaHCO3 and extracted with EtOAc
(3£25 mL). The pooled solvent phase was washed, dried
(Na2SO4), solvent distilled off and the resulting residue
purified by prep. TLC to furnish the BINEs (7a–h, 8b–e,
9i–j and 11), as shown in Table 2.

4.3.1. 2,2-Bis(10-methyl-30-indolyl)nitroethane (8b).
Ochre yellow flakes; yield: 27%; mp 165–166 8C (pet.
ether–CHCl3); IR (KBr) 1546, 1377, 1332, 746 cm21; 1H
NMR (CDCl3): d 3.69 (6H, s, 2£NCH3), 5.04 (2H, d,
J¼7.5 Hz, CH2NO2), 5.47 (1H, t, J¼7.5 Hz, Ar2CH), 6.89
(2H, s, H-20), 7.09 and 7.22 (2H, t each, J¼7.5 Hz, H-50 and
-60, respectively), 7.29 and 7.59 (2H, d each, J¼8 Hz, H-70

and -40, respectively); 13C NMR: d 33.2 (2£; NCH3), 34.1
(Ar2CH), 79.7 (CH2NO2), 109.9 (2£; CH-70), 119.5 (2£;
CH-40), 119.7 (2£; CH-50), 122.4 (2£; CH-60), 127.4 (2£;
CH-20); 113.2 (2£; C-30) 127.0 (2£; C-30a), 137.7 (2£;
C-70a); MS: m/z (%) 333 (Mþ, 28), 290 (22), 288 (32), 276
(54), 275 (100), 273 (27), 259 (34). Anal. calcd for
C20H19N3O2: C, 72.07; H, 5.70; N, 12.61. Found C,
72.18; H, 5.68; N, 12.56.

4.3.2. 2,2-Bis(50-bromo-10-methyl-30-indolyl)nitroethane
(8c). Orange solid; yield: 20%; mp 76–78 8C (pet. ether–
CH2Cl2); IR (nujol) 1560, 1381, 804 cm21; 1H NMR
(CDCl3): d 3.69 (6H, s, 2£NCH3), 4.98 (2H, d, J¼8 Hz,
CH2NO2), 5.32 (1H, t, J¼8 Hz, Ar2CH), 6.88 (2H, s, H-20),
7.15 (2H, d, J¼9 Hz, H-70), 7.29 (2H, dd, J¼9, 1.75 Hz,
H-60), 7.65 (2H, d, J¼2 Hz, H-40); 13C NMR: d 33.4 (2£;
NCH3), 33.7 (Ar2CH), 79.3 (CH2NO2), 111.5 (2£; CH-70),
113.2 (2£; CH-50), 121.8 (2£; CH-40), 125.4 (2£; CH-60),
128.41 (2£; CH-20); 112.4 (2£; C-30), 128.47 (2£; C-30a),
136.5 (2£; C-70a); MS: m/z (%) 493 (6), 491(11), 489 (Mþ,
6), 446 (8), 444 (12), 442 (7), 433 (18), 431 (37), 429 (21),
223 (29), 142 (61), 128 (77), 115 (100). Anal. calcd for
C20H17N3O2Br2: C, 48.88; H, 3.46; N, 8.55. Found C, 48.98;
H, 3.48; N, 8.52.
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4.3.3. 2,2-Bis(10-ethyl-30-indolyl)nitroethane (8d). Orange
granular crystals; yield: 22%; mp 146 8C (pet. ether–
CHCl3); IR (KBr) 1546, 1375, 748 cm21; 1H NMR
(CDCl3): d 1.40 (6H, t, J¼7.5 Hz, 2£CH3), 4.09 (4H, dq,
J¼2, 7.0 Hz, NCH2), 5.06 (2H, d, J¼8 Hz, CH2NO2), 5.47
(1H, t, J¼7.5 Hz, Ar2CH), 6.96 (2H, s, H-20), 7.08 (2H, t,
J¼7.5 Hz, H-50), 7.21 (2H, t, J¼7.5 Hz, H-60), 7.32 (2H, d,
J¼8.5 Hz, H-70), 7.59 (2H, d, J¼8 Hz, H-40); 13C NMR: d
15.8 (2£; CH3), 34.3 (Ar2CH), 41.3 (2£; NCH2), 79.3
(CH2NO2), 110.0 (2£; CH-70), 119.62 and 119.65 (2£;
CH-40, 50), 122.2 (2£; CH-60), 125.7 (2£; CH-20); 113.2 (2£;
C-30) 127.2 (2£; C-30a), 136.8 (2£; C-70a); MS: m/z (%) 361
(Mþ, 23), 314 (24), 301 (100), 271 (16), 256 (16), 130 (35),
115 (19). Anal. calcd for C22H23N3O2: C, 73.13; H, 6.37; N,
11.63. Found C, 73.20; H, 6.40; N, 11.60.

4.3.4. 2,2-Bis(10-isopropyl-30-indolyl)nitroethane (8e).
Yellowish brown flakes; yield: 26%; mp 138 8C (pet.
ether–CHCl3); IR (KBr) 1545, 1375, 742 cm21; 1H NMR
(CDCl3): d 1.45 and 1.47 (6H, dd each, J¼6.5, 1.5 Hz,
2£NCHMe2), 4.612 and 4.616 (1H, septet each, J¼6.5 Hz,
NCHMe2), 5.07 (2H, dd, J¼7.5, 2.5 Hz, CH2NO2), 5.47
(1H, td, J¼7.5, 2.5 Hz, Ar2CH), 7.06 (2H, t, J¼7 Hz, H-50),
7.07 (2H, d, J¼2.5 Hz, H-20), 7.19 (2H, t, J¼7 Hz, H-60),
7.35 (2H, d, J¼8 Hz, H-70), 7.57 (2H, dd, J¼7.5, 1.5 Hz,
H-40); 13C NMR: d 23.11 and 23.16 (2£; NCHMe2), 34.6
(Ar2CH), 79.9 (CH2NO2), 47.5 (2£; NCHMe2), 110.2 (2£;
CH-70), 119.61 and 119.65 (2£; CH-40, 50), 122.0 and 122.4
(2£; CH-20, 60); 113.3 (2£; C-30), 127.2 (2£; C-30a), 136.6
(2£; C-70a); MS: m/z (%) 389 (Mþ, 24), 342 (25), 330 (55),
329 (100), 246 (43), 244 (49). Anal. calcd for C24H27N3O2: C,
74.03; H, 6.94; N, 10.79. Found C, 74.21; H, 6.92; N, 10.83.

4.3.5. 2-(30-Methyl-20-indolyl)-2-(300-indolyl)nitroethane
(9i). Brown crystals; yield: 82%; mp 98–100 8C (pet.
ether–CHCl3); IR (KBr) 3410, 1550, 1376, 745 cm21; 1H
NMR (CDCl3): d 2.42 (3H, s, CH3), 4.88 (1H, dd, J¼12.5,
7 Hz, CHAHBNO2), 5.06 (1H, dd, J¼12.5, 7.5 Hz, CHAHB-
NO2), 5.49 (1H, t, J¼7.5 Hz, Ar2CH), 7.03 (1H, t,
J¼7.5 Hz, H-500), 7.06–7.15 (4H, m, H-200, 50, 60, 70), 7.18
(1H, t, J¼7.5 Hz, H-600), 7.33 (1H, d, J¼8 Hz, H-700), 7.36
(1H, d, J¼8 Hz, H-400), 7.53–7.54 (1H, m, H-40) 7.67 (1H,
br s, H-10), 8.11 (1H, br s, H-100); 13C NMR: d 9.0 (CH3),
34.2 (Ar2CH), 78.3 (CH2NO2), 111.9 (CH-700), 111.2, 119.8,
121.8, 122.4 (CH-200, 50, 60, 70), 119.0 (CH-40), 119.2
(CH-400), 120.7 (CH-500), 123.4 (CH-600); 109.2 (C-30), 112.4
(C-300), 126.4 (C-300a), 129.7 (C-30a), 131.3 (C-20), 135.9
(C-70a), 136.9 (C-700a); MS: m/z (%) 319 (Mþ, 13), 272 (8),
259 (32), 257 (31), 243 (8), 130 (87), 117 (100). Anal. calcd
for C19H17N3O2: C, 71.47; H, 5.33; N, 13.16. Found C,
71.40; H, 5.31; N, 13.11.

4.3.6. 2-(10,30-Dimethyl-20-indolyl)-2-(300-indolyl)nitro-
ethane (9j). Yellowish brown solid; yield: 80%; mp 82–
84 8C (pet. ether–CH2Cl2); IR (nujol) 3396, 1546, 1374,
744 cm21; 1H NMR (CDCl3): d 2.37 (3H, s, CH3), 3.61 (3H,
s, NCH3), 5.06 (1H, dd, J¼13, 9 Hz), 5.22 (1H, dd, J¼13,
7 Hz), 5.60 (1H, dd, J1¼J2¼7.5 Hz), 6.90 (1H, d, J¼1 Hz),
7.03 and 7.18 (1H, t each, J¼7.5 Hz), 7.10 (1H, td, J¼7,
2 Hz), 7.20 (1H, d, J¼7 Hz), 7.21 (1H, td, J¼7.5, 0.75 Hz),
7.30, 7.32 and 7.55 (1H, d each, J¼7.5 Hz), 8.07 (1H, d,
J¼2.5 Hz); 13C NMR: d 9.9 (30-CH3), 30.5 (10-CH3), 33.9
(Ar2CH), 77.9 (CH2NO2), 109.4, 111.8, 119.0, 119.08,

119.4, 120.6, 122.2, 122.4, 123.2 (all Ar–CH), 109.1, 122.5,
126.3, 128.8, 132.3, 137.0, 137.4 (all Ar–C); MS: m/z (%)
333 (Mþ, 73), 304 (100), 289 (94), 273 (66), 257 (18), 160
(41), 149 (43), 144 (60), 130 (34); HR EI-MS: calcd for
C20H19N3O2 333.1492. Found 333.1485.

4.3.7. 2-{3 0-(b-Acetamidoethyl)-2 0-indolyl}-2-(3 00-
indolyl)nitroethane (11). Orange solid; yield: 74%; mp
128–132 8C (pet. ether–EtOAc); IR (KBr) 3403, 3273,
1648, 1549, 1374, 745 cm21; 1H NMR (d6-DMSO): d 1.75
(3H, s), 2.88–2.92 (2H, m), 3.12–3.16 and 3.21–3.27 (1H,
m each), 5.29–5.35 (2H, m), 5.38–5.45 (1H, m), 6.94, 6.95,
7.02 and 7.05 (1H, t each, J¼7.5 Hz), 7.27, 7.33, 7.39 and
7.54 (1H, d each, J¼8 Hz), 7.46 (1H, d, J¼7.5 Hz), 7.95
(1H, t, J¼5.5 Hz), 10.92 and 11.08 (1H, br s each); 13C
NMR: d 23.5 and 25.3 (CH2CH2), 79.1 (CH2NO2), 33.3
(Ar2CH), 111.8, 112.4, 118.9, 119.0, 119.3, 119.7, 121.8,
122.2, 123.7 (all Ar–CH), 109.7, 112.6, 126.7, 128.5, 134.3,
136.5, 136.8, 170 (all Ar–C); MS: m/z (%) 390 (Mþ, 1), 344
(50), 343 (35), 329 (35), 286 (47), 271 (63), 270 (40), 257
(100), 187 (4), 156 (11), 143 (12), 130 (32). Anal. calcd for
C22H22N4O3: C, 67.69; H, 5.64; N, 14.35. Found C, 67.60;
H, 5.62; N, 14.40.

4.4. Reduction of the BINE 7a

To a stirred solution of 7a (319 mg, 1 mmol) in dry MeOH
(20 mL), was added 10% Pd/C (60 mg) at rt, followed by
anhydrous HCO2NH4 (315 mg, 5 mmol) in a single portion
under nitrogen atmosphere. The resulting mixture was
heated to 60 8C for 1 h. After the completion of the reaction
(TLC), the catalyst was removed by filtration through a
celite bed, washed with methanol, the pooled filtrates
concentrated and poured into water, extracted with EtOAc
(3£20 mL) and dried (Na2SO4). The solvent on evaporation
furnished a residue which was dissolved in pyridine (1 mL)
and Ac2O (2 mL) and kept overnight. The reaction mixture
was poured into excess water and washed successively with
2 M aq. HCl, satd. aq. NaHCO3 and extracted with EtOAc
(3£20 mL) and dried (Na2SO4). The removal of the solvent
furnished 12 as a brown solid (209 mg; 66%), mp. 116–
118 8C (pet. ether–CH2Cl2). All data of 12 were in
agreement with those reported earlier for it from our
laboratory.23

4.5. General procedure for the reduction of the
nitronates, derived from 7a,b,f by aqueous TiCl3
at pH 5–6

The BINE (7a,b,f) (1 mmol) was dissolved in dry methanol
(20 mL) and treated with NaOMe (1.1 equiv.) and stirred for
1 h. A buffered TiCl3–NH4OAc solution, prepared by
adding NH4OAc (0.95 g, 12 mmol) in water (3 mL) to 15%
aqueous TiCl3 (3 mL, 4.5 mmol), was then added rapidly to
the above solution at rt under nitrogen atmosphere. After the
indicated period (Table 3), the reaction mixture was poured
into water and extracted with EtOAc (3£20 mL). The
organic extracts were combined, washed with aq. NaHCO3,
dried (Na2SO4) and the solvent distilled off. The resulting
residue was purified by prep. TLC to furnish the oximes
13a,b and f, each a mixture of the syn- and anti-isomers. For
13b and 13f, the designatory letters mj and mn stand for the
major and the minor isomers, respectively.
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4.5.1. 2,2-Bis(30-indolyl)ethanaloxime (13a; syn/anti-mix-
ture). anti-Isomer (pure). Dark brown solid; yield: 20%; mp
226–228 8C (pet. ether–EtOAc); IR (nujol) 3454, 3412,
3400, 3193, 1614, 918, 745 cm21; 1H NMR (d6-DMSO): d
6.06 (1H, d, J¼8 Hz, Ar2CH), 6.91 and 7.04 (2H, t each,
J¼7.5 Hz), 7.14 (2H, s), 7.23 (1H, d, J¼8 Hz, CHvN), 7.34
(2H, d, J¼8 Hz), 7.49 (2H, d, J¼7.5 Hz), 10.89 (2H, s,
2£NH), 10.95 (1H, s, vNOH); 13C NMR: d 29.9 (Ar2CH),
112.3 (2£), 119.1 (2£), 119.7 (2£), 121.8 (2£), 123.7 (2£)
(all Ar–CH), 151.7 (CHvN), 115.0 (2£), 127.2 (2£), 137.2
(2£) (all Ar–C); MS: m/z (%) 289 (Mþ, 44), 272 (100), 271
(59), 245 (87), 243 (50); HR EI-MS: calcd for C18H15N3O
289.1215. Found 289.1212.

syn-Isomer (1H NMR assignments ascertained by sub-
traction of data of pure anti-isomer from those of the
syn/anti-mixture). Yield: 76%; syn/anti¼2:1; IR (KBr)
3406, 1618, 742 cm21; 1H NMR (d6-DMSO): d 5.24 (1H,
d, J¼8 Hz, Ar2CH), 6.88 and 7.01 (2H, t each, J¼7.5 Hz),
7.11 (2H, s), 7.31 (2H, d, J¼8 Hz), 7.46 (2H, d, J¼7.5 Hz),
7.82 (1H, d, J¼7.5 Hz, CHvN), 10.42 (1H, br s, vNOH),
10.82–10.95 (2H, m, 2£NH); 13C NMR: d 35.8 (Ar2CH),
112.3 (2£), 119.1(2£), 119.8 (2£), 121.8 (2£), 123.75 (2£)
(all Ar–CH), 151.6 (CHvN), 115.4 (2£), 127.1 (2£), 137.3
(2£) (all Ar–C); MS: m/z (%) 289 (Mþ, 29), 272 (100), 245
(68), 243 (70).

4.5.2. 2-(30-Indolyl)-2-(100-methyl-300-indolyl)ethanal-
oxime (13b; syn/anti-mixture). Yield: 62%; syn:anti¼2:1;
IR (CHCl3) 3474, 3413, 1613, 769 cm21; 1H NMR (d6-
DMSO): d 3.67 (3H mjþ3H mn, s, 2£NMe), 5.24 (mj) and
6.02 (mn) (1H, d each, J¼8 Hz, 2£Ar2CH), 6.88 and 6.92
(1H mjþ1H mn, t each, J¼7 Hz), 7.01 (1H mjþ1H mn, t,
J¼7 Hz), 7.04–7.11 (1H mjþ1H mn, m), 7.07 (1H mjþ1H
mn, s), 7.13 (1H mjþ1H mn, s), 7.16 (mn) and 7.79 (mj)
(1H, d each, J¼8 Hz, 2£CHvN), 7.31 and 7.33 (1H mjþ1H
mn, d each, J¼9 Hz), 7.45 (1H mjþ1H mn, d, J¼9 Hz),
7.47 (1H mjþ1H mn, d, J¼8.5 Hz), 10.43 (mj) and 10.92
(mn) (1H, s each, 2£NH), 10.86 (mn) and 10.88 (mj) (1H, s
each, 2£vNOH); 13C NMR: d 29.7 (mn) and 35.6 (mj)
(2£Ar2CH), 33.1 (2£; NMe), 110.5 (mjþmn), 112.3
(mjþmn), 119.21 (mn), 119.23 (mj), 119.28 (mn), 119.3
(mj), 119.6 (mn), 119.7 (mj), 119.9 (mn), 120.0 (mj), 121.91
(mn), 121.92 (mj), 122.0 (mjþmn), 123.73 (mn), 123.77
(mj), 128.11 (mn) and 128.13 (mj) (all Ar–CH), 151.5 (mj)
and 151.6 (mn) (2£CHvN), 114.4 (mn), 114.7 (mj) and
115.2 (mjþmn), 127.1 (mj), 127.2 (mn), 127.5 (mj) and
127.6 (mn), 137.2 (mn), 137.3 (mj), 137.70 (mn) and 137.74
(mj) (all Ar–C); MS: m/z (%) 303 (Mþ, 82), 286 (100), 285
(63), 259 (100), 257 (88), 245 (44); HR FAB-MS: calcd for
C19H17N3O 303.1372. Found 303.1350.

4.5.3. 2-(30-Indolyl)-2-(200-methyl-300-indolyl)ethana-
loxime (13f; syn/anti-mixture). Yield: 72%; syn/
anti¼3:2; IR (nujol) 3396, 3283, 1619, 744 cm21; 1H
NMR (d6-DMSO): d 2.33 (mj) and 2.37 (mn) (3H, s each,
2£NMe), 5.21 (mj) and 5.94 (mn) (1H, d each, J¼7.5 Hz,
2£Ar2CH), 6.77–6.87 (2H mjþ2H mn, m), 6.91 and 6.93
(1H mjþ1H mn, t each, J¼7 Hz), 7.0 (1H mjþ1H mn, t,
J¼7.5 Hz), 7.04 (mj) and 7.06 (mn) (1H, s each), 7.15–7.27
(2H mjþ2H mn, m), 7.28 (1H mn, d, J¼9 Hz, CHvN), 7.30
(1H mjþ1H mn), 7.34 (mj) and 7.36 (mn) (2H, t each,
J¼7.5 Hz), 7.91 (1H mj, d, J¼8 Hz, CHvN), 10.47 (1H

mj), 10.78 (1H mn), 10.80 (1H mn), 10.82 (2H mj) and
10.91 (1H mn) (s each, 4£NHþ2£OH); 13C NMR: d 12.6
(2£; CH3), 29.6 and 35.3 (2£Ar2CH), 111.4 (2£), 112.2
(2£), 119.0 (2£), 119.1 (2£), 119.3 (2£), 119.4, 119.6,
120.7, 120.8, 121.8 (2£), 123.2, 123.4 (all Ar–CH), 151.2
and 151.4 (2£CHvN), 110.3 (2£), 115.3 (2£), 127.4 (2£),
128.0, 128.1, 132.6, 132.7, 136.1 (2£), 137.2 (2£) (all
Ar–C); MS: m/z (%) 303 (Mþ, 29), 286 (49), 285 (31), 270
(23), 259 (61), 258 (71), 257 (100), 243 (28), 130 (43); HR
EI-MS: calcd for C19H17N3O 303.1372. Found 303.1379.
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