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1. Introduction

Since the early work of Fischer, porphyrin chemistry has
evolved dramatically allowing many exotic macrocycles to
be synthesised.1 Few boundaries restrict the porphyrin
chemist, as the field overlaps with organic, inorganic and
physical chemistry, as well as with many areas of biology
and medicine. Within this diversity of porphyrin chemistry,
there has been much interest in the synthesis of porphyrins
bearing fused rings, whether as extensions of the conjugated
macrocycle or fused alicyclic ring systems. They have
proved to be valuable research tools and a fruitful area for the
development of synthetic methodology. These fused rings
can affect porphyrins by altering their optical properties,

* Corresponding author. Tel.: +44 1482 466353; fax: +44 1482 466410;
e-mail: r.w.boyle@hull.ac.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.021
both ground and excited state, coordination chemistry and
redox behaviour, and it is this potential that has captured
the attention of many scientists.

The formation of porphyrins with ‘exocyclic’ rings fused to
the macrocycle can be achieved by a variety of reactions,
which will be discussed further. Generally, porphyrins bear-
ing fused rings can be divided into two categories. Namely
those formed by intramolecular cyclisation reactions and
those formed by intermolecular cyclisation reactions. An
extensive discussion of methods for the formation of porphy-
rins with fused rings from non-porphyrin starting materials
is outside the scope of this review and these will only be
mentioned if they give access to starting materials for further
modification of the fused rings. Finally, examples of the
formation of arrays in which porphyrins are fused to one
another and the use of porphyrins bearing fused rings to
synthesise heterodimers will be covered briefly.

mailto:r.w.boyle@hull.ac.uk
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2. Porphyrins with fused rings formed via
intramolecular cyclisations

2.1. Metal-mediated cyclisations

In the 1980s, Smith et al. described a palladium-catalysed
method that could be used to attach a number of unsaturated
substituents directly to the periphery of mercurated porphy-
rins.2–4 The first step was the mercuration of zinc(II) deuter-
oporphyrin IX dimethyl ester. Subsequent treatment with
methyl acrylate and LiPdCl3 gave the expected bis-acrylate,
along with an unexpected by-product, which could be sepa-
rated into two isomers (Scheme 1).

It was postulated that the bis-chloromercurated porphyrin
product was contaminated with a tris-mercurated
by-product in which mercuration had occurred at the
5- or 10-position. Subjecting these isomers to palladium-
coupling conditions led to the formation of two products
bearing fused five-membered exocyclic rings.5 This syn-
thetic method was then exploited to synthesise deoxyery-
throetioporphyrin and deoxophylloerythrin methyl ester
(Scheme 2).

Recently, Fox and Boyle6 have developed a method for
intramolecular cyclisation based on palladium-catalysed
coupling of meso-(2-iodophenyl) porphyrins, which gives
access to a variety of porphyrins in which the meso-phenyl
rings are fused to adjacent b-positions (Scheme 3).

It is well documented that organozinc reagents can be easily
prepared from organic bromides utilising metallic zinc.7

Using this technique Chen et al.8 discovered that treating
2-bromo-5,10,15,20-tetraphenylporphyrinatozinc with acti-
vated zinc metal9 in DMSO at 60 �C for 30 min, resulted
in the formation of a fused five-membered ring, similar to
those accessed earlier by Fox and Boyle using intramolecu-
lar palladium coupling.
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Scheme 1. Palladium-catalysed cross-couplings and cyclisations.
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A further extension of this methodology led to the prepara-
tion and cyclisation of 2,3,12,13-tetrabromo-5,10,15,20-
tetraphenylporphyrinatozinc (Scheme 4).
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Scheme 2. Synthesis of deoxophylloerythrin methyl ester.
2.2. Acid- and base-catalysed intramolecular
cyclisations

2.2.1. Naphthoporphyrins. Porphyrinoid systems with
strong absorptions in the far red/near-infrared regions are
of interest due to their potential applications, which range
from sensors and novel optical materials10 to the devel-
opment of superior photosensitisers for photodynamic
therapy.11

The synthesis of the so-called ‘naphthoporphyrin’ deriva-
tives has been well documented in the literature by Callot,
who used 2-formyl-5,10,15,20-tetraphenylporphyrinato-
copper(II)12 as an intermediate in an acid-catalysed conden-
sation to yield oxonaphthoporphyrin.13 In this reaction, the
carbonyl carbon of the aldehyde group fuses to the ortho
position of the adjacent phenyl group, producing, albeit in
very low yield, an exocyclic six-membered ring containing
a keto group (Scheme 5).

It was also found that substituted a-styryl-5,10,15,20-tetra-
phenylporphyrinatocobalt(III) could rearrange in the pres-
ence of low concentrations of acid to give the same
naphthoporphyrin skeleton. The combination of air and
TFA caused the cobalt(III)porphyrin to be oxidised to the cor-
responding p-cation radicals, which then suffered elimina-
tion followed by demetallation.14 At low concentrations of
acid, however, it was suggested that large amounts of starting
material remained and reacted with either the cation radical
or the a-styryl radical. The transfer of the styryl fragment
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Scheme 4. Zinc-mediated intramolecular cyclisation of 2,3,12,13-tetrabromo-5,10,15,20-tetraphenylporphyrinatozinc.
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Scheme 5. Callot’s synthesis of an oxonaphthoporphyrin.
to the porphyrin b-position resulted in an olefinic intermedi-
ate, which underwent reaction with the adjacent phenyl
group. In turn, the metal was lost, yielding a free-base naph-
thoporphyrin. The synthesis of these naphthoporphyrins pro-
voked other studies into reactivity,15 porphyrin oligomers,16

and bis-acrylporphyrins with near-infrared absorbance.17
Much attention has been paid to naphthoporphyrin deriva-
tives, due to their potential as photodynamic sensitisers.
Dolphin et al.18 synthesised a number of doubly cyclised
derivatives (Scheme 6) that possessed enhanced absorptions
in the far red region of the visible spectrum. This double cycli-
sation was attributed to electron-donating groups present on
N N

N N
M

O

N N

N N
M

M = 2H
or Zn

CHO

TFA

OMe

OMe

MeO

OMe

MeO

MeO MeO

MeO

Scheme 6. Synthesis of doubly cyclised naphthoporphyrin derivatives.
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the meta-positions of the phenyl rings of the metallo-2-
formyl-5,10,15,20-tetraphenylporphyrin starting material.

2.2.2. Purpurins. Purpurins are defined as tetrapyrrolic
macrocycles containing a cyclopentyl ring fused to a reduced
pyrrolic unit. They are formed by cyclisation of an appropri-
ate side chain attached to the meso-position of the macro-
cycle, resulting in the formation of a five-membered ring.
Like many porphyrins with modified optical properties,
they received considerable interest as potential photo-
dynamic sensitisers.19

Morgan et al.19 presented results showing that meso-formyl-
ated etioporphyrinatonickel(II) could be converted into the
corresponding purpurin in yields of up to 90%. This two-
step procedure involved functional-group transformation
of the aldehyde moiety into an unsaturated ester via a Wittig
reaction and removal of the nickel, followed by the acid-
catalysed cyclisation of the ester to form the five-membered
ring and, hence, the purpurin (Scheme 7).

Gunter et al.20 synthesised both type A and type B purpurins
(Fig. 1) containing meso-phenyl substituents. Their findings
were based on the theory that the purpurin yield was temper-
ature dependent, e.g., purpurin B could be formed preferen-
tially at higher temperatures.

By incorporating two vinylogous side chains, methods of
synthesising doubly cyclised bacteriopurpurins have been
investigated. Robinson21 developed a new route to bacterio-
purpurins from meso-substituted diacrylate octaalkyl-
porphyrins (Scheme 8), and found that these compounds
absorbed strongly in the region of 720–830 nm. Previously,
Morgan et al.19 had attempted to synthesise this class of
compound via acidic catalysis. It was found, however, that
the successful synthetic route required basic conditions,
which resulted in the efficient cyclisation of meso-acrylate
porphyrins to purpurins and bacteriopurpurins. Thus, 5,15-
bis[b-(ethoxycarbonyl)vinyl]octaethylporphyrin was cy-
clised by refluxing in toluene/DBU for 6 h, producing two
isomers of 5,15-octaethylbacteriopurpurin in 70% yield.

2.2.3. Benzochlorins. This class of compound is commonly
synthesised by the acid-catalysed cyclisation of a corre-
sponding metallo meso-(2-formylvinyl)porphyrin. Vicente
and Smith22 synthesised a series of porphyrins possessing
2-formylvinyl substituents by way of a modified Vilsmeier
formylation developed by Inhoffen and co-workers.23

Acid-promoted cyclisation of 2-formylvinyl porphyrins
yielded a number of benzochlorins and benzobacteriochlo-
rins. By incorporating two 2-formylvinyl groups into the
porphyrin precursor, they were able to yield a mono-cyclised
benzochlorin and a double-cyclised dibenzobacteriochlorin
(Scheme 9). It was noted that, to achieve cyclisation, a diva-
lent centrally chelated metal must be present.

Similar methods have been developed by Gunter and Robin-
son,24 in an extension of previous work on purpurins.20

Using the same 5,15-diphenylporphyrin skeleton, the group
produced a number of 2-formylvinyl precursors and, in turn,
synthesised the 5,15-diaryl-substituted benzochlorin deriva-
tives (Scheme 10).

Other substituted benzochlorins have been synthesised and
further modified by incorporating nonpolar side chains to
increase the lipophilicity (Scheme 11).25 Biologically, these
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NH N
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RRR R
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Figure 1. Types A and B purpurins.
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Scheme 7. Synthesis of etio purpurin.
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Scheme 10. Synthesis of 5,15-diphenyloctaalkylbenzochlorins.
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Scheme 9. Synthesis of a benzochlorin and a dibenzobacteriochlorin.

NH N

N HN

CO2Et

EtO2C

NH N

N HN

CO2Et

EtO2CNH N

N HN

CO2Et

EtO2C

NH N

N HN

CO2Et

CO2Et

Toluene/DBU
heat

Scheme 8. Synthesis of 5,15-octaethylbacteriopurpurins.

H2SO4

(EtO)2P(O)CH2CO2Et

LiCH2CO2Et

N N
Ni

CH2CO2Et

N N
Ni

CH2CO2E

N N
Ni

CO2Et

N N
Ni

HO CH2CO2Et

N N
Ni

CHO

TFA

TFA
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lipophilic benzochlorins were of great interest, and were
produced in greater yield than the corresponding deuteropor-
phyrin derivatives.22

Many of the examples of benzochlorin synthesis are based
on modification of octaethylporphyrin, as this compound is
readily available commercially in both the free base and
metallated forms, and is therefore a convenient starting
material. Routes to fluorinated and non-fluorinated octa-
ethylporphyrin-based benzochlorins have been developed
by Pandey et al.26 This work led to the synthesis of several
benzochlorins with variable lipophilicity that were tested
for their efficacy as drugs for photodynamic therapy. As
with many of the examples discussed here, Vilsmeier formyl-
ation was initially used to attach a 2-formylvinyl group to
one meso-position. The 2-formylvinyl side chain was then
reacted with various fluorinated and non-fluorinated alkyl
halides, yielding intermediates which, after acid-catalysed
intramolecular cyclisation, generated the corresponding
benzochlorins (Scheme 12).

5,15-Diphenyloxobenzochlorins have been prepared by
Boyle and Dolphin.27 After vinylic formylation of
5,15-diphenylporphyrinatonickel(II), treatment with boron
trifluoride etherate gave, unexpectedly, two products
(Scheme 13), one of which was subsequently found to be
an unusual multifused-ring benzochlorin.

2.2.4. Naphthochlorins. Until quite recently, the synthesis
of naphthochlorins from octaalkylporphyrins had not been
reported. Sengupta and Robinson28,29 synthesised a number
of meso-(2-hydroxymethylphenyl)octaalkyl-substituted por-
phyrins via methods developed by Johnson and Kay30 and
Grigg et al.,31 and performed cyclisation reactions under
acidic conditions. Interestingly, comparison of the octaethyl-
naphthochlorin with the octaethylbenzochlorin (Fig. 2) syn-
thesised by Arnold et al.32 revealed that the free base form of
the naphthochlorin exhibited the greater long wavelength
absorbance, but, conversely, when the metallated species
were compared, the benzochlorin showed a greater batho-
chromic shift.

As mentioned above, the more common methods to access
these molecules involve cyclisation of a vinylic group to
yield the naphthochlorin. This method is facilitated by the
ease with which the vinylic group can be formed from
the corresponding formylporphyrins by way of the Wittig
reaction.12,32 Cavaleiro et al.33 reported an intramolecular
H2SO4

H2SO4

HNN

NNH

CF3

NN

NN
Ni CHOH

CF3

NN

NN
Ni CHOSiMe3

CF3

Me3SiCF3

NN

NN
Ni CHO

NN

NN
Ni

TFA

Me2N

CHO+

POCl3

Scheme 12. Synthesis of fluorinated benzochlorins.
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cyclisation of the Ni(II) complex of b-vinyl-5,10,15,20-
tetraphenylporphyrins, resulting in naphthochlorins as the
major products. In this case, treatment of 2-vinyl-
5,10,15,20-tetraphenylporphyrins with dilute sulfuric acid
did not afford the expected demetallated product, but,
instead, the corresponding benzochlorins were formed in
60% yield (Scheme 14).
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N

N
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R R
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Figure 2. Synthesis of octaalkylbenzochlorins.
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Scheme 13. Synthesis of 5,15-diphenyl-7-oxobenzochlorins.
3. Porphyrins with fused rings formed via
intermolecular reactions

3.1. Diels–Alder reactions

A versatile route to the synthesis of chlorins is the Diels–
Alder reaction of vinylporphyrins with electron-deficient
dienophiles,34 and the same methodology can be applied
to the synthesis of isobacteriochlorins and bacteriochlorins
if divinylporphyrins are used.35 Cavaleiro et al.36 investi-
gated [4+2] cycloadditions using the porphyrin exocyclic
double bonds as the 2p-electron component. By heating
5,10,15,20-tetraphenyl porphyrin and an aromatic sulfone
in trichlorobenzene for 7 h, a [4+2] cycloaddition reaction
took place, yielding three products, a chlorin with a fused
tetrahydronaphthalene ring (Scheme 15) as the major
product, and two other naphthoporphyrins as the minor
products.

3.2. Cycloaddition reactions

Azomethane ylides were reported by Cavaleiro et al.37,38 to
react with 5,10,15,20-tetraarylporphyrins as the dipolaro-
phile in 1,3 cycloadditions, generating pyrrolidine-fused
chlorins and bacteriochlorins in good yields (Scheme 16).

N-Protected pyrroles have been successfully used in a variety
of [4+2] cycloaddition reactions with activated dienophiles,
as described by Zhang and Trudell.39 Smith et al.40 synthes-
ised b-fused pyrroloporphyrins from the Barton–Zard
condensation41 of metallo-2-nitro-5,10,15,20-tetraphenyl-
porphyrins with isocyanoacetates. Studies on the cycloaddi-
tion reactions of b-fused metallopyrroloporphyrins with
dimethyl acetylenedicarboxylate led to a synthetic route to
benzoporphyrins and benzochlorins.42 Interestingly, when
synthesising benzoporphyrins by this route (Scheme 17),
the Diels–Alder adduct was formed first, and then converted
into the corresponding benzoporphyrin upon refluxing, con-
version into the sole deaminated product (50–80% yield)
occurring only after prolonged heating (overnight).

Mononitration of the corresponding benzoporphyrin and
subsequent conjugate addition of malononitrile to the nitro-
alkene subunit of the benzoporphyrin in the presence of NaH
in refluxing tetrahydrofuran43 led to a b-fused benzochlorin
as the major product (Fig. 3).

Similarly, as with o-quinodimethanes,36 azomethine ylides37

and nitrones,43 it was found that sugar nitrones could be
fused to porphyrin macrocycles. Carbohydrate derivatives
of porphyrins have shown promise for applications in photo-
dynamic therapy,44 as these conjugates have demonstrated
good water solubility and selectivity for cancer cells. By
way of the 1,3-dipolar cycloaddition approach, Cavaleiro
et al.45 synthesised glyco derivatives of chlorins and bacterio-
chlorins by reacting several readily available sugar
nitrones46 with 5,10,15,20-tetra(pentafluorophenyl)por-
phyrin (Scheme 18).

1,3-Dipolar [3+2] cycloaddition reactions are an effective
method for the synthesis of five-membered heterocycles,47

and these reactions have been successfully applied to
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Scheme 14. Synthesis of naphthochlorins from 2-vinyl-5,10,15,20-tetraphenylporphyrins.
porphyrins by the group of Cavaleiro.38 It has been noted
that electron-deficient carbonyl ylides react with many di-
polarophiles including aromatic systems.48 More recently,
non-stabilised carbonyl ylides have been shown to react
with both electron-rich and electron-poor dipolarophiles.49

Fleming and Dolphin50 exploited these findings to devise
a convenient route to chlorins via carbonyl ylides. On react-
ing 5,10,15,20-tetraphenylporphyrin with tetracyanoethyl-
ene oxide, the corresponding cycloadduct was produced in
moderate yield (Scheme 19). It has been reported that the
tetracyanoethylene oxide undergoes a first-order thermal
electrocyclic ring opening to form the carbonyl ylide in re-
fluxing toluene. The ylide then reacts via a 1,3-dipolar cyclo-
addition with the dipolarophile to yield a [3+2] adduct.48

Isoxazoline-fused chlorins have been synthesised as starting
materials for further funtionalisation via chemical transfor-
mations of the isoxazoline ring by Li et al.51 (Scheme 20).
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Scheme 15. 5,10,15,20-Tetraphenylporphyrin as a dienophile in the Diels–
Alder reaction.
The reaction of 5,10,15,20-tetra(4-chlorophenyl)porphyrin
with an excess of 2,6-dichlorobenzonitrile oxide in benzene
under reflux resulted in a mixture of three compounds. The
chlorin was isolated as the major product in 53% yield. In-
terestingly, the reaction of porphyrins possessing electron-
withdrawing aryl groups increased the yield, but porphyrins
bearing electron-donating groups gave no cycloaddition
adducts. This result obeyed the theory of reactivity of normal
alkenes to nitrile oxide, whereby electron-withdrawing
alkenes favour the cycloaddition reaction.47

3.3. Bergman cyclisation of porphyrin diynes

Only recently the Bergman cyclisation52,53 has been applied
to the synthesis of porphyrins bearing fused exocyclic rings.
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Scheme 16. Synthesis of pyrrolidine-fused chlorins and bacteriochlorins.
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Scheme 17. Synthesis of benzoporphyrins via [4+2] cycloaddition; reaction conditions: (i) dimethyl acetylenedicarboxylate, toluene, reflux; (ii) reflux over-
night; (iii) continuous heating or reflux for 30 min in 1,2-trichlorobenzene.
This method is described as a ‘thermal benzoannulation’
whereby the cyclisation of an enediyne is accomplished by
heating the reaction mixture. The methodology was based
on the realisation that two adjacent acetylenic moieties
attached to the b-positions might behave in a similar fashion
to components of an enediyne and cyclise under Bergman-
type conditions. Smith et al.54 proposed this theory and suc-
cessfully demonstrated it experimentally. The first step in
the synthesis involved a Pd(0)-catalysed cross-coupling55

reaction with alkynyl-trimethylstannanes. In the second
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N

Ph

Ph PhM

Ph

CO2Me
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Figure 3. Benzochlorins generated by conjugate addition of malonitrile.
 step the trimethylsilyl groups were cleaved, and then, finally,
the porphyrin diyne was heated to reflux in cyclohexadiene/
chlorobenzene at 190 �C to yield a picenoporphyrin.
According to the literature, this was not the anticipated re-
sult, as only monobenzoporphyrin products were expected.
In reality the reaction proceeded via a cascade tandem radi-
cal cyclisation to yield a multicarbocycle (Scheme 21).54

Zaleski et al.56 discovered that this cascade tandem radical
cyclisation could be performed at room temperature in the
presence of DDQ. This indicated that the dehydrogenation
step is rate limiting. To prevent the participation of meso-
phenyl substituents in the reaction pathway, Spence et al.57
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Scheme 19. 1,3-Dipolar cycloaddition of porphyrin and carbonyl ylide.
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Scheme 18. Synthesis of glycoconjugated isoazolidine-fused chlorins.



10049S. Fox, R. W. Boyle / Tetrahedron 62 (2006) 10039–10054
HNN

NNH
Ph

Ph

Ph

Ph

NO

HNN

NNH
Ph

Ph

Ph

Ph

O
N

NO

HNN

NNH
Ph

Ph

Ph

Ph

N O

NO

C N O
HNN

NNH
Ph

Ph

Ph

Ph + Cl

Cl

ClCl

Cl

Cl

Cl

Cl

Cl

ClCl

Cl
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prepared a porphyrin–enediyne that contained a conjugate
quinoxaline spacer58 between the enediyne core and the por-
phyrin macrocycle (Scheme 22). This spacer ensures that the
endiyne is far enough away from the aromatic pathway
of the macrocycle, thus suppressing tandem cyclisation to
a picenoporphyrin.54
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Scheme 21. Tandem radical cyclisation of 2,3-dialkynylporphyrins.
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4. Fused-ring systems incorporating multiple porphyrins

The syntheses of such covalently linked porphyrins have
been investigated in order to examine their unique photoelec-
tronic properties and potential applications as mimics of light
harvesting in photosynthesis, and also as electron-transfer
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Scheme 23. Synthesis of fused oligoporphyrins.
moieties in molecular wires.59 Tetramerisation of pyrrolo-
porphyrins is one possible way of producing cruciform por-
phyrins, but steric congestion undermines the viability and
application of this method.5 A synthesis of fully or directly
fused oligoporphyrins that share a common extended p-elec-
tron system has been developed by Smith et al.60 By reacting
a nucleophilic, sterically hindered pyrrole with a pyrrolopor-
phyrin, a porphyrin trimer was produced (Scheme 23).

A cruciform pentamer was synthesised by Smith et al. 61 by
acid-catalysed tetramerisation of a less sterically hindered
2H-dihydroisoindoloporphyrin. The pentamer (Scheme 24)
contained two one-carbon linkages or ‘spacers’ between the
pyrrolic rings and the porphyrin. The corresponding pyrrolo-
porphyrin was synthesised via a [4+2] cycloaddition reaction
of 1,1-sulfolano[3,4-c]pyrrole36 and the meso-tetraarylpor-
phyrin. This was then followed by acid-catalysed tetramerisa-
tion of the pyrroloporphyrin, and treatment of the pentamer
with an excess of DDQ to give the fully conjugated pentamer.61

Recently, the properties of meso–meso-linked porphyrin
arrays have been noted as possible photonic wires.62–64 Osuka
et al.65 linked Cu(II)-porphyrins at both the meso- and
b-positions with 2 equiv of tris(4-bromo-phenyl)aminium
hexachloroantimonate (BA-HA) in C6F6 at room tempera-
ture for two days resulting in the triply linked diporphyrins
in 62 and 6% yields (Fig. 4).
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5. Use of porphyrins bearing fused rings to assemble
heterodimeric systems

5.1. Fused porphyrin–BODIPY dyads

Fused porphyrin macrocycles are of great interest as poten-
tial molecular wires.66–68 Smith’s group had focused its
attention on heterodyads, in which a porphyrin and another
chromophore are fused through two neighbouring b-car-
bons, therefore giving rise to the extended conjugation of
the aromatic p-system.69 Among the different chromo-
phores of interest, 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY�) and related dyes had already been
investigated for several applications.70 In general, the pyrro-
loporphyrin40 was used as the starting material in the synthe-
sis of the fused BODIPY� and porphyrin moieties. The
synthesis of CuTPP-BODIPY� began with the formylation
of Cu-pyrroloporphyrin (Scheme 25).71 The formylation of
pyrroles is generally carried out by the Vilsmeier reaction,
(POCl3 and DMF), but the Vilsmeier reagents have been
well documented as reacting with the b-positions of tetra-
arylporphyrins.72 TFA and trimethyl orthoformate were
used to selectively functionalise the pyrrole subunit.73 The
acid-catalysed condensation of formylpyrroloporphyrin
gave dipyrromethenoporphyrin. Finally, treating the
dipyrromethenoporphyrin with boron trifluoride etherate
yielded the BODIPY� complex under basic conditions.71

5.2. Fused metallocenoporphyrins

In this final section, the synthesis of porphyrin/metallocene
dyads will be discussed. The most commonly reported
studies of porphyrin/metallocene dyads illustrate the metal-
locene part attached to the meso- or b-positions of the
porphyrin through spacers,74–82 or even directly through
a central metal ion,83 and the more uncommon direct link-
ages through a C–C bond at the meso-position have also
been reported.84,85 Smith et al. have synthesised a ferrocenyl-
porphyrin via their previously reported work on Heck-type
reactions and also via a 2+2 condensation (Scheme 26).
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Smith’s group further investigated methods to synthesise the
fused metallocenoporphyrins. Their aim was to synthesise
the target compound (Fig. 5) via the corresponding tetrapro-
panoporphyrin.86 The method used to obtain the precursors,
however, had its limitations.87

After a consideration of the work by Holzapfel and van
der Merwe,88 Smith et al. subjected 2-nitro-5,10,15,20-
tetra(3,5-di-tert-butylphenyl)porphyrinatonickel(II) to a
palladium(0)-catalysed [3+2] cycloaddition with 2-[(tri-
methylsilyl)methyl]-2-propen-1-yl acetate, which gave the
corresponding starting material. Formation of the anion by
treatment with LDA and then addition of the Cp* resulted
in the fused ruthenocenoporphyrin (Scheme 27).69 Treatment
of the methylcyclohexenylporphyrinatonickel(II) starting
material with FeCl2 yielded a bisporphyrinferrocene.89,90

N N

N N
Ar

Ar

Ar

ArNi

1) LDA/THF
2) Cp*RuCl2

N N

N N
Ni

Ru
Ar

Ar

ArAr

Ar = (3,5-diBut)phenyl  

Scheme 27. Synthesis of metallocenoporphyrins.

6. Conclusions

Reactions leading to porphyrins bearing fused rings have
provided a wide range of novel and previously unknown
macrocycles for study. The understanding of the spectro-
scopic, electrochemical and biological properties of porphy-
rin containing proteins and assemblies has thus been
expanded at the fundamental level. On a practical level
this has also led to the development of many new products,
a particularly noteworthy example being the Diels–Alder
adduct obtained from the reaction of protoporphyrin IX
dimethyl ester with dimethyl acetylenedicarboxylate91 fol-
lowed by base-catalysed isomerisation and partial hydro-
lysis. The resulting chlorin bearing a six-membered ring
fused to the A pyrrolic ring has now been developed into
a successful drug for the photodynamic treatment of age
related macular degeneration by QLT Inc. and Novartis.
Under the trade name Visudyne� world-wide sales for
2005 were reported to be US$484.92 In light of these intel-
lectual and financial incentives it seems likely that this
area of porphyrin synthetic chemistry will continue to be
of great interest in the foreseeable future.

N N

N N
M

M1

Figure 5. Fused metallocenoporphyrin.
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Abstract—A generally applicable one-pot procedure for the rapid, easy, and diverse asymmetric functionalization of pyrimidines was devel-
oped that requires minimum efforts for the purification of the final products. 4-Amino-6-aryl-substituted pyrimidines are prepared in good
yields by combined microwave-assisted amination and Suzuki–Miyaura cross-coupling reactions. The acid-mediated amination reaction
affords the products as easily separable salts in 30–40 min reaction time.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The multiple diverse functionalization of heterocycles is
of great importance in the synthesis of pharmacologically
active compounds.1 The formation of carbon–carbon,
carbon—oxygen, and carbon–nitrogen bonds represent the
most desirable and useful, but also the most challenging
conversions in this respect. (Hetero)aryl–(hetero)aryl
carbon–carbon bonds are well represented in drugs and can
be synthesized conveniently by metal-catalyzed Suzuki–
Miyaura, Stille, Kumada-Corriu, Negishi, or Hiyama cross-
coupling reactions.2 Correspondingly, efficient copper- and
palladium-catalyzed carbon–nitrogen and carbon–oxygen
bond forming processes, such as the Buchwald–Hartwig
reaction, have been developed for the functionalization of
aryl halides in the last decade.2–5 A wide variety of catalytic
processes for the functionalization of aromatic ring systems
is therefore available. The application of metal-catalyzed
reactions to the modification of heteroaromatic rings, how-
ever, is reported to a lesser extent.3,4,6–8

As part of our efforts in the synthesis of new effective pro-
tein kinase inhibitors, we focused on the preparation of
pyrimidine derivatives.9 The symmetrically disubstituted
4,6-dichloropyrimidine was derivatized by both an amino
functionality and a (hetero)aryl moiety (Scheme 1).

* Corresponding author. Tel.: +49 89 8565 3288; fax: +49 89 8565 2610;
e-mail: alexander.backes@gpc-biotech.com

y Present address: Miteni SpA, Loc. Colombara 91, Trissino (VI), Italy.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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1. boronic acid, 2. aniline
MW

Scheme 1. Difunctionalization of 4,6-dichloropyrimidine.

For the formation of the pyrimidine–(hetero)aryl C–C bond
we used the Suzuki–Miyaura cross-coupling,10 since a large
number of diverse substituted boronic acids and esters are
commercially available; additionally, they are stable even
under demanding reaction conditions and they are of low
toxicity. For the amination reaction, we explored several re-
action conditions, ranging from nucleophilic substitution11

to palladium- or copper-catalyzed reactions (see below).
Taking advantage of the technique of microwave-assisted
organic synthesis (MAOS),12 we developed a generally
applicable methodology for the rapid, easy, and diverse
asymmetric functionalization of pyrimidines. Minimum
efforts for the purification of the final products are required,
which are available in a short reaction time, and without the
requirement for special reaction conditions, such as inert gas
or degassed solvents.

2. Result and discussion

The commercially available and symmetrically substituted
4,6-dichloropyrimidine was used as starting material for
the preparation of new difunctionalized pyrimidines. In the
first reaction step, one of the chlorine atoms is substituted
either by an amine or by an (hetero)aryl moiety, yielding

mailto:alexander.backes@gpc-biotech.com
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a monosubstituted chloropyrimidine derivative. This inter-
mediate can subsequently be subjected to either Suzuki–
Miyaura cross-coupling or amination, giving the final
asymmetrically disubstituted products. We initially estab-
lished separate protocols for amination and Suzuki–
Miyaura-coupling reactions using 4,6-dichloropyrimidine.
Subsequently, we performed three different sets of experi-
ments. We first carried out the amination reaction, isolated
the intermediate and did the Suzuki–Miyaura cross-coupling
as the second step. In the next set of experiments we
performed the cross-coupling reaction and subjected the iso-
lated intermediates afterwards to amination. Finally, we sim-
plified the methodology and carried out the cross-coupling
and the amination reaction in a one-pot synthesis without
isolation of the intermediates.

2.1. Acid- and base-mediated aminations

The amination of pyrimidine derivatives can be achieved via
acid- or base-mediated nucleophilic substitution.13–16 We
therefore explored several reaction conditions in a model
reaction between 4,6-dichloropyrimidine and aniline. These
included acid- (aqueous hydrochloric acid) and base-
mediated (Hunig’s base (DIPEA), sodium hydride, sodium
carbonate, caesium carbonate, potassium phosphate, sodium
tert-butoxide), as well as copper- (copper(I) iodide, copper(I)
iodide/N,N0-dimethylethylenediamine, copper(I) iodide/
2,2,6,6-tetramethylhepta-3,5-dione, and copper(I) triflate)17

and palladium-catalyzed3,8,16,18 (Pd(dppf)Cl2) reaction
conditions at 100, 180 or 240 �C for 900 s in a microwave
synthesizer. A number of different solvents, such as DMF,
dioxane, methanol, ethanol, 2-propanol, and NMP or DME,
were used. All base-mediated reactions showed product
formation only at elevated temperatures with yields below
50%. The notable exception included the use of Hunig’s
base in NMP at 240 �C, yielding 60–70% of the amination
product. Addition of any Cu-catalyst (20 mol %, sodium car-
bonate and DMF), and the Pd(dppf)Cl2-catalyzed reaction
(5 mol %, sodium tert-butoxide and dioxane) gave increased
yields of up to 60–70%. However, all of the above conditions
worked only at elevated temperatures with the drawback of
considerable formation of the symmetrically disubstituted
amination product as by-product, as well as the requirement
for a subsequent work-up and isolation procedure. In marked
contrast, the microwave-mediated amination worked very
well with aqueous hydrochloric acid in 2-propanol14 at mod-
erate temperatures (100 �C), yielding the desired phenyl-
(6-phenyl-pyrimidin-4-yl)-amine (1a) in more than 80%
yield, even when only catalytic amounts of hydrochloric
acid were used. The mono-amination product was formed
almost exclusively, and only traces of the symmetrically di-
substituted product were detected by LC–MS analysis. The
product was isolated as the HCl-salt by filtration. Protonation
of one of the nitrogen atoms of the dichloropyrimidine results
in activation of the heteroaromatic system toward nucleo-
philic attack. The small amount of non-protonated amine
in the equilibrium of mainly protonated amine and non-
protonated species is a sufficient nucleophile, and the equi-
librium is shifted toward the non-protonated amine as the
reaction proceeds. Other strong acids, such as sulfuric acid
or p-toluenesulfonic acid, worked similarly well. As an
additional advantage, concentrated sulfuric acid does not
contain water, which prevents formation of the hydroxy-
substituted pyrimidine by-product in slow amination reac-
tions by nucleophilic displacement of chlorine with water.
In this respect, the use of 2-propanol as a solvent was benefi-
cial over sterically less hindered methanol or ethanol, as only
traces of isopropoxy-substituted by-products were observed.

2.2. Suzuki–Miyaura cross-coupling reactions

The Suzuki–Miyaura reaction of 4,6-dichloropyrimi-
dine7,15,19 was not optimized. Yields of 50–63% were
obtained with a system containing Pd(PPh3)2Cl2, sodium
carbonate, and DME/ethanol/water under microwave irradi-
ation at 125 �C for 1200 s.

2.3. Amination/Suzuki–Miyaura sequence

To explore the best sequence of the amination and the
Suzuki–Miyaura reaction, we started with the amination
reaction first (Scheme 2 and Table 1). A set of four different
mono-aminated pyrimidines 1a–d was synthesized in good
yields (70–85%) using the previously established protocol
for the acid-mediated reaction of 4,6-dichloropyrimidine.
The amination reactions were carried out by heating to reflux
for 2–3 h to allow the synthesis of larger quantities of 1a–d.
However, microwave irradiation (90–100 �C, 900 s) was
equally successful in shorter reaction time. The products
1a–d were isolated as HCl-salts by filtration. In the follow-
ing step, the microwave-assisted Suzuki–Miyaura cross-
coupling of 1a–d with various substituted benzeneboronic
acids gave access to products 2a–j in good yields (60–99%;
Table 1). Electron-withdrawing as well as electron-donating
groups in the boronic acid coupling partner were well toler-
ated, even in the sterically problematic ortho-position.

N N

ClCl

NH2

+

N N

HN Cl

· HCl
R1

R1

HCl (aq.)

Pd(PPh3)2Cl2
Na2CO3

DME / H2O / EtOH
MW, 125 °C, 1200 s

N N

HN

R1

R2
R2

(HO)2B

1a d

2a j

(1a: R=H; 80%)
(1b: R1=4-NO2; 85%)
(1c: R1=3-NO2, 4-Me; 74%)
(1d: R1=4-OMe; 70%)

(R1, R2: see Table 1)

reflux, 2-3 h
or

MW, 90 100 °C,
900 s

2-propanol

Scheme 2. Amination of 4,6-dichloropyrimidine with aromatic amines and
subsequent Suzuki–Miyaura cross-coupling.

In the next experiment, we switched the order of the reaction
sequence (Scheme 3 and Table 2). We initially synthesized
three phenyl-substituted chloropyrimidines 3a–c by Suzuki–
Miyaura reaction of 4,6-dichloropyrimidine with the
corresponding boronic acids under microwave-assisted
conditions. Unfortunately, the coupling gave only moderate
yields (50–63%). The subsequent amination step under acid-
mediated microwave-assisted conditions usually gave the
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final products 2a–j as HCl-salts after filtration in moderate to
good yields (55–96%). The amination reaction with elec-
tron-poor monosubstituted pyrimidines proceeds in slightly
better yields than with electron-rich ones (Table 2, entries
3–5, 7, and 8).

N N

ClCl
+

R2

B(OH)2

R2

NN

Cl
DME / H2O / EtOH

MW, 125 °C, 1200 s

N N

HN

R1

R2R1

H2N

· HCl

Na2CO3

Pd(PPh3)2Cl2

3a c

2a,c,f,h,i,k n · HCl

(3a: R2=H; 50%)
(3b: R2=2-MeO; 63%)
(3c: R2=3-NO2; 60%)

(R1, R2: see Table 2)

HCl (aq.)

MW, 95 °C, 900 s
2-propanol

Scheme 3. Suzuki–Miyaura cross-coupling of 4,6-dichloropyrimidine and
subsequent amination with aromatic amines.

Table 1. 4,6-Disubstituted pyrimidines 2a–j produced via Scheme 2a

Entry R1 R2 Isolated yield
of 2nd step (%)

Overall
yield (%)

1 H H 87 (2a) 70
2 H 2-Me 99 (2b) 79
3 H 2-OMe 81 (2c) 65
4 H 2-COMe 81 (2d) 65
5 H 3-CH2OH 85 (2e) 68
6 H 3-NO2 93 (2f) 74
7 H 4-OMe 86 (2g) 69
8 4-OMe H 79 (2h) 55
9 4-NO2 H 60 (2i) 51
10 3-NO2-4-Me H 79 (2j) 58

a Typical procedure. First step: 10 mmol aromatic amine, 13 mmol 4,6-di-
chloropyrimidine, 15 mL 2-propanol, 1.5 mL concd HCl, reflux, 2.5 h; or
1 mmol aromatic amine, 1.3 mmol 4,6-dichloropyrimidine, 2 mL 2-prop-
anol, 200–300 mL concd HCl, MW, 90–100 �C, 900 s. Second step:
1 mmol 1, 1.25 mmol boronic acid, 3.5 equiv Na2CO3, 2 mol %
Pd(PPh3)2Cl2, 6 mL DME, 0.8 mL EtOH, 1.2 mL H2O, MW, 125 �C,
1200 s.

Table 2. 4,6-Disubstituted pyrimidines 2a–j produced via Scheme 3a

Entry R1 R2 Isolated yield
for 2nd step (%)

Overall
yield (%)

1 H H 83 (2a$HCl) 42
2 2-Me H 55 (2k)b 27
3 4-OMe H 79 (2h$HCl) 40
4 4-NO2 H 90 (2i$HCl) 45
5 4-COOMe H 96 (2l$HCl) 48
6 H 2-OMe 66 (2c$HCl) 42
7 4-Br 2-OMe 86 (2m$HCl) 54
8 3-Br 3-NO2 89 (2n$HCl) 53
9 H 3-NO2 78 (2f$HCl) 47

a Typical procedure. First step: 8 mmol boronic acid, 9.6 mmol 4,6-dichloro-
pyrimidine, 3 equiv Na2CO3, 2 mol % Pd(PPh3)2Cl2, 15 mL DME, 2 mL
EtOH, 3 mL H2O, MW, 125 �C, 1200 s. Second step: 1 mmol 3,
1.05 mmol aniline, 2 mL 2-propanol, 0.2 mL concd HCl, MW, 95 �C,
900 s.

b Isolated as the free base by basic work-up and flash column chromato-
graphy.
The Suzuki/amination reaction sequence (Scheme 3) is pref-
erable for aromatic amines that are more valuable or contain
other reactive functionalities (such as a halogen, see Table 2,
entries 7 and 8). The formation of undesirable side products
in the Suzuki–Miyaura cross-coupling can thus be avoided
by this sequence.

The principal flexibility of this methodology, which enabled
the two reaction sequences to be performed in both direc-
tions, allowed the introduction of substituents on the aniline
side or on the aryl side, which could subsequently be func-
tionalized, for example, by metal-catalyzed cross-coupling
reactions of the bromoaniline side-chain (Table 2, entries 7
and 8), or by subsequent reactions of the hydroxymethylene
side-chain (Table 2, entry 5). This is an important require-
ment for the further modification of pyrimidine-based scaf-
folds as protein kinase inhibitors.

2.4. One-pot procedure

To demonstrate that the methodology can be simplified, we
now conducted the sequence of Suzuki–Miyaura and subse-
quent amination reaction as a one-pot procedure. For that
purpose, we used a simple model system consisting of benz-
eneboronic acid and aniline as well as p-nitroaniline as reac-
tants. The reaction mixture was acidified and heated with the
aromatic amine after an initial Suzuki–Miyaura cross-
coupling (Scheme 4). The reaction sequence got completed
in only 35 min under microwave irradiation. The products
2a and 2i were isolated in moderate yields after flash column
chromatography (43% and 40%, respectively), which is
comparable to the overall yields of the stepwise procedure
(Table 2, entries 1 and 4).

B(OH)2
N N

ClCl
+

N N

Cl

1-2 mol% 
Pd(PPh3)2Cl2

Na2CO3

DME / H2O / EtOH
MW

125 °C, 1200 s

N N

HN

2. NaHCO3

(2a: R1= H, 43%)

(2i: R1= NO2, 40%)

R1

NH2R1

1. HCl (aq.) 2-propanol
    MW, 100 °C, 900 s

3a

not isolated

Scheme 4. One-pot reaction of 4,6-dichloropyrimidine with benzene
boronic acid and aromatic amines.

2.5. Amination with aliphatic amines

In order to extend the scope of the methodology, we per-
formed the amination of the Suzuki–Miyaura product with
aliphatic amines as the coupling partner (Scheme 5). The
use of an excess of hydrochloric acid gave only traces of
the desired amination product using 3b and morpholine
(Table 3, entry 1). This is in distinct contrast to the previ-
ously described reactions with aniline derivatives. Under
the applied reaction conditions the aliphatic amine group
is most likely quantitatively protonated due to its higher
basicity, in contrast to an aromatic amino group. A nucleo-
philic substitution on the monosubstituted chloropyrimidine
is therefore not possible.
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+
N N

Cl

OMe

O

H
N conditions

N N

N

OMe

O

43b

2-propanol

Scheme 5. Amination with morpholine.

The reaction results, however, in the formation of product 4
in low yields, when substoichiometrical amounts of hydro-
chloric acid are present (Table 3, entry 2), which is con-
sistent with this explanation. The reaction was equally
effective under relatively mild conditions, i.e., heating the
mixture of starting materials without acid in the microwave
synthesizer (Table 3, entry 3), or with additional Hunig’s
base (Table 3, entry 4). The aromatic amines react very
slowly, if at all, under these basic conditions.

In a competition experiment of 3a with aniline and morpho-
line under acidic conditions (Scheme 6), an estimated yield
of 60% of the reaction product of 3a with aniline was ob-
served by HPLC analysis. Only traces of the morpholine-
substituted product were detected by HPLC–MS analysis.
The remaining 40% could be attributed to the by-product
6-phenyl-pyrimidin-4-ol (5) that is formed by nucleophilic
attack of water at the chloropyrimidine. This difference in
reactivity between the aromatic and the aliphatic amino
groups was further exploited for the synthesis of different
regioisomers by using 4-aminomethyl-phenylamine as a cou-
pling partner that contains both an aliphatic and aromatic
amino group (Scheme 7). The more nucleophilic benzylic
amino group reacts with the pyrimidine under basic condi-
tions (52% HPLC-yield of 6), while the aromatic amino
group added to the pyrimidine core under acidic conditions
(78% HPLC-yield of 2o).

excess HCl (aq.)

(only traces of the morpholine-substituted product)
(HPLC: ~60%         :      40%)

MW, 100 °C, 900 s
2-propanol

N N

Cl

3a

O

H
N

NH2

1 eq. 1 eq.

N N

HN
N N

HO

+ +

+

2a 5

Scheme 6. Competitive acid-mediated amination of 4-chloro-6-phenyl-
pyrimidine (3a) with morpholine and aniline.

Table 3. Results of the synthesis of 4 produced via Scheme 5a

Entry Acid/base T [�C] HPLC-yield of 4 (%)

1 3 equiv HCl 100 <2
2 w0.5 equiv HCl 100 50 (50% recov. SM)
3 — 115 80 (65% isolated yield)
4 2 equiv DIPEA 115 80

a Typical procedure: 1 mmol 3b, 1.2 mmol morpholine, 3 mL 2-propanol,
MW, 900 s.
3. Conclusion

We presented an efficient, flexible, and easy to perform
two-step procedure for the synthesis of 4-amino-6-aryl-
pyrimidines by the combined amination and Suzuki–
Miyaura cross-coupling of 4,6-dichloropyrimidine. Either
the Suzuki–Miyaura or the amination reaction was per-
formed as the first step in the synthetic sequence. Using
microwave-assisted organic synthesis, all reactions were
completed in a short time. We could further demonstrate
that the process is feasible as a one-pot procedure, thus sim-
plifying the work-up procedure. The amination with aro-
matic amines under acidic conditions was straightforward
and the products of this reaction were isolated by filtration
of the HCl-salts. Aliphatic amines did not react under the
applied acidic conditions, but a switch in reactivity from
an aromatic to an aliphatic amino group was achieved by
applying basic conditions. Extensive investigations to use
this methodology for the general synthesis of highly func-
tionalized amino-(hetero)aryl-heterocycles are currently
underway in our laboratory.

4. Experimental

4.1. General

All reagents and solvents were used as purchased. The
microwave-assisted reactions were carried out in a Personal
Chemistry Emrys Optimizer instrument in sealed vials.
Flash column chromatography was carried out on Merck
silica gel 60 (0.040–0.063 mm), using cyclohexane (cHex)
and ethyl acetate (EtOAc) as eluents. The melting points are
uncorrected and represent values obtained on recrystallized
or chromatographically purified material. 1H (200 MHz) and
13C (66 MHz) NMR spectra were measured in CDCl3
or DMSO-d6 on a Varian Gemini 200 instrument. The chem-
ical shifts d are given in parts per million relative to CHCl3
(d (1H)¼7.26; d (13C)¼77.0) in CDCl3, and to DMSO-d6

(d (1H)¼2.49; d (13C)¼39.7). HPLC–MS analyses were per-
formed with a Waters 2795 Separation Module equipped
with a Waters 2996 PDA detector and a Micromass ZQ

N N

PhCl
+

NH2

N N

PhHN

NH2

excess
H2SO4 (conc.)

H2N

2-propanol
MW

100 °C, 900 s
(78%)

2 eq. DIPEA
2-propanol

MW
120 °C, 900 s

N N

PhHN

H2N

(52%, not optimized)

3a

6

2o (78%, not optimized)

Scheme 7. Amination of 4-chloro-6-phenyl-pyrimidine (3a) with 4-amino-
methyl-phenylamine.
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2000 mass detector (electrospray ionization with +ve/–ve
switching). Standard LC–MS conditions are: Waters XTerra
MS 5 mm C18, 3.0�50 mm at 35 �C; flow 0.8 mL/min, gra-
dient 98% 1 mM aqueous ammonium acetate/2% aceto-
nitrile to 100% acetonitrile over 7 min. HPLC purity is
given as the mean value of the area under the peak curve
at three different wavelengths (215, 254, and 310 nm).
Elemental analyses were performed at the Leibniz-Institute
for Organic Catalysis, Rostock, Germany, and at Mikro-
analytisches Labor Pascher, Remagen–Bandorf, Germany.
The purity of new compounds was assessed by 1H NMR
spectroscopy and HPLC or microanalysis.

4.2. General procedures

4.2.1. General method 1 (GM1): amination reaction. The
aromatic amine (1.00 mmol) and the 4-chloropyrimidine
derivative (0.95–1.30 mmol) were dissolved in 2 mL of
2-propanol. Concd HCl (37%, 200–300 mL) was added
under stirring, and the mixture was heated in the microwave
synthesizer at 95–100 �C for 900 s. The mixture was stored
at 4 �C overnight. The precipitated product was filtered off,
washed with a small amount of ice-cold 2-propanol, and
dried in vacuum.

4.2.2. General method 2 (GM2): Suzuki–Miyaura cross-
coupling reaction. The 4-chloropyrimidine derivative
(1.00 mmol), the boronic acid (1.25 mmol), sodium carbon-
ate (2.00–3.50 mmol), and Pd(PPh3)2Cl2 (2 mol %) were
suspended in a mixture of 6.0 mL of DME, 0.8 mL of
EtOH, and 1.2 mL of water. The mixture was heated in
the microwave synthesizer at 125 �C for 1200 s. Water was
added, and the mixture was extracted three times with
EtOAc. Satd aqueous NH4Cl was added to the aqueous layer
(pH¼w7), and the mixture was extracted two more times
with EtOAc. The combined organic layers were washed
with brine and dried over Na2SO4. Evaporation of the
solvent gave the crude product, which was purified by flash
column chromatography (cHex/EtOAc mixtures) to afford
the product.

4.2.3. General method 3 (GM3): one-pot Suzuki–Miyaura/
amination reaction. The boronic acid (1.0 mmol), 4,6-
dichloropyrimidine (1.1–1.2 mmol), sodium carbonate
(3.0 mmol), and Pd(PPh3)2Cl2 (1–2 mol %) were suspended
in a mixture of 2.5–3.0 mL of DME, 0.4 mL of EtOH, and
0.5 mL of water. The mixture was heated in the microwave
synthesizer at 125 �C for 1200 s. 2-Propanol (1 mL) and the
aromatic amine (1.1–1.3 mmol) were added, and the mixture
was acidified with concd HCl (37%). The mixture was heated
in the microwave synthesizer at 100 �C for 900 s. Satd
aqueous NaHCO3 was added, and the mixture was extracted
three times with EtOAc. The combined organic layers were
washed with brine and dried over Na2SO4. Evaporation of
the solvent gave the crude product, which was purified by flash
column chromatography (cHex/EtOAc mixtures).

4.3. Synthesis of monosubstituted pyrimidines

4.3.1. (6-Chloro-pyrimidin-4-yl)-phenyl-amine hydro-
chloride (1a). Aniline (1.00 g, 10.7 mmol) and 4,6-dichloro-
pyrimidine (2.07 g, 13.9 mmol, 1.3 equiv) were dissolved
in 15 mL of 2-propanol. Concd HCl (37%, 1.5 mL) was
added under stirring, and the mixture was heated under
reflux for 2.5 h. The mixture was stored at 4 �C overnight.
The off-white precipitate was filtered off, washed with
a small amount of cold 2-propanol, and dried in vacuum,
to give 1a (2.07 g, 80%). Off-white solid; 1H NMR
(200 MHz, DMSO-d6) d 6.92 (1H, s), 7.06 (1H, t,
J¼7.3 Hz), 7.28–7.39 (2H, m), 7.65 (2H, d, J¼8.9 Hz),
8.46 (1H, s), 10.22 (1H, br s); ESIMS m/z¼206/208 (MH+).

4.3.2. (6-Chloro-pyrimidin-4-yl)-(4-nitro-phenyl)-amine
hydrochloride (1b). 4-Nitroaniline (1.00 g, 7.2 mmol) and
4,6-dichloropyrimidine (1.40 g, 9.4 mmol, 1.3 equiv) were
dissolved in 15 mL of 2-propanol. Concd HCl (37%,
1.5 mL) was added under stirring, and the mixture was
heated under reflux for 2.5 h. The mixture was stored at
4 �C overnight. The yellow precipitate was filtered off,
washed with a small amount of cold 2-propanol, and dried
in vacuum, to give 1b (1.75 g, 85%). Yellow solid; 1H
NMR (200 MHz, DMSO-d6) d 6.98 (1H, s), 7.94 (2H, d,
J¼9.5 Hz), 8.24 (2H, d, J¼9.5 Hz), 8.64 (1H, s), 10.54
(1H, br s); ESIMS m/z¼251/253 (MH+).

4.3.3. (6-Chloro-pyrimidin-4-yl)-(4-methyl-3-nitro-
phenyl)-amine hydrochloride (1c). 4-Methyl-3-nitro-
aniline (500 mg, 3.29 mmol) and 4,6-dichloropyrimidine
(637 mg, 4.27 mmol, 1.3 equiv) were dissolved in 15 mL
of 2-propanol. Concd HCl (37%, 1 mL) was added under
stirring, and the mixture was heated under reflux for 2.5 h.
The mixture was stored at 4 �C overnight. The yellow-brown
precipitate was filtered off, washed with a small amount of
cold 2-propanol, and dried in vacuum, to give 1c (730 mg,
74%). Pale brown solid; 1H NMR (200 MHz, DMSO-d6)
d 2.46 (3H, s), 6.93 (1H, s), 7.45 (1H, d, J¼8.3 Hz), 7.83
(1H, dd, J¼8.3 Hz, J¼2.2 Hz), 8.48 (1H, d, J¼2.2 Hz),
8.55 (1H, s), 10.49 (1H, br s); ESIMS m/z¼265/267 (MH+).

4.3.4. (6-Chloro-pyrimidin-4-yl)-(4-methoxy-phenyl)-
amine hydrochloride (1d). 4-Methoxyaniline (1.00 g,
8.1 mmol) and 4,6-dichloropyrimidine (1.57 g, 10.6 mmol,
1.3 equiv) were dissolved in 15 mL of 2-propanol. Concd
HCl (37%, 1.5 mL) was added under stirring, and the mixture
was heated under reflux for 2.5 h. The mixture was stored at
4 �C overnight. The slightly greenish precipitate was filtered
off, washed with a small amount of cold 2-propanol, and
dried in vacuum, to give 1d (1.55 g, 70%). Pale green solid;
1H NMR (200 MHz, DMSO-d6) d 3.74 (3H, s), 6.74 (1H,
s), 6.94 (2H, d, J¼8.7 Hz), 7.48 (2H, d, J¼8.7 Hz), 8.39
(1H, s), 9.93 (1H, br s); ESIMS m/z¼236/238 (MH+).

4.3.5. 4-Chloro-6-phenyl-pyrimidine (3a). Benzeneboronic
acid (1.00 g, 8.2 mmol), 4,6-dichloropyrimidine (1.47 g,
9.8 mmol, 1.2 equiv), sodium carbonate (2.61 g, 24.6 mmol,
3.0 equiv), and Pd(PPh3)2Cl2 (115 mg, 2 mol %) were
suspended in a mixture of 15 mL of DME, 2 mL of EtOH,
and 3 mL of water. The mixture was heated in the microwave
synthesizer at 125 �C for 1200 s. Water was added, and the
mixture was extracted three times with EtOAc. Satd aqueous
NH4Cl was added to the aqueous layer (pH¼w7), and the
mixture was extracted two more times with EtOAc. The
combined organic layers were washed with brine and dried
over Na2SO4. Evaporation of the solvent gave the crude
product, which was purified by flash column chromato-
graphy (cHex/EtOAc 20:1) to afford 3a (0.78 g, 50%).
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Colorless solid; 1H NMR (200 MHz, CDCl3) d 7.47–7.57
(3H, m), 7.74 (1H, s), 8.03–8.10 (2H, m), 9.03 (1H, s);
ESIMS m/z¼191/193 (MH+).

4.3.6. 4-Chloro-6-(2-methoxy-phenyl)-pyrimidine (3b).
2-Methoxybenzeneboronic acid (1.20 g, 7.9 mmol), 4,6-di-
chloropyrimidine (1.41 g, 9.5 mmol, 1.2 equiv), sodium car-
bonate (2.51 g, 23.7 mmol, 3.0 equiv), and Pd(PPh3)2Cl2
(100 mg, 2 mol %) were suspended in a mixture of 15 mL
of DME, 2 mL of EtOH, and 3 mL of water. The mixture
was heated in the microwave synthesizer at 125 �C for
1500 s. Water was added, and the mixture was extracted
three times with EtOAc. Satd aqueous NH4Cl was added
to the aqueous layer (pH¼w7), and the mixture was ex-
tracted two more times with EtOAc. The combined organic
layers were washed with brine and dried over Na2SO4.
Evaporation of the solvent gave the crude product, which
was purified by flash column chromatography (cHex/EtOAc
15:1–10:1) to afford 3b (1.10 g, 63%). Colorless solid;
1H NMR (200 MHz, DMSO-d6) d 3.91 (3H, s), 7.12 (1H,
m), 7.23 (1H, d, J¼8.4 Hz), 7.55 (1H, m), 7.98 (1H, d,
J¼7.9 Hz), 8.12 (1H, s), 9.09 (1H, s); ESIMS m/z¼
221/223 (MH+).

4.3.7. 4-Chloro-6-(3-nitro-phenyl)-pyrimidine (3c). 3-Nitro-
benzeneboronic acid (1.00 g, 6.0 mmol), 4,6-dichloro-
pyrimidine (1.07 g, 7.2 mmol, 1.2 equiv), sodium carbonate
(1.91 g, 18.0 mmol, 3.0 equiv), and Pd(PPh3)2Cl2 (80 mg,
2 mol %) were suspended in a mixture of 15 mL of DME,
2 mL of EtOH, and 3 mL of water. The mixture was heated
in the microwave synthesizer at 125 �C for 1200 s. Water
was added, and the mixture was extracted three times with
EtOAc. Satd aqueous NH4Cl was added to the aqueous layer
(pH¼w7), and the mixture was extracted two more times
with EtOAc. The combined organic layers were washed
with brine and dried over Na2SO4. Evaporation of the solvent
gave the crude product, which was purified by flash column
chromatography (cHex/EtOAc 10:1–3:1) to afford 3c
(0.85 g, 60%). Pale yellow solid; 1H NMR (200 MHz,
CDCl3) d 7.74 (1H, t, J¼8.1 Hz), 7.85 (1H, d, J¼1.5 Hz),
8.36–8.48 (2H, m), 8.95 (1H, t, J¼2.3 Hz), 9.11 (1H, d,
J¼1.5 Hz); ESIMS m/z¼236/238 (MH+).

4.4. Synthesis of disubstituted pyrimidines

4.4.1. Phenyl-(6-phenyl-pyrimidin-4-yl)-amine (2a) and
phenyl-(6-phenyl-pyrimidin-4-yl)-amine hydrochloride
(2a$HCl). Method 1: following GM1, 3a (100 mg,
0.525 mmol) and aniline (50 mL, 0.551 mmol, 1.05 equiv)
were reacted in 1 mL of 2-propanol and 150 mL of concd
HCl (37%) at 95 �C in the microwave synthesizer. Cooling
and filtration afforded 2a$HCl (125 mg, 83%). Yellow solid;
mp 258–259 �C (EtOH/H2O); 1H NMR (200 MHz, DMSO-
d6) d 7.18 (1H, t, J¼7.2 Hz), 7.34 (1H, s), 7.37–7.48 (2H, m),
7.59–7.66 (3H, m), 7.71 (2H, d, J¼7.6 Hz), 7.91–7.98 (2H,
m), 8.87 (1H, s), 10.96 (1H, br s); 13C NMR (66 MHz,
DMSO-d6) d 103.2, 121.7, 125.1, 127.2, 129.0, 129.3,
130.8, 132.1, 137.4, 153.4, 153.6, 161.5; ESIMS m/z¼248
(MH+); elemental analysis calcd for C16H14ClN3: C,
67.72; H, 4.97; N, 14.81. Found: C, 66.94; H, 5.18; N, 14.50.

Method 2: following GM2, 1a (100 mg, 0.413 mmol),
benzeneboronic acid (63 mg, 0.516 mmol, 1.25 equiv),
sodium carbonate (153 mg, 1.450 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted in a mixture
of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL of water
in the microwave synthesizer. Flash column chromato-
graphy (cHex/EtOAc 4:1) afforded 2a (90 mg, 87%). Color-
less solid; mp 185–186 �C (EtOAc/cHex); 1H NMR
(200 MHz, DMSO-d6) d 7.03 (1H, t, J¼7.3 Hz), 7.24 (1H,
d, J¼1.4 Hz), 7.35 (2H, t, J¼7.3 Hz), 7.49–7.57 (3H, m),
7.72 (2H, d, J¼7.3 Hz), 7.98–8.07 (2H, m), 8.72 (1H, d,
J¼1.4 Hz), 9.68 (1H, s); 13C NMR (66 MHz, CDCl3)
d 99.9, 122.3, 124.8, 126.9, 128.7, 129.5, 130.3, 137.4,
138.3, 158.8, 161.6, 163.7; HPLC purity 98%; ESIMS
m/z¼248 (MH+), 246 (M�H�).

Method 3: following GM3, benzeneboronic acid (120 mg,
0.98 mmol), 4,6-dichloropyrimidine (161 mg, 1.10 mmol,
1.1 equiv), sodium carbonate (313 mg, 3.00 mmol,
3.0 equiv), and Pd(PPh3)2Cl2 (7 mg, 1 mol %) were reacted
in a mixture of 2.5 mL of DME, 0.4 mL of EtOH, and
0.5 mL of water in the microwave synthesizer. 2-Propanol
(1.0 mL) and aniline (116 mL, 1.30 mmol) were added, the
mixture was acidified with concd HCl (37%), and again re-
acted in the microwave synthesizer. Flash column chromato-
graphy (cHex/EtOAc 4:1) afforded 2a (104 mg, 43%).

4.4.2. Phenyl-(6-o-tolyl-pyrimidin-4-yl)-amine (2b). Fol-
lowing GM2, 1a (100 mg, 0.413 mmol), 2-methylbenzene-
boronic acid (70 mg, 0.516 mmol, 1.25 equiv), sodium
carbonate (153 mg, 1.450 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted in 3.0 mL
DME, 0.4 mL EtOH, and 0.6 mL water. After neutralization
with NaHCO3, extraction of the organic layer with EtOAc,
drying over Na2SO4, and evaporation, flash column chroma-
tography (cHex/EtOAc 5:1) afforded 2b (107 mg, 99%).
Colorless solid; mp 111–112 �C (MeCN/H2O); 1H NMR
(200 MHz, DMSO-d6) d 2.38 (3H, s), 6.86 (1H, s), 7.03
(1H, t, J¼7.3 Hz), 7.25–7.46 (6H, m), 7.71 (2H, d,
J¼8.3 Hz), 8.69 (1H, s), 9.65 (1H, br s); 13C NMR
(66 MHz, DMSO-d6) d 20.0, 106.1, 119.8, 122.4, 125.9,
128.7, 128.8, 129.0, 130.7, 135.4, 138.3, 139.6, 157.5,
160.3, 164.5; HPLC purity 98%; ESIMS m/z¼262 (MH+),
260 (M�H�).

4.4.3. [6-(2-Methoxy-phenyl)-pyrimidin-4-yl]-phenyl-
amine (2c) and [6-(2-methoxy-phenyl)-pyrimidin-4-yl]-
phenyl-amine hydrochloride (2c$HCl). Method 1: following
GM1, 3b (70 mg, 0.32 mmol) and aniline (29 mL, 0.32 mmol)
were reacted in 1 mL of 2-propanol and 150 mL of concd HCl
(37%) at 95 �C. Compound 2c$HCl was isolated after fil-
tration (66 mg, 66%). Yellow solid; mp 193–194 �C (2-prop-
anol/H2O); 1H NMR (200 MHz, DMSO-d6) d 3.90 (3H, s),
7.12–7.36 (4H, m), 7.44 (2H, t, J¼8.0 Hz), 7.55–7.75 (4H,
m), 8.90 (1H, s), 11.25 (1H, br s); 13C (66 MHz, DMSO-d6)
d 55.9, 106.2, 112.3, 119.9, 120.9, 121.8, 125.1, 129.0,
130.2, 133.3, 137.4, 153.3, 154.6, 156.9, 161.2; ESIMS m/z¼
278 (MH+); elemental analysis calcd for C17H16ClN3O$H2O:
C, 61.54; H, 5.47; N, 12.66. Found: C, 61.62; H, 5.41;
N, 12.55.

Method 2: following GM2, 1a (100 mg, 0.413 mmol), 2-meth-
oxybenzeneboronic acid (78 mg, 0.516 mmol, 1.25 equiv),
sodium carbonate (153 mg, 1.450 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted in a mixture of
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3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL of water. Flash
column chromatography (cHex/EtOAc 2:1) afforded 2c
(93 mg, 81%). Colorless solid; mp 139–140 �C (EtOAc/
cHex), 1H NMR (200 MHz, DMSO-d6) d 3.89 (3H, s),
6.96–7.21 (3H, m), 7.28–7.51 (4H, m), 7.72 (2H, d,
J¼8.0 Hz), 7.96 (1H, d, J¼8.1 Hz), 8.70 (1H, s), 9.63 (1H,
br s); 13C NMR (66 MHz, DMSO-d6) d 55.6, 106.9, 112.0,
119.7, 120.5, 122.2, 125.8, 128.7, 130.1, 131.1, 139.9,
157.4, 157.7, 159.4, 160.3; HPLC purity 97%; ESIMS
m/z¼278 (MH+), 276 (M�H�).

4.4.4. 1-[2-(6-Phenylamino-pyrimidin-4-yl)-phenyl]-
ethanone (2d). Following GM2, 1a (100 mg, 0.413 mmol),
2-acetylbenzeneboronic acid (85 mg, 0.516 mmol,
1.25 equiv), sodium carbonate (153 mg, 1.450 mmol,
3.50 equiv), and Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted
in a mixture of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL
of water. Flash column chromatography (cHex/EtOAc 2:1)
afforded 2d (96 mg, 81%). Colorless solid; mp 129–130 �C
(EtOAc/cHex); 1H NMR (200 MHz, DMSO-d6) d 2.33
(3H, s), 6.99–7.10 (2H, m), 7.35 (2H, t, J¼8.0 Hz), 7.54–
7.75 (6H, m), 8.61 (1H, s), 9.78 (1H, br s); 13C NMR
(66 MHz, DMSO-d6) d 30.3, 104.5, 120.0, 122.6, 127.3,
128.8, 129.5, 130.4, 136.6, 139.5, 141.4, 157.5, 160.7,
162.6, 202.7; HPLC purity 99%; ESIMS m/z¼290 (MH+),
288 (M�H�).

4.4.5. [3-(6-Phenylamino-pyrimidin-4-yl)-phenyl]-meth-
anol (2e). Following GM2, 1a (100 mg, 0.413 mmol),
3-hydroxymethylbenzeneboronic acid (78 mg, 0.516 mmol,
1.25 equiv), sodium carbonate (153 mg, 1.450 mmol, 3.50
equiv), and Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted in
a mixture of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL
of water. Flash column chromatography (cHex/EtOAc
1:1–1:3) afforded 2e (97 mg, 85%). Colorless solid; mp
161–162 �C (EtOAc/cHex); 1H NMR (200 MHz, DMSO-
d6) d 4.60 (2H, d, J¼6.0 Hz), 5.34 (1H, t, J¼6.0 Hz), 7.03
(1H, t, J¼7.2 Hz), 7.24–7.54 (5H, m), 7.73 (2H, d,
J¼8.0 Hz), 7.90 (1H, d, J¼6.6 Hz), 8.03 (1H, s), 8.72 (1H,
s), 9.69 (1H, br s); 13C NMR (66 MHz, DMSO-d6) d 62.7,
101.9, 119.7, 122.3, 124.3, 124.7, 128.3, 128.6, 128.8,
136.7, 139.8, 143.2, 158.2, 161.0, 161.2; HPLC purity
97%; ESIMS m/z¼278 (MH+), 276 (M�H�).

4.4.6. [6-(3-Nitro-phenyl)-pyrimidin-4-yl]-phenyl-amine
(2f) and [6-(3-nitro-phenyl)-pyrimidin-4-yl]-phenyl-
amine hydrochloride (2f$HCl). Method 1: following GM1,
3c (150 mg, 0.637 mmol) and aniline (61 mL, 0.669 mmol,
1.05 equiv) were reacted in 1.5 mL of 2-propanol and
150 mL of concd HCl (37%) at 95 �C. Filtration gave 2f$HCl
(164 mg, 78%). Yellow solid; mp 276–277 �C (EtOH/H2O);
1H NMR (200 MHz, DMSO-d6) d 7.13 (1H, t, J¼7.8 Hz),
7.33–7.45 (3H, m), 7.72 (2H, d, J¼8.0 Hz), 7.87 (1H, t,
J¼8.0 Hz), 8.35–8.45 (2H, m), 8.79 (1H, t, J¼1.8 Hz),
8.86 (1H, s), 10.52 (1H, br s); 13C NMR (66 MHz,
DMSO-d6) d 103.5, 120.8, 121.6, 123.9, 125.5, 129.0,
130.8, 133.1, 136.1, 138.5, 148.3, 155.7, 156.6, 161.2;
ESIMS m/z¼293 (MH+); elemental analysis calcd for
C16H13ClN4O2: C, 58.46; H, 3.99; N, 17.04. Found: C,
58.78; H, 4.02; N, 16.80.

Method 2: following GM2, 1a (100 mg, 0.413 mmol), 3-
nitrobenzeneboronic acid (86 mg, 0.516 mmol, 1.25 equiv),
sodium carbonate (153 mg, 1.450 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted in a mixture
of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL of water.
Flash column chromatography (cHex/EtOAc 4:1) afforded
2f (112 mg, 93%). Yellow solid; mp 156–157 �C (EtOAc/
cHex); 1H NMR (200 MHz, DMSO-d6) d 7.05 (1H, t,
J¼7.3 Hz), 7.29–7.42 (3H, m), 7.72 (2H, d, J¼8.8 Hz),
7.83 (1H, t, J¼8.0 Hz), 8.25–8.48 (2H, m), 8.75 (1H, s),
8.80 (1H, s), 9.79 (1H, br s); 13C NMR (66 MHz, DMSO-
d6) d 102.7, 119.9, 120.9, 122.6, 124.7, 128.8, 130.5,
132.4, 138.4, 139.5, 148.2, 158.4, 158.5, 161.0; HPLC purity
95%; ESIMS m/z¼293 (MH+), 291 (M�H�).

4.4.7. [6-(4-Methoxy-phenyl)-pyrimidin-4-yl]-phenyl-
amine (2g). Following GM2, 1a (100 mg, 0.413 mmol),
4-methoxybenzeneboronic acid (78 mg, 0.516 mmol,
1.25 equiv), sodium carbonate (153 mg, 1.450 mmol,
3.50 equiv), and Pd(PPh3)2Cl2 (6 mg, 2 mol %) were reacted
in a mixture of 3.0 mL of DME, 0.4 mL of EtOH, and
0.6 mL of water. Flash column chromatography (cHex/
EtOAc 4:1–3:1) afforded 2g (99 mg, 86%). Colorless solid;
mp 170–171 �C (EtOAc/cHex); 1H NMR (200 MHz,
DMSO-d6) d 3.82 (3H, s), 6.96–7.12 (3H, m), 7.17 (1H, s),
7.34 (2H, t, J¼8.1 Hz), 7.71 (2H, d, J¼8.1 Hz), 7.99 (2H,
d, J¼8.8 Hz), 8.65 (1H, s), 9.63 (1H, br s); 13C NMR
(66 MHz, CDCl3) d 55.4, 98.5, 114.1, 122.4, 124.9, 128.4,
129.6, 129.7, 138.2, 158.7, 161.5, 161.6, 163.3; HPLC purity
99%; ESIMS m/z¼278 (MH+), 276 (M�H�).

4.4.8. (4-Methoxy-phenyl)-(6-phenyl-pyrimidin-4-yl)-
amine (2h) and (4-methoxy-phenyl)-(6-phenyl-pyrimi-
din-4-yl)-amine hydrochloride (2h$HCl). Method 1:
following GM1, 3a (100 mg, 0.525 mmol) and p-anisidine
(68 mg, 0.551 mmol, 1.05 equiv) were reacted in 1 mL of
2-propanol and 150 mL of concd HCl (37%) at 95 �C. Filtra-
tion and drying gave 2h$HCl (130 mg, 79%). Yellow solid;
mp 261–262 �C (EtOH/H2O); 1H NMR (200 MHz, DMSO-
d6) d 3.78 (3H, s), 7.01 (2H, d, J¼9.0 Hz), 7.40 (1H, s), 7.57–
7.69 (5H, m), 7.88–7.96 (2H, m), 8.85 (1H, s), 11.62 (1H, br
s); 13C NMR (66 MHz, DMSO-d6) d 55.3, 102.7, 114.2,
123.6, 127.2, 129.3, 130.0, 130.5, 132.1, 152.7, 153.3,
156.8, 161.2; ESIMS m/z¼278 (MH+); elemental analysis
calcd for C17H16ClN3O: C, 65.07; H, 5.14; N, 13.39; found:
C, 64.87; H, 5.23; N, 13.20.

Method 2: following GM2, 1d (100 mg, 0.368 mmol),
benzeneboronic acid (56 mg, 0.460 mmol, 1.25 equiv),
sodium carbonate (136 mg, 1.290 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (5 mg, 2 mol %) were reacted in a mixture
of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL of water.
Flash column chromatography (cHex/EtOAc 4:1) afforded
2h (81 mg, 79%). Colorless solid; mp 152–153 �C (EtOH);
1H NMR (200 MHz, DMSO-d6) d 3.74 (3H, s), 6.94 (2H,
d, J¼8.8 Hz), 7.12 (1H, s), 7.46–7.61 (5H, m), 7.95–8.04
(2H, m), 8.64 (1H, s), 9.50 (1H, br s); 13C NMR (66 MHz,
DMSO-d6) d 55.1, 101.1, 114.0, 122.0, 126.3, 128.8,
130.2, 132.5, 137.0, 155.0, 158.3, 160.9, 161.1; HPLC purity
96%; ESIMS m/z¼278 (MH+), 276 (M�H�).

4.4.9. (4-Nitro-phenyl)-(6-phenyl-pyrimidin-4-yl)-amine
(2i) and (4-nitro-phenyl)-(6-phenyl-pyrimidin-4-yl)-
amine hydrochloride (2i$HCl). Method 1: following
GM1, 3a (100 mg, 0.525 mmol) and 4-nitroaniline (76 mg,
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0.551 mmol, 1.05 equiv) were reacted in 1 mL of 2-propanol
and 150 mL of concd HCl (37%) at 95 �C. Filtration and dry-
ing afforded 2i$HCl (155 mg, 90%). Yellow solid; mp 251–
252 �C (2-propanol/H2O); 1H NMR (200 MHz, DMSO-d6)
d 7.57–7.65 (4H, m), 7.97–8.12 (4H, m), 8.28 (2H, d,
J¼9.0 Hz), 8.97 (1H, s), 11.39 (1H, br s); 13C NMR
(66 MHz, DMSO-d6) d 104.2, 119.5, 125.0, 126.9, 129.2,
131.4, 133.9, 141.7, 145.5, 156.2, 158.6, 161.0; ESIMS
m/z¼293 (MH+); elemental analysis calcd for C16H13ClN4O2:
C, 58.46; H, 3.99; N, 17.04. Found: C, 59.14; H, 4.06;
N, 16.80.

Method 2: following GM2, 1b (100 mg, 0.346 mmol),
benzeneboronic acid (53 mg, 0.433 mmol, 1.25 equiv),
sodium carbonate (128 mg, 1.210 mmol, 3.50 equiv), and
Pd(PPh3)2Cl2 (5 mg, 2 mol %) were reacted in a mixture
of 3.0 mL of DME, 0.4 mL of EtOH, and 0.6 mL of water
at 125 �C for 2400 s. Flash column chromatography
(cHex/EtOAc 3:1) afforded 2i (61 mg, 60%). Yellow solid;
mp 218–219 �C (MeCN/H2O); 1H NMR (200 MHz,
DMSO-d6) d 7.39 (1H, s), 7.51–7.60 (3H, m), 7.98–8.12
(4H, m), 8.26 (2H, d, J¼9.5 Hz), 8.88 (1H, s), 10.44 (1H,
br s); 13C NMR (66 MHz, DMSO-d6) d 103.5, 118.4,
125.0, 126.5, 128.9, 130.6, 136.3, 140.8, 146.4, 158.0,
160.3, 161.9; HPLC purity 97%; ESIMS m/z¼293 (MH+),
291 (M�H�).

Method 3: following GM3, benzeneboronic acid (100 mg,
0.82 mmol), 4,6-dichloropyrimidine (147 mg, 0.98 mmol,
1.2 equiv), sodium carbonate (304 mg, 2.46 mmol,
3.0 equiv), and Pd(PPh3)2Cl2 (12 mg, 2 mol %) were reacted
in a mixture of 3.0 mL of DME, 0.4 mL of EtOH, and
0.5 mL of water. 1 mL of 2-Propanol, and 4-nitroaniline
(125 mg, 0.90 mmol, 1.1 equiv) were added, the mixture
was acidified with concd HCl (37%), and again reacted in
the microwave synthesizer. After neutralization with
NaHCO3, extraction of the organic layer with EtOAc, drying
over Na2SO4 and evaporation, flash column chromatography
(cHex/EtOAc 3:1) afforded 2i (96 mg, 40%).

4.4.10. (4-Methyl-3-nitro-phenyl)-(6-phenyl-pyrimidin-
4-yl)-amine (2j). Following GM2, 1c (100 mg,
0.332 mmol), benzeneboronic acid (51 mg, 0.415 mmol,
1.25 equiv), sodium carbonate (123 mg, 1.16 mmol,
3.50 equiv), and Pd(PPh3)2Cl2 (5 mg, 2 mol %) were reacted
in a mixture of 3.0 mL of DME, 0.4 mL of EtOH, and
0.6 mL of water. Flash column chromatography (cHex/
EtOAc 4:1) afforded 2j (80 mg, 79%). Yellow solid; mp
191–192 �C (EtOAc/cHex); 1H NMR (200 MHz, DMSO-
d6) d 2.47 (3H, s), 7.25 (1H, s), 7.45 (1H, d, J¼8.4 Hz),
7.49–7.58 (3H, m), 7.86 (1H, dd, J¼2.2 Hz, J¼8.4 Hz),
8.00–8.08 (2H, m), 8.59 (1H, d, J¼2.2 Hz), 8.79 (1H, s),
10.06 (1H, br s); 13C NMR (66 MHz, DMSO-d6) d 19.0,
102.5, 114.3, 123.9, 125.7, 126.4, 128.9, 130.4, 133.0,
136.6, 138.9, 148.6, 158.1, 160.6, 161.4; HPLC purity
95%; ESIMS m/z¼307 (MH+), 305 (M�H�).

4.4.11. (6-Phenyl-pyrimidin-4-yl)-o-tolyl-amine (2k). Fol-
lowing GM1, 3a (100 mg, 0.525 mmol) and o-toluidine
(59 mL, 0.551 mmol, 1.05 equiv) were reacted in 1 mL of
2-propanol and 150 mL of concd HCl (37%) at 95 �C. Satd
aqueous NaHCO3 was added, and the mixture was extracted
three times with EtOAc. The combined organic layers were
washed with brine and dried over Na2SO4. Evaporation of
the solvent gave the crude product, which was purified by
flash column chromatography (cHex/EtOAc 3:1) to afford
2k (75 mg, 55%). Colorless solid; mp 126–127 �C
(EtOAc/cHex); 1H NMR (200 MHz, DMSO-d6) d 2.24
(3H, s), 7.05–7.32 (4H, m), 7.45–7.55 (4H, m), 7.92–8.01
(2H, m), 8.58 (1H, s), 9.03 (1H, br s); 13C NMR (66 MHz,
DMSO-d6) d 17.9, 100.2, 125.1, 125.2, 126.2, 126.3,
128.8, 130.2, 130.5, 130.6, 132.4, 136.9, 158.3, 161.3,
162.0; HPLC purity 99%; ESIMS m/z¼262 (MH+), 260
(M�H�).

4.4.12. 4-(6-Phenyl-pyrimidin-4-ylamino)-benzoic acid
methyl ester hydrochloride (2l$HCl). Following GM1,
3a (73 mg, 0.383 mmol) and methyl 4-aminobenzoate
(61 mg, 0.402 mmol, 1.05 equiv) were reacted in 800 mL
of 2-propanol and 120 mL of concd HCl (37%) at 95 �C. Fil-
tration and drying gave 2l$HCl (125 mg, 96%). Slightly
yellow solid; mp 270–272 �C (EtOH/H2O); 1H NMR
(200 MHz, DMSO-d6) d 3.84 (3H, s), 7.56–7.67 (4H, m),
7.91–8.04 (6H, m), 8.96 (1H, s), 11.50 (1H, br s); 13C
NMR (66 MHz, DMSO-d6) d 51.9, 103.5, 119.4, 123.6,
126.8, 129.1, 130.3, 131.3, 134.2, 143.5, 156.4, 158.5,
161.0, 165.7; ESIMS m/z¼306 (MH+), 304 (M�H�); ele-
mental analysis calcd for C18H16ClN3O2: C, 63.25; H,
4.72; N, 12.29. Found: C, 63.65; H, 4.70; N, 12.00.

4.4.13. (4-Bromo-phenyl)-[6-(2-methoxy-phenyl)-pyri-
midin-4-yl]-amine hydrochloride (2m$HCl). Following
GM1, 3b (200 mg, 0.906 mmol) and 4-bromoaniline
(156 mg, 0.906 mmol) were reacted in 2 mL of 2-propanol
and 200 mL of concd HCl (37%) at 95 �C. Filtration and
drying afforded 2m$HCl (305 mg, 86%). Colorless solid;
mp 248–249 �C (2-propanol/H2O); 1H NMR (200 MHz,
DMSO-d6) d 3.90 (3H, s), 7.17 (1H, t, J¼7.2 Hz), 7.28
(1H, d, J¼7.9 Hz), 7.44 (1H, s), 7.56–7.77 (6H, m), 8.93
(1H, s), 11.56 (1H, br s); 13C NMR (66 MHz, DMSO-d6)
d 56.0, 106.8, 112.4, 116.8, 119.7, 120.9, 123.4, 130.2,
131.8, 133.4, 137.0, 152.1, 153.3, 157.0, 161.1; ESIMS
m/z¼356/358 (MH+), 354/356 (M�H�); elemental analysis
calcd for C17H15BrClN3O: C, 52.00; H, 3.85; N, 10.70.
Found: C, 51.84; H, 3.65; N, 10.60.

4.4.14. (3-Bromo-phenyl)-[6-(3-nitro-phenyl)-pyrimidin-
4-yl]-amine hydrochloride (2n$HCl). Following GM1,
3c (150 mg, 0.637 mmol) and 3-bromoaniline (73 mL,
0.669 mmol, 1.05 equiv) were reacted in 1.5 mL of 2-propa-
nol and 150 mL of concd HCl (37%) at 95 �C. Filtration and
drying afforded 2n$HCl (230 mg, 89%). Yellow solid;
mp 272–273 �C (2-propanol/H2O); 1H NMR (200 MHz,
DMSO-d6) d 7.23–7.39 (2H, m), 7.52 (1H, s), 7.67 (1H, td,
J¼7.5 Hz, J¼1.9 Hz), 7.88 (1H, t, J¼8.0 Hz), 8.18 (1H, t,
J¼1.9 Hz), 8.37–8.45 (2H, m), 8.80 (1H, t, J¼1.8 Hz), 8.90
(1H, s), 10.74 (1H, br s); 13C NMR (66 MHz, DMSO-d6)
d 103.9, 118.9, 121.4, 121.6, 122.3, 125.4, 125.7, 130.7,
132.9, 136.5, 140.6, 148.2, 156.6, 157.1, 160.9, 161.0;
ESIMS m/z¼371/373 (MH+), 369/371 (M�H�); elemental
analysis calcd for C16H12BrClN4O2: C, 47.14; H, 2.97; N,
13.74. Found: C, 47.29; H, 2.89; N, 13.90.

4.4.15. (4-Aminomethyl-phenyl)-(6-phenyl-pyrimidin-4-
yl)-amine (2o). Following GM1, 3a (84 mg, 0.441 mmol)
and 4-aminobenzylamine (50 mL, 0.441 mmol) were reacted
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in 2 mL of 2-propanol and 120 mL of concd H2SO4 (98%) at
100 �C for 900 s. The sulfate salt of 2o was isolated after fil-
tration. Satd aqueous NaHCO3 solution was added (pH¼8–
9) to the solid, and the mixture was extracted three times
with EtOAc. The combined organic layers were washed
with brine and dried over Na2SO4. Evaporation of the sol-
vent afforded 2o (95 mg, 78%). Slightly yellow solid; mp
153–155 �C (EtOAc); 1H NMR (200 MHz, DMSO-d6)
d 3.68 (2H, s), 7.21 (1H, s), 7.29 (2H, d, J¼8.9 Hz), 7.47–
7.57 (3H, m), 7.62 (2H, d, J¼8.9 Hz), 7.96–8.05 (2H, m),
8.68 (1H, s), 9.64 (1H, br s); 13C NMR (66 MHz, DMSO-
d6) d 45.1, 101.6, 119.8, 126.3, 127.5, 128.8, 130.2, 136.9,
137.8, 138.2, 158.3, 161.0, 161.0; HPLC purity 94%;
ESIMS m/z¼277 (MH+), 275 (M�H�).

4.4.16. 4-[6-(2-Methoxy-phenyl)-pyrimidin-4-yl]-mor-
pholine hydrochloride (4). A suspension of 3b (75 mg,
0.34 mmol) and morpholine (36 mL, 0.41 mmol, 1.2 equiv)
in 1.0 mL of 2-propanol was heated in the microwave syn-
thesizer at 115 �C for 900 s. Concd HCl (37%, 300 mL)
was added. After storage at 4 �C overnight, the colorless pre-
cipitate was filtered, washed with cold 2-propanol, and dried
to afford 4 (68 mg, 65%). Colorless solid; mp 231–232 �C
(2-propanol/H2O); 1H NMR (200 MHz, DMSO-d6)
d 3.69–3.78 (4H, m), 3.86 (3H, s), 3.87–3.96 (4H, m), 7.16
(1H, t, J¼7.8 Hz), 7.26 (1H, d, J¼8.1 Hz), 7.34 (1H, s),
7.56–7.68 (2H, m), 8.83 (1H, s); 13C NMR (66 MHz,
DMSO-d6) d 45.1, 55.9, 65.6, 102.6, 112.0, 119.5, 120.8,
130.7, 133.4, 151.2, 151.5, 156.7, 160.8; HPLC purity
98%; ESIMS m/z¼272 (MH+).

4.4.17. (4-Amino-benzyl)-(6-phenyl-pyrimidin-4-yl)-
amine (6). Compound 3a (50 mg, 0.262 mmol) and 4-amino-
benzylamine (33 mL, 0.288 mmol, 1.1 equiv) were suspended
in 1.5 mL of 2-propanol, treated with DIPEA (63 mL,
0.524 mmol, 2.0 equiv) and reacted at 120 �C for 900 s in
the microwave synthesizer. The solvent was evaporated and
the crude product purified by flash column chromatography
(cHex/EtOAc 1:1) to afford 6 (41 mg, 52%). Colorless
solid; mp 156–157 �C (MeCN/H2O); 1H NMR (200 MHz,
DMSO-d6) d 4.37 (2H, d, J¼5.9 Hz), 4.97 (2H, s), 6.52
(2H, d, J¼8.1 Hz), 6.95 (1H, s), 7.02 (2H, d, J¼8.1 Hz),
7.43–7.54 (3H, m), 7.75 (1H, t, J¼5.9 Hz), 7.91–8.03 (2H,
m), 8.49 (1H, s); 13C NMR (66 MHz, DMSO-d6) d 43.4,
100.7, 113.7, 125.9, 126.2, 128.3, 128.6, 129.9, 137.2,
147.6, 158.3, 159.8, 162.8; HPLC purity 99%; ESIMS
m/z¼277 (MH+), 275 (M�H�).
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Abstract—4-Quinolone (4-QO) was evaluated as a simple and novel fluorescent anion sensor, and the modification of its emission color was
carried out. The series of 4-QO derivatives having molecular orbitals with different energy levels was designed by substitutions at the 6 and 7
positions based on the molecular orbital calculations. All derivatives showed drastic fluorescence enhancements in the presence of F� via the
intramolecular charge transfer mechanism, and the successful modification of the emission color was achieved. The anion-induced emission
colors of these derivatives as well as their binding affinities for F� could be predicted by ab initio quantum chemical calculations, indicating
that the present calculations are useful in designing new anion sensors.
� 2006 Published by Elsevier Ltd.
1. Introduction

Anion sensing has been of great interest in biological and
environmental sciences for several decades, and various
fluorescent sensors have been developed for sensitive and
simple detections.1–3 As signaling mechanisms, photoin-
duced electron transfer,4–9 intramolecular charge transfer
(ICT),10–18 excited-state proton transfer,19,20 metal-to-
ligand charge transfer,21 excimer/exciplex formation,22–24

and competitive binding25–28 are reported. Particularly,
ICT based on hydrogen bond formations between anions
and NH or OH groups of the sensor molecules has been
widely employed because of the simplicity and capability
for multipoint interactions.

ICT fluorescent anion sensors can be classified into two
types; one shows fluorescence quenching when binding to
anions, and the other shows a fluorescence enhancement.
For sensitive detection, the latter has the best advantages,
nevertheless, only a few sensors of this type have so far
been reported.11,13,15 Therefore, the discovery and/or devel-
opment of new ICT sensors of this type are strongly desired
to establish a variety of methods for simple and sensitive
anion sensing. In a previous study, we reported that some
4-quinolone (4-QO) derivatives are useful fluorophores
with high fluorescence quantum efficiency and high stability

Keywords: Anion sensor; 4-Quinolone; Intramolecular charge transfer;
Fluorescence; Molecular orbital calculation.
* Corresponding author. Tel.: +81 92 642 6596; fax: +81 92 642 6601;
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0040–4020/$ - see front matter � 2006 Published by Elsevier Ltd.
doi:10.1016/j.tet.2006.08.060
in aqueous media.29,30 We have been focusing on the discov-
ery of new photophysical properties of these compounds,
and found that 4-QO shows a drastic fluorescence enhance-
ment via the ICT mechanism in the presence of anions.
Herein, we now report for the first time the anion-induced
changes in the absorption and fluorescence of 4-QO.

In addition, we have modified the emission color of 4-QO by
the substitution based on molecular orbital calculations. The
emission color of a sensor is of great importance for simple
and selective detection, because it is often needed to avoid
potential interferences by fluorescence impurities present
in environmental and biological samples. Until now, several
reported studies have focused on modifying the emission
color of a sensor molecule based on substituent
effects.10,14,16,18 However, the introduction of substituents
was in most cases still empirical, and theoretical methods
based on molecular orbital calculations have scarcely been
exploited in spite of the fact that various fluorescent com-
pounds have recently been designed using computational
calculations.31–35 To the best of our knowledge, there have
been no reports demonstrating the theoretical modification
of the emission color using a sensor molecule that shows
a fluorescence enhancement upon binding to anions via the
ICT mechanism.

In the present paper, we report a simple and novel fluorescent
anion sensor, 4-QO, that shows a drastic fluorescence en-
hancement via the ICT mechanism. By substitutions based
on molecular orbital calculations, 4-QO derivatives 1–6
(Fig. 1) were designed in order to produce different emission

mailto:zaitsu@phar.kyushu-u.ac.jp
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colors from 4-QO. The binding affinities of these derivatives
for anions were also considered using ab initio quantum
chemical calculations.

2. Results and discussion

2.1. Anion response of 4-QO

The anion-induced changes in the absorption and fluores-
cence spectra of 4-QO were investigated using F�, Cl�,
Br�, HSO4

�, AcO�, and H2PO4
� (as tetrabutylammonium

salts). Figure 2 shows the absorption and fluorescence emis-
sion spectra in CH3CN when titrated with F�. The peak of
the absorption spectrum was slightly red shifted from 330
to 338 nm and two isosbestic points at 332 and 299 nm
were observed (Fig. 2a). In the fluorescence emission spec-
tra, the intensity was drastically increased at 396 nm
(Fig. 2b). With the titration of AcO� and H2PO4

� similar
changes were observed, while the titrations of other anions
caused no change in both spectra. This suggests that 4-QO
forms complexes only with F�, AcO�, and H2PO4

�. This
anion-selectivity is thought to be dictated by the anion basicity;
F�, AcO�, and H2PO4

� are stronger hydrogen acceptors than
other tested anions. The Job plots for the complexation of
4-QO with anions obtained from the absorption titration
experiments showed a 1:1 stoichiometry for F� and 2:1 for
AcO�, while, more than two complex species were sug-
gested to be present for H2PO4

�. To confirm the recognition
mechanism of 4-QO for anions, a 1H NMR titration experi-
ment was carried out. The 1H NMR spectrum of 4-QO in
DMSO-d6 showed a singlet signal for the NH proton at
11.70 ppm (Fig. 3a). Upon addition of 1.0 equiv F�, the sig-
nal completely disappeared (Fig. 3b), which indicates hydro-
gen bond formation between the NH group of 4-QO and F�.
Ab initio quantum chemical calculations were performed,
and the structure of the complex of 4-QO with F� was opti-
mized with B3LYP at the 6-31G(d) level. In the optimized
structure, the distance between the NH proton and F� is
1.009 Å, also indicating the presence of a hydrogen bond be-
tween these atoms. The negative charge of F� calculated at
the B3LYP/6-311+G(d,p) level using the optimized structure
is �0.662; this means that a part of the negative charge is
intramolecularly transferred from F� to 4-QO. For a further
confirmation, we synthesized 1-methyl-4-QO that has the
CH3 group at the recognition point, and investigated its
anion response that is observed in the absorption and fluores-
cence emission spectra. With the addition of all anions
tested, no change in both spectra was observed. These results
clearly indicate that 4-QO recognizes anions via the NH
group.
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Figure 1. Structures of 4-QO derivatives.
2.2. Design of 4-QO derivatives as novel anion sensors
using molecular orbital calculations

Adding electron-donating and/or -withdrawing groups to
fluorophores is generally known to cause changes in their
HOMO–LUMO gaps, and it is expected that not only a shift
in the absorption wavelength, but also a shift in the emission
wavelength would be induced. The complexes of 4-QO
with anions emit the fluorescence at 396 nm, representing a
violet-blue color. Therefore, as novel anion sensors showing

Figure 2. (a) Change in absorption spectra of 4-QO (30 mM in CH3CN)
upon the addition of F� (0–0.3 mM); (b) change in fluorescence emission
spectra of 4-QO (3 mM in CH3CN) upon the addition of F� (0–35 mM)
with the excitation wavelength of 332 nm.

(a)

(b)

12 11 10 9 8 7

Figure 3. Partial 1H NMR (500 MHz) spectra of 4-QO in DMSO-d6 in (a)
the absence, and (b) the presence of 1.0 equiv F�.
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distinct visible emission colors, 4-QO derivatives having
smaller HOMO–LUMO gaps than that of 4-QO in the com-
plexes with anions would be desired; these derivatives are
expected to have longer emission wavelengths. Concerning
the synthesis of 4-QO derivatives, Gould–Jacobs reaction36

is generally exploited. By utilizing this reaction, the intro-
duction of various substituents at the 6 and/or 7 positions
of 4-QO could be performed. From these points of views,
we designed a series of 4-QO derivatives 1–6 for this study.
The HOMO levels, LUMO levels, and HOMO–LUMO gaps
of the complexes of 1–6 with F� are summarized in Table 1.
In this study, we selected F� as the target anion because of
the following reasons. F� is one of the most attractive anions
for its importance in dental care37 and treatment of osteopo-
rosis,38 and most anion sensors are investigated for their
responses to F�. Therefore, by investigating the emission
color modification using F�, the obtained strategy could be

Table 1. HOMO levels, LUMO levels, and HOMO�LUMO gaps of the
F� complexes of 4-QO derivatives

Compound HOMO (eV) LUMO (eV) HOMO�LUMO
gap (eV)

4-QO+F� �1.83 2.39 4.22
1+F� �1.78 2.43 4.21
2+F� �1.74 2.40 4.14
3+F� �2.36 1.18 3.54
4+F� �1.81 2.46 4.27
5+F� �1.83 2.20 4.03
6+F� �2.16 1.05 3.21

Data were obtained at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d).
expanded to various fluorescent anion sensors. In the F�

complexes, the HOMO–LUMO gaps of compounds 1, 2,
4, and 5, that have the electron-donating groups at the 6 or
7 positions, show energy gaps similar to that of 4-QO, while
3 and 6 that have electron-withdrawing groups show consid-
erably smaller energy gaps than that of 4-QO. These calcu-
lation results imply that 3 and 6 are expected to have distinct
absorption and fluorescence wavelengths from those of
4-QO.

2.3. Anion-induced changes in absorption and
fluorescence of synthesized 4-QO derivatives

The designed 4-QO derivatives 1–6 were synthesized by
Gould–Jacobs reaction, and their absorption and fluores-
cence properties have been investigated. All compounds
showed changes in their absorption spectra upon the addition
of F�. The absorption spectra of 1, 3, and 6 in CH3CN with
the addition of F� are shown in Figure 4. The results ob-
tained for 2, 4, and 5 are very similar to that of 1. These com-
pounds (1, 2, 4, and 5) showed the similar absorption
changes to that of 4-QO (Fig. 2a); the absorption spectrum
was slightly red shifted with some isosbestic points. On
the other hand, compounds 3 and 6 showed the characteristic
changes in absorption. In the absorption spectrum of com-
pound 3, the peak at 335 nm decreased, a new peak appeared
at 395 nm, and three isosbestic points were observed at 351,
288, and 249 nm. In the spectrum of compound 6, two new
peaks at 389 and 337 nm and two isosbestic points at 370 and
346 nm appeared, and the absorbance at 347 nm decreased.
Table 2 summarizes the wavelengths of the absorption
Figure 4. Changes in absorption spectra of 1, 3, and 6 (30 mM in CH3CN) upon the addition of F� (0–0.3 mM for 1, 0–0.1 mM for 3, and 0–0.2 mM for 6).
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Table 2. Absorption maxima of 4-QO derivatives and their F� complexes

Compound Absorption maximum
(nm)a

Absorption maximum
(nm)b

4-QO 338 330
1 336 335
2 344 345
3 395 335
4 337 328
5 340 322
6 389 347

a Values in the presence of F�.
b Values in the absence of F�.
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Figure 5. Correlation between the HOMO–LUMO gaps and the wave-
lengths of the absorption maxima of 4-QO derivatives and their F� com-
plexes.
maxima of the 4-QO derivatives in the F� complexes, as well
as their original absorption maxima in the absence of F�.
These values are in good agreement with the calculated
HOMO–LUMO gaps (Fig. 5). This result indicates that the
molecular orbital energies obtained by the quantum chemi-
cal calculations reflect the values from the experimental
measurements, and the calculations performed in this study
have a sufficient suitability for practical use.

Upon the addition of F�, all compounds showed drastic fluo-
rescence enhancements. Figure 6 shows the changes in the
fluorescence emission spectra of 1, 3, and 6 in CH3CN
when titrated with F�. Compounds 1, 2, 4, and 5 emitted
a fluorescence centered at almost the same wavelengths
around 400 nm. Whereas 3 and 6, that show considerably
smaller HOMO–LUMO gaps than that of 4-QO in the F�

complexes, emitted a longer fluorescence centered at 492
and 542 nm, respectively. The emission colors of 1, 2, 4,
and 5 were violet-blue, being similar to that of 4-QO. On
the other hand, the emission colors of 3 and 6 were green-
blue and yellow-green (Fig. 7).

2.4. Association constants for 4-QO derivatives with FL

The association constants for 1–6 with F� obtained by Rose–
Drago method using absorption spectroscopy39 are summa-
rized in Table 3. In comparison with 4-QO, compounds 1, 2,
4, and 5 showed almost the same or a little lower binding af-
finities, while 3 and 6 showed notably higher affinities. This
is empirically reasonable because the electron-withdrawing
group of COCH3 makes 3 and 6 strong electron acceptors by
increasing the acidities of the NH protons. The structures of
Figure 6. Changes in fluorescence emission spectra of 1, 3, and 6 (3 mM in CH3CN) upon the addition of F� (0–35 mM for 1, 0–15 mM for 3, and 0–18 mM for 6)
with the excitation wavelength of 338 nm for 1, 351 nm for 3, and 370 nm for 6.
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the F� complexes of 1–6 optimized by ab initio quantum
chemical calculations provide a detailed explanation of the
magnitudes of the association constants. The calculated
binding energies with F� are �62.1 and �59.6 kcal/mol
for 3 and 6, respectively. These values indicate that the com-
plexes are much more stable than other compounds having
binding energies around �55 kcal/mol. In addition, the F�

complexes of 3 and 6 show smaller negative charges of F�

than those for other compounds by 0.007–0.010, indicating
that the greater negative charge of F� is transferred to
4-QO in the F� complexes of 3 and 6. The distances between
the NH protons and F� for 3 and 6 are 1 and 0.999 Å, respec-
tively; these values are shorter than those for other com-
pounds by 0.008–0.01 Å. These results indicate that the
binding affinity for F� could also be predicted by the binding
energy calculations, negative charges of F�, and the dis-
tances between the NH protons and F� using the ab initio
quantum chemical calculations.

3. Conclusions

We have presented a simple compound 4-QO as a valuable
ICT fluorescent anion sensor. A series of 4-QO derivatives
have been prepared as novel anion sensors, and revealed
that not only the shift in the absorption wavelength, but
also the shift in the emission color could be induced by low-
ering the HOMO–LUMO gap by substitutions based on
molecular orbital calculations. In addition, the magnitudes
of their association constants for F� were well predicted
using the ab initio quantum chemical calculations. The

Figure 7. Emission colors of 4-QO derivatives (3 mM in CH3CN) under UV
light illumination (365 nm) in the presence of F�.

Table 3. Association constants and binding energies for 4-QO derivatives
with F�, partial charges of F�, and distances of NH/F� in the F� com-
plexes

Compound Association
constanta (M�1)

Binding energyb

(kcal/mol)
F� chargec NH/F�

distance (Å)

4-QO (6.2�2.3)�103 �55.8 �0.662 1.009
1 (5.3�1.0)�103 �55.2 �0.663 1.009
2 (1.9�0.8)�103 �55.2 �0.662 1.009
3 (3.1�1.3)�104 �62.1 �0.654 1.000
4 (5.5�1.1)�103 �54.6 �0.663 1.009
5 (4.4�1.8)�103 �53.3 �0.661 1.008
6 (1.3�0.6)�104 �59.6 �0.653 0.999

a Absorption titration experiments were carried out in CH3CN at 293 K, and
the errors in association constants were within 10%.

b Data were obtained at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d).
c Charges were calculated with the natural population orbital analysis.
strategy demonstrated in the present work would be effective
for the modifications of the absorption and emission proper-
ties, and the binding affinities of other ICT fluorescent anion
sensors.

4. Experimental

4.1. General procedures

Commercially available materials were used without any
additional purification. CH3CN and DMSO used for the
spectral studies were of spectroscopic grade, and all other
solvents were of guaranteed reagent grade. 1-Methyl-4-QO
was synthesized by methylation of 4-QO using CH3I and
K2CO3 in the general method. Compounds 1–6 were synthe-
sized from aniline derivatives in four steps according to pre-
viously reported methods40–42 with some modifications. The
products were characterized by 1H NMR, FABMS, and ele-
mental analyses. The 1H NMR spectra were recorded using
a Varian Unity-500 spectrometer (500 MHz) in DMSO-d6.
Mass spectra were obtained using JEOL JMS 600 and
JMS-SX102A mass spectrometers.

4.1.1. 1-Methyl-4-quinolone. Colorless blocks. Yield:
46.5%. Mp 152–153 �C. 1H NMR (500 MHz, DMSO-d6):
d ppm 3.80 (3H, s, CH3–), 6.03 (1H, d, J¼7.6 Hz, H-3),
7.39 (1H, m, H-6 or H-7), 7.64 (1H, d, J¼8.5 Hz, H-5 or
H-8), 7.74 (1H, m, H-6 or H-7), 7.95 (1H, d, J¼7.8 Hz,
H-2), 8.17 (1H, dd, J¼1.4, 8.0 Hz, H-5 or H-8). HRMS
(FAB): calcd for M+H, 160.0762; found, 160.0726.

4.1.2. 6-Methyl-4-quinolone (1). Colorless needles. Yield:
15.0%. Mp 240–241 �C. 1H NMR (500 MHz, DMSO-d6):
d ppm 2.39 (3H, s, CH3–), 5.97 (1H, d, J¼7.4 Hz, H-3),
7.27 (1H, dd, J¼3.0, 8.9 Hz, H-7), 7.48–7.50 (2H, m,
H-5, 8), 7.82 (1H, d, J¼7.4 Hz, H-2), 11.62 (1H, br s,
H-1). FABMS m/z¼160.1 (M+H). Anal. Calcd for
C10H9NO$H2O: C, 67.78; H, 6.26; N, 7.90. Found: C,
67.98; H, 6.18; N, 7.86.

4.1.3. 6-Methoxy-4-quinolone (2). Colorless needles.
Yield: 15.8%. Mp 251–252 �C. 1H NMR (500 MHz,
DMSO-d6): d ppm 3.82 (3H, s, CH3O–), 5.99 (1H, d,
J¼7.3 Hz, H-3), 7.27 (1H, dd, J¼2.9, 9.0 Hz, H-7), 7.48–
7.50 (2H, m, H-5, 8), 7.82 (1H, d, J¼7.3 Hz, H-2), 11.70
(1H, br s, H-1). FABMS m/z¼176.1 (M+H). Anal. Calcd
for C10H9NO2: C, 68.56; H, 5.18; N, 8.00. Found: C,
68.16; H, 5.20; N, 8.03.

4.1.4. 6-Acetyl-4-quinolone (3). Orange plates. Yield:
25.1%. Mp>300 �C. 1H NMR (500 MHz, DMSO-d6):
d ppm 2.63 (3H, s, CH3CO–), 6.11 (1H, d, J¼7.4 Hz,
H-3), 7.60 (1H, d, J¼8.5 Hz, H-8), 7.94 (1H, d, J¼7.4 Hz,
H-2), 8.13 (1H, dd, J¼2.2, 8.8 Hz, H-7), 8.66 (1H, d,
J¼2.2 Hz, H-5), 11.96 (1H, br s, H-1). FABMS m/z¼188.2
(M+H). Anal. Calcd for C11H9NO2: C, 70.58; H, 4.85; N,
7.48. Found: C, 70.46; H, 4.88; N, 7.57.

4.1.5. 7-Methyl-4-quinolone (4). Colorless needles. Yield:
4.8%. Mp 232–233 �C. 1H NMR (500 MHz, DMSO-d6):
d ppm 2.40 (3H, s, CH3–), 5.96 (1H, d, J¼7.3 Hz, H-3),
7.12 (1H, dd, J¼1.0, 8.4 Hz, H-6), 7.28 (1H, s, H-8), 7.81
(1H, d, J¼7.6 Hz, H-2), 7.95 (1H, d, J¼8.2 Hz, H-5),
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11.56 (1H, br s, H-1). FABMS m/z¼160.1 (M+H). Anal.
Calcd for C10H9NO: C, 75.45; H, 5.70; N, 8.80. Found: C,
75.28; H, 5.71; N, 8.84.

4.1.6. 7-Methoxy-4-quinolone (5). Colorless needles.
Yield: 6.9%. Mp 219–220 �C. 1H NMR (500 MHz,
DMSO-d6): d ppm 3.84 (3H, s, CH3O–), 5.92 (1H, d,
J¼7.3 Hz, H-3), 6.88–6.90 (2H, m, H-5, 8), 7.78 (1H, d,
J¼7.3 Hz, H-2), 7.97 (2H, dd, J¼0.9, 8.2 Hz, H-6), 11.48
(1H, br s, H-1). FABMS m/z¼176.1 (M+H). Anal. Calcd
for C10H9NO2: C, 68.56; H, 5.18; N, 8.00. Found: C,
68.43; H, 5.19; N, 7.96.

4.1.7. 7-Acetyl-4-quinolone (6). Colorless prisms. Yield:
4.5%. Mp 290–291 �C. 1H NMR (500 MHz, DMSO-d6):
d ppm 2.65 (3H, s, CH3CO–), 6.09 (1H, d, J¼7.3 Hz,
H-3), 7.81 (1H, dd, J¼1.5, 8.4 Hz, H-6), 7.99 (1H, d,
J¼7.6 Hz, H-2), 8.11 (1H, d, J¼0.9 Hz, H-8), 8.17 (1H, d,
J¼8.5 Hz, H-5), 11.90 (1H, br s, H-1). FABMS m/z¼188.1
(M+H). Anal. Calcd for C11H9NO2: C, 70.58; H, 4.85; N,
7.48. Found: C, 70.37; H, 4.91; N, 7.40.

4.2. Computational method

All calculations were carried out using Spartan’04(W). The
geometry optimizations were performed with B3LYP at the
6-31G(d) level. The HOMO levels, LUMO levels, total ener-
gies, and atomic charges were estimated at single-point
calculations (B3LYP/6-311+G(d,p)) using the geometries
optimized at the B3LYP/6-31G(d) levels.

4.3. Absorption and fluorescence studies

The absorption and corrected fluorescence emission spectra
were recorded using a JASCO V-530 UV–vis spectropho-
tometer and an F-6500 spectrofluorometer. All 4-QO deriv-
atives were dissolved in DMSO at a 10 mM concentration.
They were diluted to the appropriate concentrations with
CH3CN and used for the measurements. The titration experi-
ments were performed by adding the anion solutions in
CH3CN to the solutions of the 4-QO derivatives. For estima-
tion of the association constants, the absorbance data from
the titration experiments were treated by Rose–Drago
method.

Acknowledgements

This work was partially supported by the Research Fellow-
ships of the Japan Society for the Promotion of Science for
Young Scientists (J.H.). The authors thank Dr. Masanori
Inagaki and Dr. Mariko Aso of Kyushu University for their
help in the high-resolution FABMS measurements.

Supplementary data

Changes in absorption and fluorescence emission spectra of
2, 4, and 5 upon the addition of F�, and Cartesian coordinates
of the calculated structures are available. Supplementary
data associated with this article can be found in the online
version, at doi:10.1016/j.tet.2006.08.060.
References and notes

1. Martinez-Manez, R.; Sancenon, F. Chem. Rev. 2003, 103,
4419–4476.

2. Gale, P. A. Coord. Chem. Rev. 2003, 240, 191–221.
3. Beer, P. D.; Gale, P. A. Angew. Chem., Int. Ed. 2001, 40,

486–516.
4. Kang, J.; Kim, H. S.; Jang, D. O. Tetrahedron Lett. 2005, 46,

6079–6082.
5. Gunnlaugsson, T.; Davis, A. P.; Hussey, G. M.; Tierney, J.;

Glynn, M. Org. Biomol. Chem. 2004, 2, 1856–1863.
6. Gunnlaugsson, T.; Davis, A. P.; O’Brien, J. E.; Glynn, M. Org.

Lett. 2002, 4, 2449–2452.
7. Kim, S. K.; Yoon, J. Chem. Commun. 2002, 770–771.
8. Gunnlaugsson, T.; Davis, A. P.; Glynn, M. Chem. Commun.

2001, 2556–2557.
9. Vance, D. H.; Czarnik, A. W. J. Am. Chem. Soc. 1994, 116,

9397–9398.
10. Aldakov, D.; Palacios, M. A.; Anzenbacher, P., Jr. Chem.

Mater. 2005, 17, 5238–5241.
11. Curiel, D.; Cowley, A.; Beer, P. D. Chem. Commun. 2005,

236–238.
12. Wen, Z.-C.; Jiang, Y.-B. Tetrahedron 2004, 60, 11109–11115.
13. Kovalchuk, A.; Bricks, J. L.; Reck, G.; Rurack, K.; Schulz, B.;

Szumna, A.; Weibhoff, H. Chem. Commun. 2004, 1946–
1947.

14. Pohl, R.; Aldakov, D.; Kubat, P.; Jursikova, K.; Marquez, M.;
Anzenbacher, P., Jr. Chem. Commun. 2004, 1282–1283.

15. Xu, G.; Tarr, M. A. Chem. Commun. 2004, 1050–1051.
16. Aldakov, D.; Anzenbacher, P., Jr. Chem. Commun. 2003, 1394–

1395.
17. Wu, F.-Y.; Jiang, Y.-B. Chem. Phys. Lett. 2002, 355, 438–444.
18. Black, C. B.; Andrioletti, B.; Try, A. C.; Ruiperez, C.; Sessler,

J. L. J. Am. Chem. Soc. 1999, 121, 10438–10439.
19. Zhang, X.; Guo, L.; Wu, F.-Y.; Jiang, Y.-B. Org. Lett. 2003, 5,

2667–2670.
20. Choi, K.; Hamilton, A. D. Angew. Chem., Int. Ed. 2001, 40,

3912–3915.
21. Beer, P. D. Acc. Chem. Res. 1998, 31, 71–80.
22. Wu, J.-S.; Zhou, J.-H.; Wang, P.-F.; Zhang, X.-H.; Wu, S.-K.

Org. Lett. 2005, 7, 2133–2136.
23. Nishizawa, S.; Kato, Y.; Teramae, N. J. Am. Chem. Soc. 1999,

121, 9463–9464.
24. Nishizawa, S.; Kaneda, H.; Uchida, T.; Teramae, N. J. Chem.

Soc., Perkin Trans. 2 1998, 2325–2327.
25. Fabbrizzi, L.; Marcotte, N.; Stomeo, F.; Taglietti, A. Angew.

Chem., Int. Ed. 2002, 41, 3811–3814.
26. Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E. V.

Acc. Chem. Res. 2001, 34, 963–972.
27. Metzger, A.; Anslyn, E. V. Angew. Chem., Int. Ed. 1998, 37,

649–652.
28. Niikura, K.; Metzger, A.; Anslyn, E. V. J. Am. Chem. Soc.

1998, 120, 8533–8534.
29. Hirano, J.; Hamase, K.; Fukuda, H.; Tomita, T.; Zaitsu, K.

J. Chromatogr., A 2004, 1059, 225–231.
30. Hirano, J.; Hamase, K.; Akita, T.; Zaitsu, K. Anal. Sci. 2005,

21, x45–x46.
31. Wilson, J. N.; Bunz, U. H. F. J. Am. Chem. Soc. 2005, 127,

4124–4125.
32. Urano, Y.; Kamiya, M.; Kanda, K.; Ueno, T.; Hirose, K.;

Nagano, T. J. Am. Chem. Soc. 2005, 127, 4888–4894.
33. Gabe, Y.; Urano, Y.; Kikuchi, K.; Kojima, H.; Nagano, T. J. Am.

Chem. Soc. 2004, 126, 3357–3367.

http://dx.doi.org/doi:10.1016/j.tet.2006.08.060


10071on 62 (2006) 10065–10071
34. Shevyakov, S. V.; Li, H.; Muthyala, R.; Asato, A. E.; Croney,
J. C.; Jameson, D. M.; Liu, R. S. H. J. Phys. Chem. A 2003,
107, 3295–3299.

35. Yamaguchi, S.; Shirasaka, T.; Akiyama, S.; Tamao, K. J. Am.
Chem. Soc. 2002, 124, 8816–8817.

36. Gould, R. G., Jr.; Jacobs, W. A. J. Am. Chem. Soc. 1939, 61,
2890–2895.

37. Castioni, N. V.; Baehni, P. C.; Gurny, R. Eur. J. Pharm.
Biopharm. 1998, 45, 101–111.

J. Hirano et al. / Tetrahedr
38. Kanis, J. A.; Sheffield, M. D. Am. J. Med. 1993, 95, S53–
S61.

39. Rose, N. J.; Drago, R. S. J. Am. Chem. Soc. 1959, 81, 6138–
6141.

40. Leyva, E.; Monreal, E.; Hernandez, A. J. Fluorine Chem. 1999,
94, 7–10.

41. Koga, H.; Itoh, A.; Murayama, S.; Suzue, S.; Irikura, T. J. Med.
Chem. 1980, 23, 1358–1363.

42. Lin, A. J.; Loo, T. L. J. Med. Chem. 1978, 21, 268–272.



Tetrahedron 62 (2006) 10072–10078
Multi-state molecular switches based on
dithienylperfluorocyclopentene and imidazo

[4,5-f ] [1,10] phenanthroline

Shuzhang Xiao, Tao Yi,* Yifeng Zhou, Qiang Zhao, Fuyou Li and Chunhui Huang*

Department of Chemistry and Laboratory of Advanced Materials, Fudan University, 220 Handan Road, Shanghai 200433, China

Received 6 June 2006; revised 16 August 2006; accepted 21 August 2006

Available online 7 September 2006

Abstract—Two novel diarylethene derivatives containing imidazo [4,5-f ] [1,10] phenanthroline have been efficiently synthesized. These
molecules are sensitive to both light and chemical stimuli. Under sequential alternating UV–vis light irradiation and alkali/acid treatment,
distinct differences in NMR, UV–vis, and fluorescent spectra were observed. Taking advantage of the variations in visible absorption and
fluorescence, a reversible four-state molecular switch with two optical outputs was realized by a single molecule.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular switches, which can be converted from one state to
another by external stimuli such as light, electric field or
chemical reaction, are becoming one of the most attractive
fields in modern chemistry.1–3 The use of photochromic com-
pound as photon-mode switching system is considered to be
a promising signaling mode for the molecular switches. In
those systems, each isomer can represent either ‘0’ or ‘1’
of a digital binary code homologous to ‘on’ and ‘off’ states.
Recently, the development of complex photochromic sys-
tems that integrate several switchable functions into a single
molecule has attracted much attention because of the poten-
tial ability of such photochromic systems for applications in
optical memory media and photonic devices.4–7 Based on the
reversible changes of the absorption and emission spectra of
photochromic compounds under different external stimuli,
the corresponding networks, including spiropyran,8–17 diaryl-
ethene,18 and some other complex systems19–21 have been
constructed. As a thermally irreversible system, diaryl-
ethenes may prove to be the most promising candidates for
applications due to their good thermal stability and high fa-
tigue resistance of both isomers. Irie et al. have reported
that the digital switching of the fluorescence of diarylethene
molecules can be controlled by irradiation with UV–vis light
at the single-molecule level.22 Tian et al. designed a single
photochromic molecular switch with multi-optical outputs

Keywords: Molecular switches; Diarylethene; Fluorescence; Photochro-
mism; Deprotonation.
* Corresponding authors. Tel.: +86 21 55664185; fax: +86 21 55664621;

e-mail addresses: yitao@fudan.edu.cn; chhuang@fudan.edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.061
induced by light and chemical stimuli based on di-
arylethenes.18,23 However, using only one photochromic
diarylethene molecule to build a molecular switch with
multi-optical outputs capable of building complex logic cir-
cuits is still a challenge. Moreover, the molecular switches,
which can distinguish more than three kinds of states by dig-
ital output values, are rarely reported. In this report, we devel-
oped two novel photochromic diarylethene (DAE) molecules
1$2H and 2$2H containing imidazo [4,5-f] [1,10] phenan-
throline (IP) moieties. In 1$2H, IP and DAE moieties are di-
rectly linked to each other through a C–C s bond without any
intervening molecular bridge; whereas in the case of 2$2H,
a phenyl group connects the two moieties and mainly extends
the conjugated system of IP. As we expected, both 1$2H and
2$2H were sensitive to both light irradiation and alkali simul-
taneously according to their structural characters, and gave
multi-outputs of absorption and fluorescent emission signals
(Scheme 1). Complex logic circuits were also built by using
the single molecule based on the corresponding outputs.

2. Results and discussion

2.1. Synthesis of the diarylethene compounds

1$2H and 2$2H were synthesized from 1,10-phenanthro-
line-5,6-dione and the corresponding aldehydes according
to Scheme 2 in a good yield (70 and 80% for 1$2H and
2$2H, respectively). The molecular structures of these two
compounds were confirmed by NMR spectroscopy and
MALDI-TOF mass spectrometry, as well as by elemental
analysis. Compared with 2$2H, 1$2H shows better solubil-
ity in methanol, ethanol, and DMSO.

mailto:yitao@fudan.edu.cn
mailto:chhuang@fudan.edu.cn
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2.2. NMR changes of 1$2H upon deprotonation by alkali

Deprotonation of the acidic imidazolyl N–H by addition of
alkali changes the chemical shifts of the aryl protons of
1$2H, which is revealed by the analysis of 1H NMR spectra.
Figure 1 displays the 1H NMR spectral changes of 1$2H in
a DMSO-d6 solution with titration of an NaOD solution. The
1H NMR of 1$2H exhibited an array of resonances corre-
sponding to the aromatic protons in the molecule. The signal
of NH in imidazolyl was not observed even prior to the ad-
dition of alkali. This may be due to fast proton exchange with
water present in solution. Thienyl protons appear as a singlet
at d 8.04 (H1), and those for 2,8-positions of phenanthroline
appear as multiplets centered at d 7.80 (H3). A doublet at
d 8.80 with coupling constant of J¼8.0 Hz is expected for
H2 on phenanthroline. The other group of peaks at d 9.03
should thus refer to H4 on phenanthroline. After adding
NaOD into the DMSO-d6 solution of 1$2H, a clear upfield
shift for H3 and H4 was observed. This is reasonable be-
cause the deprotonation enriches the electronic density of
imidazolyl and leads to a higher shielding effect on these
protons. The proton of H1 was incipiently upshifted and
then shifted downfield while the amount of the base added
was increased from 1 to 2 equiv. On the contrary, the signal
for H2 was slowly shifted downfield. The different changes
of the protons may be due to the anisotropic field effect of the
anion to the p-system of phenanthroline. The resonances of
the protons were constant after addition of more than 2 equiv
of OH�, which revealed a complete deprotonation of the
imidazolyl. The altering chemical shift (Dd) of the protons
for H1, H2, and H3 are�0.09, 0.08, and�0.08 ppm, respec-
tively. The most significant change is that H4 on phenanthro-
line exhibited a significant upfield shift (Dd¼�0.14 ppm),
positing on the same signal position as H2. The NMR results
indicate that the deprotonation promotes electron delocal-
ization and averages the chemical environment of the pro-
tons on phenanthroline group of the molecule.24

2.3. Reversible absorption changes upon
photochromism

The absorption spectra of both 1$2H and 2$2H show absorp-
tion bands only in the ultra violet range belonging to p–p*
transition (327 nm for 1$2H and 343 nm for 2$2H)
(Fig. 2A and 2B). As expected, 1$2H and 2$2H showed re-
versible color and absorption spectral changes with the alter-
nate irradiation of UV and visible lights (Scheme 1). Upon
irradiation with light of 320 nm (360 nm for 2$2H) within
5 min, the absorption at 598 nm (3: 6100 dm3 mol�1 cm�1)
and 612 nm (3: 21,100 dm3 mol�1 cm�1) belonging to
1PS$2H and 2PS$2H (photostationary state), respectively,
were observed accompanied with the deduction of the
absorption bands in ultra violet range. Hence, the colorless
solution of open-ring form became greenish blue due to the
transformation of 1$2H and 2$2H by photocyclization into
their closed-ring forms, with a quantum yields of 16 and
29%, respectively. The photocyclization conversion for
1$2H and 2$2H at photostationary state is 0.57 and 0.65,
respectively. 1PS$2H and 2PS$2H were photochemically re-
verted to their open forms completely by 620 nm light irradi-
ation with the quantum yields of 37 and 32%, respectively,
and the greenish blue color disappeared. 2PS$2H has a larger
absorption efficiency and 14 nm red shift in visible range
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Scheme 2. Synthesis procedures of 1$2H and 2$2H.
compared with that of 1PS$2H, showing a character of
extended p-system. Both open and closed-ring forms of
1$2H, 1PS$2H, and 2$2H, 2PS$2H could be deprotonated
to form 1$2Na, 1PS$2Na, and 2$2Na, 2PS$2Na, respec-
tively, by adding alkali into their solutions. There is no appre-
ciable difference in visible range of the absorption spectra
between the corresponding protonated and deprotonated
states in closed-ring forms of both molecules. This indicates
that deprotonation has no notable effect on the ground state of
closed DAE moiety in both molecules. The absorption band
at UV region belonging to p–p* transition decreased a little
in 1$2Na, whereas this band decreases with an 8 nm red shift
in 2$2Na. The absorption spectra of 1$2H, 1$2Na, 2$2H,
2$2Na, and the corresponding photostationary states are
shown in Figure 2C and 2D, respectively. The detailed quan-
titative data are given in Table 1.

2.4. Reversible fluorescent changes during photochro-
mism and deprotonation

Generally, the open isomer of diarylethene emits fluores-
cence, while the fluorescence of closed-ring form is inactive.
In the present work, 1$2H and 2$2H exhibited fluorescent
changes during the process of photoisomerization as most
of the diarylethene derivatives did.25–40 The fluorescent
emissions of 1$2H and 2$2H were at 516 and 510 nm with
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Figure 1. Partial 1H NMR spectral changes of 1$2H (2.5�10�2 mol/L)
upon titration of NaOD (30%) at the equivalence of 0 (a), 0.6 (b), 1.0 (c),
and 2.0 (d) of 1$2H (400 MHz, DMSO-d6 at 298 K).
fluorescent quantum yields of 0.038 and 0.014, respectively
(Table 2). The fluorescent lifetimes of 1$2H and 2$2H at
510 nm are 0.58 and 3.52 ns, respectively. To further under-
stand the ascription of these emissions in 1$2H and 2$2H,
the fluorescent properties of two model compounds of
2-methylthienyl-5-IP and p-bromophenyl-IP were investi-
gated. These two compounds have fluorescent emissions at
436 and 438 nm, respectively. Comparing with the model
compounds, the emission bands in 1$2H and 2$2H are red
shifted about 70 nm, which indicates that the effect of the
coupling of the IP substituent to the central DAE unit is
much pronounced in fluorescence.39 From careful compari-
son of the spectral shape of 1$2H and 2$2H, we observed
much larger W1/2 (peak width at half height) in the spectrum
of 1$2H (193 nm) than that of 2$2H (106 nm), which reveals
that the emission of 1$2H may come from two sources. The
inconspicuous shoulder peak at about 460 nm in 1$2H
accords with the characteristic local fluorescent emission
of IP.41,42 As expected, both the fluorescent emissions of
1$2H and 2$2H are quenched by photocyclization. The in-
tensity of the emission in 2$2H was quenched to ca. 7% of
the original state upon irradiation with 360 nm UV light
(Fig. 3A). However, the fluorescent intensity only decreased
ca. 54% at its PS state in 1$2H (Fig. 3B). The comparatively
low photocyclization conversion and the existence of paral-
lel configuration of DAE in 1$2H may be the main cause for
the unnotable fluorescent change induced by photo irradia-
tion in 1$2H. 2$2H shows more significant fluorescent
switch upon photochromism than that of 1$2H because of
the larger absorption efficiency and higher photocyclization
conversion.

The deprotonation of imidazole in 1$2H and 2$2H also
made significant emissive difference. The emission at
510 nm in 2$2H decreased greatly with addition of alkali.
The fluorescent FF of 2$2Na reduces to only 5% of that of
2$2H (Fig. 4A). This efficient fluorescent quench is a result
of photo induced electron transfer (PET) process43 from
deprotonated imidazole to DAE group because the deproto-
nation of imidazolyl group enhanced the electron density in
IP group. It is interesting that the deprotonation process in
1$2H resulted in a more complicate fluorescent change.
The emission at 516 nm in 1$2H decreased greatly with
addition of alkali, and the shoulder peak at 460 nm emerged
with fluorescent quantum yield of 0.025 in 1$2Na (Fig. 4B).
The emission spectra were no longer changed after more
than 2 equiv of alkali were added in both 1$2H and 2$2H,
consistent with 1H NMR titration spectra. The lifetimes of
both 1$2Na and 2$2Na at 510 nm are a little extended



10075S. Xiao et al. / Tetrahedron 62 (2006) 10072–10078
400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

8 min
6 min
5 min
4 min
3 min
2 min
1 min
0 min

Ab
so

rb
an

ce

Wavelength (nm)

400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

2PS
.
2Na

2PS
.
2H

2
.
2Na

2
.
2H

Ab
so

rb
an

ce

Wavelength (nm)

300 400 500 600 700 800
0.0

0.2

0.4

0.6 5.0 min
4.5 min 
4.0 min
3.5 min
2.5 min
2.0 min
1.5 min
1.0 min
0.5 min
0 min 

Ab
so

rb
an

ce

Wavelength (nm)

300 400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1PS
.
2Na 

Ab
so

rb
an

ce

Wavelength (nm)

1
.
2H 

1
.
2Na 

1PS
.
2H

A B

C D

Figure 2. Absorption spectral changes upon irradiation of 320 nm for 1$2H (A) and 360 nm for 2$2H (B). Absorption spectra of 1 (C) and 2 (D) at the four states
corresponding to Scheme 1. ([1]: 4.0�10�5 mol/L in methanol, [2]: 1.0�10�5 mol/L in methanol, 298 K, 2 equiv of the base was added for the corresponding
deprotonated states).
Table 1. The quantitative data upon photochromism in 1 and 2

Compound lmax
abs

3 (dm3 mol�1

cm�1)
Fo/c or
Fc/o

a
Conversion
(o/c)b

1$2H 327 14,000 0.16 (o/c) 0.57
1PS$2H 598 6100 0.29 (c/o) 1.00
1$2Na 327 13,400
1PS$2Na 599 6100
2$2H 343 68,000 0.29 (o/c) 0.65
2PS$2H 612 21,100 0.34 (c/o) 1.00
2$2Na 349 58,700
2PS$2Na 612 21,100

a Calculated from absorption spectral change.
b Obtained from the result of 1H NMR.

Table 2. Fluorescent properties of 1 and 2

Compound lmax
F

FF
a

t (ns) (510 nm,
lex¼370 nm)

1$2H 516 0.038 0.58
1$2Na 460 0.025 1.11
2$2H 510 0.014 3.52
2$2Na 550 <0.001 3.78

a FF¼Fref [(n2ArefI/nref
2 AIref)] (n, A, I denote the refractive index of solvent,

the absorbance at the excitation wavelength, and the area of the corrected
emission spectrum, respectively. Disulfate quinine was used as a reference
(ref), Fref¼0.577).
comparing with that of 1$2H and 2$2H (Table 2). The
behaviors of deprotonation-induced fluorescent spectral
changes in 1PS$2H and 2PS$2H are similar to those of
1$2H and 2$2H, respectively.

The remarkably reversible emission quenching process by
both photocyclization and deprotonation (Fig. 5A) makes
2$2H a potential candidate for binary logic process as well
as fluorescent switch and specific sensor on alkali. More-
over, both intensity and emission wavelengths of 1$2H could
be reversibly regulated by UV and visible lights, alkali and
proton, respectively (Fig. 5B). This multi-output character
of 1$2H also makes it a possible candidate for binary logic
process.

2.5. Multi-state molecular switches and logic circuit

The absorption and fluorescent changes of 2$2H can be
combined as a complicated molecular switch induced by
three inputs: I1 (340 nm UV light), I2 (620 nm visible light),
and I3 (alkali). Responding to these inputs, two correspond-
ing optical outputs O1 (absorption difference DA at 610 nm
by UV light irradiation) and O2 (emission variation DF510

at 510 nm) are produced. O1 is on in the case of DA>0.06
(50% of that in photostationary state). When fluorescent in-
tensity at 510 nm is quenched to half of the original height
(2$2H), i.e. DF510<0.5, O2 is off, whereas O2 is on when
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Figure 5. The fluorescent spectra of 1$2H (A) and 2$2H (B) at their four states corresponding to Scheme 1; for the conditions see Figure 3.
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molecule from 0 to 2.0 equiv (in the same condition as for Fig. 3).
DF510>0.5. Each signal can be represented by a binary digit
as either on or off. Therefore, the molecular switch reads
a string of three binary inputs and writes a specific combina-
tion of two binary outputs (Table 3). Within that binary data,
it is clear that the coloration (O1¼1) and bleaching (O1¼0)
switch is dependent only on alternating UV–vis irradiation,
while I3 gives no influence on O1. The low value of I2 (off )
and high value of I1 (on) always tend to a high value of O1
(on). Upon simultaneous irradiation with UV and visible
lights, absorption at 610 nm is in low value, indicating that
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O1 is off in this case. Thus the output O1 distinguishes the two
kinds of states in the molecular switch, 2$2H or 2$2Na,
O1¼0 and 2PS$2H or 2PS$2Na, O1¼1. Therefore the input
data I1, I2 are transduced into the output data O1 through an
INHIBIT logic circuit by NOT and AND operators.4 The
other output O2 (DF510) is varied along with I2 and I3 be-
cause the fluorescent intensity at 510 nm is quenched by
both UV light and addition of alkali. Thus, O2 can be pro-
duced through a NOR operator by I1 or I3. Combining the
output O1 and O2, the four states 2$2H, 2PS$2H, 2$2Na,
and 2PS$2Na are addressed by three output strings 01, 00,
and 10, respectively, in the molecular switch.

3. Conclusion

In conclusion, we have obtained two multi-state diaryl-
ethenes (1$2H and 2$2H) responsive to both light and chem-
ical input, by utilizing the obviously different absorption and
fluorescent emission under sequential alternating UV–vis
irradiation and alkali/proton. The effective fluorescent
quenching process upon both photochromism and deproto-
nation in 2$2H provides a potential application in fluores-
cent switch or alkali sensor. Additionally, a reversible
four-state molecular switch with two optical outputs is
also realized in 2$2H. This molecular level signal communi-
cation in the molecular switches is important for information
storage and practical devices, even though the present sys-
tems still exihibit several limits such as working in solution
media and long equilibrium time of deprotonation. The mod-
ification of the analogous molecules into soft materials such
as gel or micro (nano) system may fulfill their practical
application, especially in biological system. Moreover,
phenanthroline group of these diarylethenes could coordi-
nate with various metal ions to form metal complexes. These
complexes would show more exciting characteristics on
energy transfer and molecular switches. Further work is
currently in progress toward the assembled soft materials
and the coordinated systems of these diarylethenes.

4. Experimental

4.1. General

All starting materials were obtained from commercial
supplies and used as received. Column chromatography
was carried out on silica gel (200–300 mesh). 1H NMR and

Table 3. Truth table for the communicating molecular switch in 2

Inputs Outputs

I1 I2 I3 O1 (DA610) O2 (DF510)

0 0 0 0 (Low, <0.06) 1 (High, >0.5)
0 0 1 0 0 (Low, <0.5)
0 1 0 0 1
1 0 0 1 (High, >0.06) 0
0 1 1 0 0
1 0 1 1 0
1 1 0 0 1
1 1 1 0 0

I1, I2, and I3 are the 340 nm UV light, 620 nm visible light, and alkali, re-
spectively; O1, O2 are referred to the absorption and fluorescent difference
at 610 and 510 nm, respectively.
13C NMR spectra were recorded on a Mercuryplus-Varian in-
strument (400 MHz). Proton chemical shifts are reported in
parts per million downfield from tetramethylsilane (TMS).
MALDI-TOF-MS was recorded on AXIMA-CFRPLVS
mass spectroscopy instrument (Shimadzu). UV–vis spectra
were recorded on UV–Vis 2550 spectroscope (Shimadzu).
Fluorescent spectra were measured on Edinburgh Instru-
ments (FLS 900). Time-resolved fluorescent decay was
recorded on Edinburgh LifeSpec-ps with a PDL 800-B
pulsed diode laser as excitation source. The UV and visible
irradiations were carried out on a CHF-XM550W power
system (China) by using suitable band-pass filter (Omega).

4.2. Synthesis

The aldehyde derivatives were synthesized according to
references.44,45 1,2-Bis(50-formyl-20-methylthien-30-yl)per-
fluorocyclopentene: 1H NMR (CDCl3, 400 MHz, 298 K):
d 2.02 (s, 6H), 7.73 (s, 2H), 9.85 (s, 2H). 1,2-Bis[50-(4-
formylphenyl)-20-methylthien-30-yl]perfluorocyclopentene:
1H NMR (CDCl3, 400 MHz, 298 K): d 2.00 (s, 6H), 7.43
(s, 2H), 7.68–7.70 (d, J¼8 Hz, 4H), 7.88–7.90 (d,
J¼8 Hz, 4H), 10.00 (s, 2H). 1,10-Phenanthroline-5,6-dione
was obtained according to previous report.46 Mp 254–
256. 1H NMR (400 MHz, CDCl3, 298 K): d 7.57–7.60
(q, J1¼8.0 Hz, J2¼4.8 Hz, 2H), 8.49–8.51 (d, J¼8.0 Hz,
2H), 9.11–9.12 (d, J¼4.8 Hz, 2H).

4.2.1. 1,2-Bis(5-(1H-imidazo [4,5-f] [1,10] phenanthro-
line-2-yl)-2-methylthien-3-yl)perfluorocyclopentene
(1$2H). Acetic acid (15 mL) was added to a mixture of the
aldehyde derivative (0.32 g, 0.75 mmol), 1,10-phenanthro-
line-5,6-dione (0.29 g, 1.4 mmol), and ammonium acetate
(2.0 g, 26 mmol). The reaction mixture was stirred at reflux
(80–90 �C) for 3 h. Then ice water was poured in, and
a pale yellow solid of raw product was obtained by filtra-
tion. 1$2H was recrystallized from ethanol as a pale yellow
solid (yield: 70%). Mp>280 �C. 1H NMR (400 MHz,
CD3SOCD3, 298 K): d 1.89 (s, 6H), 7.80–7.82 (q, J1¼
8.0 Hz, J2¼3.2 Hz, 4H), 8.04 (s, 2H), 8.80–8.82 (d, J¼
8.0 Hz, 4H), 9.03–9.04 (d, J¼3.2 Hz, 4H). 13C NMR
(100 MHz, CD3SOCD3): d 14.98, 116.60, 123.84, 125.28,
125.39, 130.19, 130.43, 133.06, 143.26, 144.13, 144.63,
145.52, 148.43, 148.56, 172.87. MALDI-TOF: m/z¼805.1
[M]+. Anal. Calcd for C41H22F6N8S2$4AcOH$2H2O: C,
54.54; H, 3.74; N, 10.38. Found: C, 54.96; H, 3.77; N, 9.91.

4.2.2. 1,2-Bis(5-(4-(1H-imidazo [4,5-f] [1,10] phenanthro-
line-2-yl) phenyl)-2-methylthien-3-yl)perfluorocyclopen-
tene (2$2H). Raw product of 2$2H was obtained by the
same method as that of 1$2H, and was purified by recrys-
tallization from DMF–H2O to give a pale yellow solid
(yield: 80%). Mp>280 �C. 1H NMR (400 MHz,
CD3SOCD3, 298 K): d 1.89 (s, 6H), 7.69 (s, 2H), 7.79–
7.82 (m, 4H), 7.87–7.89 (d, J¼8.4 Hz, 4H), 8.31–8.33 (d,
J¼8.0 Hz, 4H), 8.91–8.93 (d, J¼8.0 Hz, 4H), 9.01–9.02
(t, 4H). 13C NMR (100 MHz, CD3SOCD3): d 14.68, 122.00,
123.56, 125.79, 126.02, 127.37, 127.41, 128.01, 129.94,
130.26, 132.17, 133.68, 136.82, 141.81, 142.31, 144.02,
148.08, 150.40, 173.28. MALDI-TOF mass: m/z¼957.2
[M]+. Anal. Calcd for C53H30F6N8S2$DMF$3H2O: C,
62.04; H, 4.00; N, 11.63. Found: C, 61.92; H, 4.08; N,
11.08.
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Abstract—A Zn(OTf)2-catalyzed cascade reaction of anilines with aromatic aldehydes and carbonyl compounds was described. This one-pot
three-component reaction afforded the corresponding b-amino carbonyl compounds, b-amino esters, and b-amino ketones in good to
excellent yields. The reaction was also applied for the liquid-phase synthesis of b-amino carbonyl compound library using PEG as a support.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

b-Amino carbonyl compounds are useful building blocks for
molecules with applications in pharmaceutical and material
science.1 b-Amino carbonyl moieties are found as structural
units of a number of biologically active natural products.2

The Mannich-type reactions are classical method for the
synthesis of b-amino carbonyl compounds.3 Lanthanide tri-
flates as Lewis acids have been reported to be able to cata-
lyze this kind of reactions.4 High catalytic activity, low
toxicity, and air tolerance make lanthanide triflates as attrac-
tive catalysts.5 However, these catalysts suffer from some
disadvantages such as requiring a large amount of Lewis
acid (usually more than 10 mol %), a long reaction time,
and/or atmosphere sensitive reagents. We report herein full
details of a novel, rapid, and efficient three-component syn-
thesis of b-amino esters via a Zn(OTf)2-catalyzed cascade
imino-formation/Mannich-type reaction of anilines with
aromatic aldehydes and diethyl malonic ester,6 and its exten-
sion to other kinds of b-amino carbonyl compounds as well
as its applications in liquid-phase synthesis.

2. Results and discussion

In our initial experiments, we found that benzaldehydes 1,
anilines 2, and diethyl malonic ester 3 in DCM were stirred
in the presence of a catalytic amount (1 mol %) of Zn(OTf)2

at room temperature for 4 h to give the corresponding
b-amino esters 4. As shown in Table 1, the three-component

Keywords: b-Amino esters; b-Amino ketones; Cascade reaction; Mannich
reactions.
* Corresponding author. Tel./fax: +86 571 87951512; e-mail: orgwyg@zju.

edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.063
reaction of diethyl malonic ester with the electron-deficient
anilines and the electron-deficient benzaldehydes afforded
b-amino esters 4 in good to excellent yields (90–98%)
(Table 1, entries 5–12). However, the electron-rich anilines
and the electron-rich benzaldehydes gave lower (Table 1,
entries 1–4) or poor yields (Table 1, entries 13 and 14).

These results promoted us to examine other carbonyl com-
pounds. We then investigated the three-component conden-
sation of anilines with benzaldehydes and cyclohexanone
using Zn(OTf)2 as a catalyst, and the results are summarized
in Table 2. When 1 mol % Zn(OTf)2 was used, b-amino
ketones 6 were obtained as a mixture of anti and syn isomers.
In this case, both the electron-rich and the electron-deficient
benzaldehydes gave good to excellent yields (Table 2,
entries 1–10), while the electron-deficient aniline almost
did not work (Table 2, entry 11). The anti and syn isomers
were identified by the coupling constants (J) of the vicinal
protons adjacent to C]O and NH in their 1H NMR spectra.7

In general, the coupling constants for anti isomers are
greater than that for syn isomers.8 The ratio of the isomers
was determined by integration of the corresponding peaks
in 1H NMR spectra. As shown in Table 2, high anti selectiv-
ity was obtained in our three-component reaction.

In connection with our researches on the liquid-phase synthe-
sis using polyethylene glycol (PEG) as a support,9 we per-
formed this three-component reaction on PEG support. As
shown in Scheme 1, the aldehyde was attached to PEG4000
by esterification of PEG with 4-formylbenzoic acid 7 in the
presence of DCC and DMAP in anhydrous DCM at room
temperature.9h The conversion of terminal hydroxyl groups
on PEG was determined by 1H NMR analysis to be quantita-
tive. The resulting PEG-bound aldehyde 8 was then treated
with various anilines 2 and carbonyl compounds 5 (Table 3,

mailto:orgwyg@zju.edu.cn
mailto:orgwyg@zju.edu.cn
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Table 2. Three-component reaction of benzaldehydes with anilines and cyclohexanone

CHO NH2+ O+

NH

5 6

O

1 2

1 mol % Zn(OTf)2

R1 R2

R2

R1

DCM, rt, 4 h

Entry R1 R2 Product Yield (%)a anti/synb

1 2,6-Dichloro 4-Br 6a 75 100:0
2 H 4-Br 6b 91 85:15
3 4-Cl 4-Cl 6c 98 97:3
4 4-Cl 4-Br 6d 95 100:0
5 3-NO2 4-Cl 6e 96 75:25
6 4-NO2 4-CH3 6f 93 88:12
7 H H 6g 93 90:10
8 H 3-Br 6h 85 74:26
9 4-OCH3 4-Cl 6i 82 100:0
10 4-OCH3 4-Br 6j 80 95:5
11 H NO2 6k <1 —

a Isolated yield.
b Determined by 1H NMR.

Table 1. Three-component reaction of benzaldehydes with anilines and diethyl malonic ester

CHO NH2+ +
1 mol % Zn(OTf)2

DCM, rt, 4 h

3 41 2

CH2(CO2C2H5)2

R1 R2

NH

C2H5O2C CO2C2H5

R1
R2

Entry R1 R2 Product Yield (%)a

1 H H 4a 50
2 2,6-Dichloro 2-CH3 4b 50
3 2,6-Dichloro 4-OCH3 4c 45
4 2,6-Dichloro 3-CH3 4d 48
5 2-Cl 2-Cl 4e 88
6 2-Cl 4-Br 4f 92
7 3-NO2 3-Cl 4g 96
8 2,6-Dichloro 4-Cl 4h 91
9 4-Br 4-Br 4i 95
10 2,6-Dichloro 3-Cl 4j 90
11 4-Br 4-Cl 4k 93
12 2,6-Dichloro 4-Br 4l 92
13 3,4-(OCH2O)– 4-Cl 4m 5
14 3,4-(OCH2O)– 4-OCH3 4n <1

a Isolated yield.
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Table 3. The reaction of benzaldehyde with anilines and carbonyl com-
pounds on PEG support

Entry R2 Carbonyl
compounds

Product Yield
(%)a

Purity
(%)b

anti/sync

1 4-Br 5 10a 94 96 93:7
2 4-Cl 5 10b 97 99 100:0
3 3-Br 5 10c 92 93 85:15
4 3-Cl 5 10d 93 94 83:17
5 H 5 10e 91 90 71:29
6 3-CH3 5 10f 88 89 88:12
7 4-OCH3 5 10g 81 82 100:0
8 4-F 5 10h 99 95 89:11
9 4-NO2 5 10i <1 — —
10 H 3 10j 90 89 —
11 4-Br 3 10k 98 98 —

a Yields refer to product cleaved from PEG.
b Purities were determined by HPLC analysis for the crude products.
c Determined by 1H NMR.
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entries 1–9) or 3 (Table 3, entries 10 and 11). Except the
electron-deficient aniline (Table 3, entry 9), all reactions
provided the corresponding crude products 10 in satisfactory
yields (81–99%) with good purity (82–99%) as assessed by
HPLC. In this case, high anti selectivity was also obtained.
The anti-configuration of compound 10b was unambigu-
ously established by X-ray crystallographic analysis
(Fig. 1).10

3. Conclusion

In summary, we have developed an efficient and general
method for the synthesis of b-amino carbonyl compounds
via Zn(OTf)2-catalyzed cascade reaction of anilines with
aromatic aldehydes and carbonyl compounds. The signifi-
cant features of this procedure include: (a) facile operation;
(b) cheap and readily available catalyst; (c) high yields; (d)
reasonably good diastereoselectivities. Furthermore, this
one-pot reaction was also applied for the liquid-phase synthe-
sis of b-amino carbonyl compound library on PEG support
and would be able to find its application in combinatorial
chemistry.

4. Experimental

4.1. General

IR spectra were recorded on a Perkin–Elmer 983 FT-IR
spectrometer (KBr) and reported in reciprocal centimeters
(cm�1). Elemental analyses were recorded on a Carlo Erba
1110. 1H and 13C NMR spectra were obtained on a Bruker
Advance DMX 500 instrument in CDCl3 (TMS as internal
standard). MS data were recorded on a Bruker Esquire 3000
plus instrument (ESI). HPLC analysis was carried out on an
Agilent 1100 instrument (250�4.6 mm C18 column,
gradient elution 80% MeOH and 20% H2O, 0.8 ml/min,
UV detection at l 254 nm). Mp data were recorded on a
YANACO apparatus.

Figure 1. Crystal structure of compound 10b.
4.2. General procedure for the synthesis of b-amino
carbonyl compounds 4

A mixture of phenylamine (1 mmol), benzaldehyde
(1 mmol), diethyl malonic ester (1 mmol), and Zn(OTf)2

(3.6 mg, 0.01 mmol) in CH2Cl2 (15 ml) was stirred at
room temperature for 4 h. After removal of the solvent
in vacuum, the residue was purified by a flash column chro-
matography on silica gel with ethyl acetate–hexane (1:10) as
eluent to afford pure b-amino carbonyl compound. Recrys-
tallization from hexane–EtOAc gave crystalline product 4.

4.2.1. Diethyl 2-(phenyl(phenylamino)methyl)malonate
(4a). Colorless solid: mp 92–93 �C; IR (KBr) 3375, 1756,
1730, 1600, 1495, 1291 cm�1; 1H NMR (500 MHz,
CDCl3): d 7.35–7.32 (m, 2H), 7.31–7.28 (m, 2H), 7.23–
7.18 (m, 1H), 7.07–7.03 (m, 2H), 6.62–6.60 (m, 1H),
6.54–6.52 (m, 2H), 6.19 (t, J¼10.8 Hz, 1H), 4.98 (d, J¼
11.0 Hz, 1H), 4.72 (d, J¼10.7 Hz, 1H), 4.25 (q, J¼7.2 Hz,
2H), 4.00 (q, J¼7.2 Hz, 2H), 1.24 (t, J¼7.2 Hz, 3H), 1.02
(t, J¼7.2 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3):
d 167.5, 166.6, 147.7, 141.9, 129.3, 128.7, 127.7, 127.4,
117.9, 114.3, 62.2, 61.9, 56.3, 53.8, 14.1, 13.9 ppm; MS
(ESI) m/z ([M+1]+) 342. Anal. Calcd for C20H23NO4: C,
70.36; H, 6.79; N, 4.10. Found: C, 70.35; H, 6.79; N, 4.14.

4.2.2. Diethyl 2-((o-toluidino)(2,6-dichlorophenyl)-
methyl)malonate (4b). Colorless solid: mp 85–86 �C; IR
(KBr) 3398, 1721, 1598, 1531, 1352, 1269 cm�1; 1H NMR
(500 MHz, CDCl3): d 7.25–7.24 (m, 2H), 7.10–7.05 (m,
2H), 7.00–6.96 (m, 2H), 6.63 (d, J¼7.3 Hz, 1H), 6.24 (t,
J¼11.0 Hz, 1H), 5.00 (d, J¼11.1 Hz, 1H), 4.55 (d,
J¼10.7 Hz, 1H), 4.22–4.17 (m, 2H), 4.02–3.97 (m, 2H),
2.15 (s, 3H), 1.22 (t, J¼7.2 Hz, 3H), 1.05 (t, J¼7.2 Hz,
3H) ppm; 13C NMR (125 MHz, CDCl3): d 167.5, 166.5,
144.2, 134.6, 130.4, 129.5, 127.3, 123.0, 118.3, 112.2,
62.1, 61.8, 56.4, 53.7, 17.7, 14.2, 13.9 ppm; MS (ESI) m/z
([M+1]+) 424. Anal. Calcd for C21H23Cl2NO4: C, 59.44;
H, 5.46; N, 3.30. Found: C, 59.45, H, 5.43, N, 3.37.

4.2.3. Diethyl 2-((2,6-dichlorophenyl)(4-methoxyphenyl-
amino)methyl)malonate (4c). Colorless solid: mp 102–
103 �C; IR (KBr) 3394, 1745, 1596, 1499 cm�1; 1H NMR
(500 MHz, CDCl3): d 7.25–7.23 (m, 2H), 7.09 (t, J¼
8.0 Hz, 1H), 6.79–6.78 (m, 2H), 6.72–6.70 (m, 2H), 6.11
(t, J¼10.1 Hz, 1H), 4.70 (d, J¼9.2 Hz, 1H), 4.50 (d, J¼
11.0 Hz, 1H), 4.30–4.22 (m, 2H), 4.02–3.97 (m, 2H), 3.70
(s, 3H), 1.28 (t, J¼7.2 Hz, 3H), 1.05 (t, J¼7.2 Hz, 3H) ppm;
13C NMR (125 MHz, CDCl3): d 167.5, 166.5, 153.4,
140.1, 134.5, 130.2, 129.5, 129.1, 116.8, 114.8, 62.0, 61.7,
56.3, 53.8, 14.3, 13.9 ppm; MS (ESI) m/z ([M+1]+) 440.
Anal. Calcd for C21H23Cl2NO5: C, 57.28; H, 5.26; N, 3.18.
Found: C, 57.25; H, 5.26; N, 3.17.

4.2.4. Diethyl 2-((m-toluidino)(2,6-dichlorophenyl)-
methyl)malonate (4d). Colorless solid: mp 91–92 �C; IR
(KBr) 3337, 1751, 1720, 1598, 1526, 1483 cm�1; 1H NMR
(500 MHz, CDCl3): d 7.24–7.21 (m, 2H), 7.07–6.98 (m,
2H), 6.63–6.61 (m, 2H), 6.52–6.50 (m, 1H), 6.18 (t, J¼
11.2 Hz, 1H), 4.88 (d, J¼11.4 Hz, 1H), 4.82 (d, J¼
11.0 Hz, 1H), 4.23–4.20 (m, 2H), 4.01–3.96 (m, 2H), 2.22
(s, 3H), 1.24 (t, J¼7.1 Hz, 3H), 1.04 (t, J¼7.1 Hz,
3H) ppm; 13C NMR (125 MHz, CDCl3): d 167.4, 166.4,
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146.1, 139.8, 134.4, 129.5, 129.2, 120.0, 115.7, 111.9, 62.1,
61.8, 56.3, 54.2, 21.7, 14.2, 13.9 ppm; MS (ESI) m/z
([M+1]+) 424. Anal. Calcd for C21H23Cl2NO4: C, 59.44;
H, 5.46; N, 3.30. Found: C, 59.44; H, 5.48; N, 3.31.

4.2.5. Diethyl 2-((2-chlorophenyl)(2-chlorophenyl-
amino)methyl)malonate (4e). Colorless solid: mp 80–
81 �C; IR (KBr) 3339, 1752, 1720, 1598, 1483,
1297 cm�1; 1H NMR (500 MHz, CDCl3): d 7.37–7.35 (m,
2H), 7.23–7.15 (m, 3H), 7.00–6.96 (m, 1H), 6.57–6.56 (m,
1H), 6.41–6.40 (m, 1H), 6.41 (t, J¼9.2 Hz, 1H), 4.70 (dd,
J¼4.3, 9.2 Hz, 1H), 4.22–4.09 (m, 5H), 1.20 (t, J¼7.2 Hz,
3H), 1.17 (t, J¼7.2 Hz, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d 168.2, 167.2, 142.5, 136.1, 133.1, 130.0, 129.4,
129.3, 128.7, 127.9, 127.4, 120.0, 118.1, 112.2, 62.2, 61.8,
55.0, 54.1, 14.2, 14.1 ppm; MS (ESI) m/z ([M+1]+) 410.
Anal. Calcd for C20H21Cl2NO4: C, 58.55; H, 5.16; N, 3.41.
Found: C, 58.52; H, 5.18; N, 3.41.

4.2.6. Diethyl 2-((4-bromophenylamino)(2-chloro-
phenyl)methyl)malonate (4f). Colorless solid: mp 106–
107 �C; IR (KBr) 3394, 2981, 1745, 1569, 1499, 1375,
1250, 1178 cm�1; 1H NMR (500 MHz, CDCl3): d 7.38–
7.32 (m, 2H), 7.21–7.15 (m, 4H), 6.41 (d, J¼8.8 Hz, 2H),
5.80 (d, J¼9.4 Hz, 1H), 5.50 (dd, J¼4.3, 9.4 Hz, 1H),
4.24–4.02 (m, 5H), 1.20 (t, J¼7.1 Hz, 3H), 1.11 (t, J¼
7.1 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3): d 168.5,
167.4, 145.4, 13.16, 133.1, 132.2, 132.1, 130.1, 129.4,
128.8, 127.4, 115.3, 115.2, 109.9, 62.3, 61.8, 54.6, 54.3,
14.2, 14.1 ppm; MS (ESI) m/z ([M+Na]+) 478. Anal. Calcd
for C20H21BrClNO4: C, 52.82; H, 4.65; N, 3.08. Found: C,
52.78; H, 4.67; N, 2.84.

4.2.7. Diethyl 2-((3-chlorophenylamino)(3-nitrophenyl)-
methyl)malonate (4g). Yellow solid: mp 99–100 �C; IR
(KBr) 3398, 1721, 1598, 1531, 1352, 1269 cm�1; 1H NMR
(500 MHz, CDCl3): d 8.26 (s, 1H), 8.13–8.11 (m, 1H),
7.73 (t, J¼7.8 Hz, 1H), 7.50 (t, J¼8.0 Hz, 1H), 6.66–6.64
(m, 1H), 6.57–6.56 (m, 1H), 6.47–6.46 (m, 1H), 6.44 (d,
J¼6.4 Hz, 1H), 5.56 (d, J¼9.0 Hz, 1H), 5.28 (dd, J¼5.4,
9.0 Hz, 1H), 4.19–4.08 (m, 4H), 3.91 (d, J¼5.4 Hz, 1H),
1.19 (t, J¼7.1 Hz, 3H), 1.11 (t, J¼7.1 Hz, 3H) ppm; 13C
NMR (125 MHz, CDCl3): d 167.8, 166.8, 148.8, 147.3,
142.1, 135.3, 133.3, 130.5, 130.0, 123.2, 122.1, 118.7,
113.7, 122.1, 62.5, 62.2, 57.7, 56.5, 14.1, 14.0 ppm; MS
(ESI) m/z ([M+Na]+) 444. Anal. Calcd for C20H21ClN2O6:
C, 57.08; H, 5.03; N, 6.66. Found: C, 57.08; H, 4.90; N, 6.58.

4.2.8. Diethyl 2-((4-chlorophenylamino)(2,6-dichloro-
phenyl)methyl)malonate (4h). Colorless solid: mp 83–
84 �C; IR (KBr) 3385, 1731, 1598, 1513, 1443 cm�1; 1H
NMR (500 MHz, CDCl3): d 7.26–7.24 (m, 2H), 7.10–7.05
(m, 3H), 6.74 (d, J¼8.8 Hz, 2H), 6.13 (d, J¼11.1 Hz, 1H),
4.93 (d, J¼11.3 Hz, 1H), 4.71 (d, J¼10.8 Hz, 1H), 4.24 (q,
J¼7.2 Hz, 2H), 4.01 (q, J¼7.2 Hz, 2H), 1.24 (t, J¼7.1 Hz,
3H), 1.04 (t, J¼7.1 Hz, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d 167.3, 166.3, 144.8, 133.9, 129.7, 129.2, 123.8,
116.0, 62.2, 61.9, 56.1, 54.5, 14.3, 13.9 ppm; MS (ESI)
m/z ([M+Na]+) 466. Anal. Calcd for C20H20Cl3NO4: C,
54.01; H, 4.53; N, 3.15. Found: C, 54.02; H, 4.55; N, 3.14.

4.2.9. Diethyl 2-((4-bromophenyl)(4-bromophenyl-
amino)methyl)malonate (4i). Colorless solid: mp 107–
108 �C; IR (KBr) 3348, 1721, 1599, 1530, 1355 cm�1; 1H
NMR (500 MHz, CDCl3): d 7.43 (d, J¼8.5 Hz, 2H), 7.26
(d, J¼8.5 Hz, 2H), 7.16 (d, J¼8.3 Hz, 2H), 6.44 (d, J¼
8.3 Hz, 2H), 5.42 (d, J¼10.8 Hz, 1H), 5.21 (d, J¼11.0 Hz,
1H), 4.17–4.09 (m, 4H), 3.83 (d, J¼5.5 Hz, 1H), 1.18–
1.14 (m, 6H) ppm; 13C NMR (125 MHz, CDCl3): d 168.1,
167.1, 145.5, 138.6, 132.5, 132.2, 128.8, 122.0, 115.5,
110.1, 62.3, 62.0, 57.9, 55.8, 14.2, 14.1 ppm; MS (ESI)
m/z ([M+Na]+) 522. Anal. Calcd for C20H21Br2NO4: C,
48.12; H, 4.24; N, 2.81. Found: C, 48.12; H, 4.26; N, 2.71.

4.2.10. Diethyl 2-((3-chlorophenylamino)(2,6-dichloro-
phenyl)methyl)malonate (4j). Colorless solid: mp 109–
110 �C; IR (KBr) 3386, 1744, 1726, 1596, 1500, 1348,
1249 cm�1; 1H NMR (500 MHz, CDCl3): d 7.27–7.26 (m,
2H), 7.12 (t, J¼8.0 Hz, 1H), 7.04 (t, J¼8.1 Hz, 1H), 6.81
(t, J¼2.0 Hz, 1H), 6.69–6.65 (m, 2H), 6.15 (d, J¼11.1 Hz,
1H), 5.00 (d, J¼11.2 Hz, 1H), 4.48 (d, J¼10.8 Hz, 1H),
4.23–4.21 (m, 2H), 4.01–3.98 (m, 2H), 1.25 (t, J¼7.2 Hz,
3H), 1.05 (t, J¼7.2 Hz, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d 167.2, 166.2, 147.3, 135.1, 133.9, 130.4, 129.8,
119.0, 114.7, 112.8, 62.2, 61.9, 56.1, 54.1, 14.2, 13.9 ppm;
MS (ESI) m/z ([M+1]+) 444. Anal. Calcd for C20H20Cl3NO4:
C, 54.01; H, 4.53; N, 3.15. Found: C, 54.00; H, 4.53; N, 3.13.

4.2.11. Diethyl 2-((4-bromophenyl)(4-chlorophenyl-
amino)methyl)malonate (4k). Colorless solid: mp 88–
89 �C; IR (KBr) 3379, 1753, 1729, 1597, 1560, 1485,
1288 cm�1; 1H NMR (500 MHz, CDCl3): d 7.43 (d,
J¼8.4 Hz, 2H), 7.26 (d, J¼8.4 Hz, 2H), 7.04 (d, J¼8.3 Hz,
2H), 6.49 (d, J¼8.3 Hz, 2H), 5.40 (d, J¼8.1 Hz, 1H), 5.12
(d, J¼5.8 Hz, 1H), 4.12–4.07 (m, 4H), 3.83 (d, J¼5.5 Hz,
1H), 1.18–1.14 (m, 6H) ppm; 13C NMR (125 MHz, CDCl3):
d 168.1, 167.1, 145.2, 138.7, 132.1, 129.3, 128.8, 123.0,
122.0, 115.1, 62.3, 62.0, 58.0, 56.9, 14.2, 14.1 ppm; MS
(ESI) m/z ([M+1]+) 454. Anal. Calcd for C20H21BrClNO4:
C, 52.82; H, 4.65; N, 3.08. Found: C, 52.85; H, 4.66; N, 3.04.

4.2.12. Diethyl 2-((4-bromophenylamino)(2,6-dichloro-
phenyl)methyl)malonate (4l). Colorless solid: mp 100–
101 �C; IR (KBr) 3387, 1729, 1608, 1593, 1560,
1495 cm�1; 1H NMR (500 MHz, CDCl3): d 7.25–7.24 (m,
2H), 7.21 (d, J¼8.8 Hz, 2H), 7.12 (t, J¼8.0 Hz, 1H), 6.70
(d, J¼8.8 Hz, 2H), 6.13 (d, J¼11.1 Hz, 1H), 4.94 (d,
J¼11.1 Hz, 1H), 4.47 (d, J¼10.8 Hz, 1H), 4.47–4.44 (m,
2H), 4.01 (q, J¼7.3 Hz, 2H), 1.24 (t, J¼7.3 Hz, 3H), 1.04
(t, J¼7.3 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3):
d 167.3, 166.3, 145.2, 133.9, 132.1, 129.8, 116.5, 111.0,
62.2, 61.9, 56.1, 54.4, 14.3, 13.9 ppm; MS (ESI) m/z
([M+Na]+) 510. Anal. Calcd for C20H20BrCl2NO4: C,
49.10; H, 4.12; N, 2.86. Found: C, 49.11; H, 4.10; N, 2.86.

4.3. General procedure for the synthesis of b-amino
carbonyl compounds 6

A mixture of aniline (1 mmol), benzaldehyde (1 mmol),
cyclohexanone (1.2 mmol), and Zn(OTf)2 (3.6 mg,
0.01 mmol) was stirred at room temperature for 4 h. After
removal of the solvent in vacuum, the residue was purified
by flash column chromatography on silica gel with ethyl
acetate–hexane (1:16) as eluent to afford pure b-amino
carbonyl compounds. Recrystallization from hexane–EtOAc
afforded crystalline product 6.
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4.3.1. 2-((4-Bromophenylamino)(2,6-dichlorophenyl)-
methyl)cyclohexanone (6a). Colorless solid: mp 128–
129 �C; IR (KBr) 3362, 1704, 1596, 1519, 1489 cm�1; 1H
NMR (500 MHz, CDCl3): d 7.28–7.22 (m, 2H), 7.17–7.15
(m, 2H), 7.10–7.07 (t, J¼8.0 Hz, 1H), 6.60–6.57 (m, 2H),
5.78 (t, J¼8.65 Hz, 1H), 4.68 (d, J¼6.6 Hz, 1H), 3.30–
3.25 (m, 1H), 2.50–2.41 (m, 2H), 1.96–1.92 (m, 2H),
1.85–1.82 (m, 1H), 1.69–1.68 (m, 1H), 1.61–1.59 (m, 1H),
1.42–1.41 (m, 1H) ppm; 13C NMR (125 MHz, CDCl3):
d 211.0, 145.7, 135.1, 132.1, 130.7, 129.4, 128.9, 115.7,
110.0, 53.9, 53.7, 42.2, 31.0, 28.6, 24.4 ppm; MS (ESI) m/z
([M+1]+) 426. Anal. Calcd for C19H18BrCl2NO: C, 53.42; H,
4.25; N, 3.28. Found: C, 53.45; H, 4.26; N, 3.28.

4.3.2. 2-((4-Bromophenylamino)(phenyl)methyl)cyclo-
hexanone (6b). Colorless solid: (anti/syn¼85/15) mp 98–
99 �C; IR (KBr) 3397, 1700, 1592, 1495, 1314 cm�1; 1H
NMR (500 MHz, CDCl3) (anti+syn): d 7.34–7.30 (m, 4H),
7.23–7.20 (m, 1H), 7.14–7.11 (m, 2H), 4.79 (s, 0.15H),
4.73 (s, 0.85H), 4.59 (s, 0.15H), 4.54 (d, J¼6.8 Hz,
0.85H), 2.79–2.73 (m, 1H), 2.42–2.33 (m, 1H), 2.32–2.29
(m, 1H), 2.04–2.00 (m, 1H), 1.90–1.85 (m, 2H), 1.70–1.55
(m, 3H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 213.0, 146.7, 141.1, 132.0, 128.8, 127.7, 127.4, 115.5,
109.4, 57.7, 56.6, 42.2, 31.8, 28.2, 25.1; (minor isomer):
d 211.5, 146.5, 141.4, 131.9, 128.7, 127.6, 127.4, 115.9,
109.6, 58.4, 57.5, 42.6, 28.7, 27.1, 24.1 ppm; MS
(ESI) m/z ([M+1]+) 358. Anal. Calcd for C19H20BrNO:
C, 63.70; H, 5.63; N, 3.91. Found: C, 63.70; H, 5.63;
N, 3.94.

4.3.3. 2-((4-Chlorophenyl)(4-chlorophenylamino)-
methyl)cyclohexanone (6c). Colorless solid: (anti/
syn¼97/3) mp 96–97 �C; IR (KBr) 3411, 1702, 1600,
1498, 1315 cm�1; 1H NMR (500 MHz, CDCl3) (anti+syn):
d 7.29–7.26 (m, 4H), 7.01 (d, J¼8.8 Hz, 2H), 6.42 (d,
J¼8.8 Hz, 2H), 4.71 (s, 0.97H), 4.67 (s, 0.03H), 4.61 (s,
0.03H), 4.51 (d, J¼5.7 Hz, 0.97H), 2.72–2.70 (m, 1H),
2.41–2.34 (m, 1H), 2.33–2.29 (m, 1H), 2.00–1.97 (m, 1H),
1.90–1.89 (m, 2H), 1.86–1.76 (m, 1H), 1.72–1.62 (m,
2H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 212.6, 145.8, 140.1, 133.2, 129.2, 128.9, 128.8, 122.6,
115.0, 58.0, 57.4, 42.4, 31.9, 28.1, 24.4; (minor isomer):
d 211.4, 145.8, 139.7, 133.2, 129.1, 128.9, 128.8, 122.6,
115.4, 57.3, 56.4, 42.6, 28.9, 27.1, 25.1 ppm; MS (ESI)
m/z ([M+1]+) 348. Anal. Calcd for C19H19Cl2NO: C,
65.53; H, 5.50; N, 4.02. Found: C, 65.59; H, 5.49; N, 4.01.

4.3.4. 2-((4-Bromophenylamino)(4-chlorophenyl)-
methyl)cyclohexanone (6d). Colorless solid: mp 134–
135 �C; IR (KBr) 3402, 1702, 1594, 1491, 1316 cm�1; 1H
NMR (500 MHz, CDCl3): d 7.29–7.25 (m, 4H), 7.14 (d,
J¼8.8 Hz, 2H), 6.38 (d, J¼8.8 Hz, 2H), 4.80 (s, 1H), 4.51
(d, J¼4.8 Hz, 1H), 2.73–2.70 (m, 1H), 2.40–2.31 (m, 2H),
1.99–1.96 (m, 1H), 1.90–1.89 (m, 2H), 1.77–1.70 (m, 1H),
1.69–1.60 (m, 2H) ppm; 13C NMR (125 MHz, CDCl3):
d 212.6, 146.3, 140.1, 133.2, 132.1, 128.9, 128.8, 115.5,
109.7, 57.9, 57.4, 42.4, 32.0, 28.1, 24.4 ppm; MS (ESI)
m/z ([M+1]+) 392. Anal. Calcd for C19H19BrClNO: C,
58.11; H, 4.88; N, 3.57. Found: C, 58.16; H, 4.88; N, 3.58.

4.3.5. 2-((4-Chlorophenylamino)(3-nitrophenyl)methyl)-
cyclohexanone (6e). Yellow solid: (anti/syn¼75/25) mp
125–126 �C; IR (KBr) 3344, 1705, 1599, 1529, 1492,
1352 cm�1; 1H NMR (500 MHz, CDCl3) (anti+syn):
d 8.22 (d, J¼9.3 Hz, 1H), 8.09 (m, 1H), 7.75 (t, J¼6.0 Hz,
1H), 7.49–7.45 (m, 1H), 7.03 (d, J¼8.7 Hz, 2H), 6.45 (d,
J¼8.7 Hz, 2H), 4.97 (d, J¼7.6 Hz, 0.25H), 4.80 (d, J¼
6.4 Hz, 0.75H), 4.68 (d, J¼6.6 Hz, 0.75H), 4.63 (d, J¼
7.0 Hz, 0.25H), 2.88–2.84 (m, 1H), 2.45–2.30 (m, 2H),
2.10–2.00 (m, 2H), 1.94–1.93 (m, 1H), 1.80–1.73 (m, 1H),
1.65–1.56 (m, 2H) ppm; 13C NMR (125 MHz, CDCl3)
(major isomer): d 212.1, 148.6, 145.5, 144.2, 134.3, 129.7,
129.3, 122.9, 122.7, 122.6, 114.9, 58.2, 57.2, 42.6, 32.5,
28.1, 24.8; (minor isomer): d 210.9, 148.6, 145.4, 143.8,
133.7, 129.6, 129.3, 123.2, 122.6, 122.4, 115.4, 57.4, 56.3,
42.8, 29.3, 27.2, 25.1 ppm; MS (ESI) m/z ([M+1]+) 359.
Anal. Calcd for C19H19ClN2O3: C, 63.60; H, 5.34; N, 7.81.
Found: C, 63.59; H, 5.34; N, 7.83.

4.3.6. 2-((4-Toluidino)(4-nitrophenyl)methyl)cyclohexa-
none (6f). Yellow solid: (anti/syn¼88/12) mp 137–138 �C;
IR (KBr) 3364, 1697, 1518, 1346 cm�1; 1H NMR
(500 MHz, CDCl3) (anti+syn): d 8.14 (d, J¼8.7 Hz, 2H),
7.58 (d, J¼8.7 Hz, 2H), 6.89 (d, J¼8.1 Hz, 2H), 6.42 (d,
J¼8.1 Hz, 2H), 4.82 (s, 0.12H), 4.74 (s, 0.88H), 4.68 (s,
0.88H), 4.46 (m, 0.12H), 2.84–2.81 (m, 1H), 2.41–2.29
(m, 2H), 2.17 (s, 3H), 2.04–1.98 (m, 2H), 1.93–1.92 (m,
1H), 1.77–1.62 (m, 3H) ppm; 13C NMR (125 MHz, CDCl3)
(major isomer): d 212.0, 150.3, 144.5, 130.0, 128.5, 127.6,
123.9, 113.9, 58.2, 57.3, 42.6, 32.1, 27.9, 24.7, 20.5; (minor
isomer): d 210.9, 149.9, 147.2, 129.9, 128.8, 127.8, 123.8,
114.5, 58.1, 56.5, 42.7, 29.2, 27.3, 25.2, 20.5 ppm; MS
(ESI) m/z ([M+1]+) 359. Anal. Calcd for C20H22N2O3: C,
70.99; H, 6.55; N, 8.28. Found: C, 70.99; H, 6.55; N, 8.26.

4.3.7. 2-(Phenyl(phenylamino)methyl)cyclohexanone
(6g). Colorless solid: (anti/syn¼90/10) mp 115–116 �C; IR
(KBr) 3330, 1702, 1602, 1497 cm�1; 1H NMR (500 MHz,
CDCl3) (anti+syn): d 7.36–7.33 (m, 2H), 7.30–7.27 (m,
2H), 7.23–7.18 (m, 1H), 7.07–7.03 (m, 2H), 6.62–6.60 (m,
1H), 6.54–6.52 (m, 2H), 4.80 (s, 0.10H), 4.71 (s, 0.90H),
4.62 (d, J¼7.0 Hz, 0.90H), 4.51 (s, 0.10H), 2.76–2.72 (m,
1H), 2.43–2.29 (m, 2H), 1.90–1.81 (m, 4H), 1.72–1.61 (m,
2H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 213.1, 147.4, 141.9, 129.3, 128.7, 127.5, 127.4, 117.7,
113.8, 58.2, 57.7, 42.0, 31.5, 28.1, 23.8; (minor isomer):
d 211.5, 147.7, 141.8, 129.2, 128.6, 127.7, 127.2, 117.9,
114.3, 57.4, 56.8, 42.6, 28.9, 27.2, 25.1 ppm; MS (ESI)
m/z ([M+1]+) 280. Anal. Calcd for C19H21NO: C, 81.68;
H, 7.58; N, 5.01. Found: C, 81.68; H, 7.49; N, 5.02.

4.3.8. 2-((3-Bromophenylamino)(phenyl)methyl)cyclo-
hexanone (6h). Colorless solid: (anti/syn¼74/26) mp 114–
115 �C; IR (KBr) 3379, 1700, 1598, 1476 cm�1; 1H NMR
(500 MHz, CDCl3) (anti+syn): d 7.35–7.29 (m, 4H), 7.25–
7.21 (m, 1H), 6.89–6.87 (m, 1H), 6.73–6.67 (m, 2H),
6.44–6.42 (m, 1H), 4.80 (s, 0.74H), 4.76–4.74 (m, 0.26H),
4.65 (m, 0.26H), 4.54 (s, 0.74H), 2.78–2.75 (m, 1H), 2.42–
2.29 (m, 2H), 2.04–2.02 (m, 1H), 1.90–1.86 (m, 2H),
1.71–1.57 (m, 3H) ppm; 13C NMR (125 MHz, CDCl3)
(major isomer): d 212.9, 148.8, 141.3, 130.6, 128.8, 127.7,
127.3, 123.1, 120.5, 116.9, 112.4, 58.2, 57.5, 42.6, 31.8,
28.2, 24.1; (minor isomer): d 211.4, 148.9, 141.0, 130.5,
128.7, 127.6, 127.4, 123.2, 120.6, 116.4, 112.7, 56.5, 57.3,
42.2, 28.8, 27.1, 25.0 ppm; MS (ESI) m/z ([M+1]+) 358.
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Anal. Calcd for C19H20BrNO: C, 63.70; H, 5.63; N, 3.91.
Found: C, 63.70; H, 5.63; N, 3.94.

4.3.9. 2-((4-Chlorophenylamino)(4-methoxyphenyl)-
methyl)cyclohexanone (6i). Colorless solid: mp 122–
123 �C; IR (KBr) 3332, 1703, 1603, 1512, 1493,
1247 cm�1; 1H NMR (500 MHz, CDCl3): d 7.25 (d, J¼
8.7 Hz, 2H), 7.00 (d, J¼8.9 Hz, 2H), 6.84 (d, J¼8.7 Hz,
2H), 6.44 (d, J¼8.9 Hz, 2H), 4.69 (s, 1H), 4.50 (d, J¼
7.0 Hz, 1H), 3.76 (s, 3H), 2.69–2.68 (m, 1H), 2.42–2.38
(m, 1H), 2.43–2.32 (m, 1H), 1.93–1.81 (m, 4H), 1.68–1.63
(m, 2H) ppm; 13C NMR (125 MHz, CDCl3): d 213.2,
158.9, 146.1, 133.3, 129.1, 128.5, 122.3, 115.0, 114.2,
57.9, 57.7, 55.4, 42.1, 31.6, 28.1, 23.9 ppm; MS (ESI) m/z
([M+Na]+) 366. Anal. Calcd for C20H22ClNO2: C, 69.86;
H, 6.45; N, 4.07. Found: C, 69.94; H, 6.41; N, 4.06.

4.3.10. 2-((4-Bromophenylamino)(4-methoxyphenyl)-
methyl)cyclohexanone (6j). Colorless solid: (anti/
syn¼95/5) mp 131–132 �C; IR (KBr) 3331, 1702, 1597,
1511, 1489, 1246 cm�1; 1H NMR (500 MHz, CDCl3):
d 7.25 (d, J¼8.6 Hz, 2H), 7.13 (d, J¼8.8 Hz, 2H), 6.83 (d,
J¼8.6 Hz, 2H), 6.40 (d, J¼8.8 Hz, 2H), 4.71 (s, 0.95H),
4.64 (s, 0.05H), 4.50 (d, J¼6.8 Hz, 0.95H), 4.49 (s,
0.05H), 3.76 (s, 3H), 2.71–2.68 (m, 1H), 2.42–2.38 (m,
1H), 2.34–2.32 (m, 1H), 1.94–1.80 (m, 4H), 1.68–1.63 (m,
2H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 213.2, 158.9, 146.5, 133.3, 131.9, 128.5, 115.5, 114.2,
109.4, 57.8, 57.7, 55.4, 42.1, 31.6, 28.1, 23.9; (minor iso-
mer): d 213.2, 158.9, 146.5, 133.3, 131.9, 128.8, 115.9,
114.0, 109.4, 57.8, 57.2, 56.6, 42.6, 29.0, 27.1, 25.0 ppm;
MS (ESI) m/z ([M+Na]+) 410. Anal. Calcd for C20H22BrNO:
C, 61.86; H, 5.71; N, 3.61. Found: C, 61.84; H, 5.72; N, 3.65.

4.4. General procedure for the synthesis of b-amino
carbonyl compounds 10

To the solution of PEG-bounded aldehyde 8 (2.0 g,
0.50 mmol) in DCM (10 ml) were added aniline (4 mmol),
carbonyl compound (8 mmol), and Zn(OTf)2 (3.6 mg,
0.01 mmol). The reaction mixture was stirred at room tem-
perature for 4 h. Then Et2O (40 ml) was added dropwise.
The resulting polymer 9 as a precipitate was collected by fil-
tration and then dissolved in methanol (5 ml). To the solution
was added 0.1 N MeONa in methanol (5 ml). The mixture
was stirred at room temperature for 5 h and then diluted
with Et2O (50 ml). After removing the precipitate by filtra-
tion, the filtrate was washed with saturated aqueous NaCl
solution and dried over Na2SO4. Removal of the solvent
afforded the crude product 10. Further purification of the
crude product for structural analysis was performed by silica
gel column chromatography (hexane–EtOAc, 10:1, v/v) and
recrystallization from hexane–EtOAc.

4.4.1. Methyl 4-((4-bromophenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10a). Colorless solid: (anti/
syn¼93/7) mp 145–146 �C; IR (KBr) 3371, 1724, 1703,
1590, 1496, 1284 cm�1; 1H NMR (500 MHz, CDCl3):
d 7.98 (d, J¼8.3 Hz, 2H), 7.43 (d, J¼8.8 Hz, 2H), 7.14 (d,
J¼8.3 Hz, 2H), 6.39 (d, J¼8.8 Hz, 2H), 4.87 (d, J¼5.1 Hz,
0.93H), 4.78 (m, 0.07H), 4.62 (s, 0.07H), 4.59 (m, 0.93H),
3.88 (s, 3H), 2.80–2.78 (m, 1H), 2.41–2.38 (m, 1H), 2.34–
2.32 (m, 1H), 1.91–1.90 (m, 3H), 1.71–1.66 (m, 3H) ppm;
13C NMR (125 MHz, CDCl3) (major isomer): d 212.4,
167.0, 147.0, 146.3, 132.1, 130.1, 129.5, 127.5, 115.4,
109.7, 58.4, 57.3, 52.3, 42.5, 32.1, 28.1, 24.4; (minor iso-
mer): d 212.4, 167.0, 147.0, 146.3, 132.0, 130.0, 129.5,
127.8, 115.9, 109.7, 57.6, 55.4, 52.3, 42.6, 28.8, 27.2,
25.1 ppm; MS (ESI) m/z ([M+1]+) 416. Anal. Calcd for
C21H22BrNO3: C, 60.59; H, 5.33; N, 3.36. Found: C,
60.61; H, 5.27; N, 3.43.

4.4.2. Methyl 4-((4-chlorophenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10b). Colorless solid: mp 133–
134 �C; IR (KBr) 3348, 3312, 1713, 1712, 1701, 1491,
1278 cm�1; 1H NMR (500 MHz, CDCl3): d 8.00 (d, J¼
8.3 Hz, 2H), 7.43 (d, J¼8.3 Hz, 2H), 7.01–7.00 (m, 2H),
6.43–6.40 (m, 2H), 4.85 (d, J¼5.6 Hz, 1H), 4.60 (t,
J¼5.9 Hz, 1H), 3.88 (s, 3H), 2.80–2.78 (m, 1H), 2.40–2.32
(m, 2H), 2.00–1.98 (m, 1H), 1.91–1.89 (m, 2H), 1.76–1.66
(m, 3H) ppm; 13C NMR (125 MHz, CDCl3): d 212.4,
167.0, 147.0, 145.8, 130.1, 129.5, 129.2, 127.5, 122.6,
114.9, 58.5, 57.3, 52.3, 42.5, 32.1, 28.1, 24.4 ppm; MS
(ESI) m/z ([M+1]+) 372. Anal. Calcd for C21H22ClNO3: C,
67.83; H, 5.96; N, 3.77. Found: C, 67.84; H, 5.95; N, 3.86.

4.4.3. Methyl 4-((3-bromophenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10c). Colorless solid: (anti/syn¼
85/15) mp 134–135 �C; IR (KBr) 3403, 1721, 1698, 1597,
1508, 1273 cm�1; 1H NMR (500 MHz, CDCl3): d 8.00–
7.97 (m, 2H), 7.44–7.41 (m, 2H), 6.92–6.88 (m, 1H),
6.75–6.73 (m, 1H), 6.67–6.65 (m, 1H), 6.42–6.40 (m, 1H),
4.95 (d, J¼7.4 Hz, 0.85H), 4.79 (m, 0.15H), 4.68 (m,
0.15H), 4.60 (t, J¼6.6 Hz, 0.85H), 3.90 (s, 0.45H), 3.89 (s,
2.55H), 2.81–2.79 (m, 1H), 2.41–2.32 (m, 2H), 2.01–1.99
(m, 1H), 1.94–1.89 (m, 2H), 1.76–1.66 (m, 3H) ppm; 13C
NMR (125 MHz, CDCl3) (major isomer): d 212.4, 167.0,
148.6, 146.9, 130.7, 130.1, 129.5, 127.5, 123.3, 120.8,
116.4, 112.3, 58.2, 57.3, 52.3, 42.5, 32.2, 28.1, 24.5; (minor
isomer): d 211.0, 167.0, 148.6, 146.6, 130.6, 130.0, 129.5,
127.8, 123.2, 121.0, 117.0, 112.7, 57.4, 56.3, 52.3, 42.6,
28.9, 27.1, 25.1 ppm; MS (ESI) m/z ([M+1]+) 416. Anal.
Calcd for C21H22BrNO3: C, 60.59; H, 5.33; N, 3.36. Found:
C, 60.53; H, 5.32; N, 3.41.

4.4.4. Methyl 4-((3-chlorophenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10d). Colorless solid: (anti/syn¼
83/17) mp 137–138 �C; IR (KBr) 3403, 1721, 1700, 1600,
1272 cm�1; 1H NMR (500 MHz, CDCl3): d 8.00 (d,
J¼8.3 Hz, 2H), 7.44 (d, J¼8.3 Hz, 2H), 6.97 (t, J¼8.0 Hz,
1H), 6.60–6.59 (m, 1H), 6.50–6.48 (m, 1H), 6.38–6.37 (m,
1H), 4.96 (d, J¼7.4 Hz, 0.83H), 4.80–4.79 (m, 0.13H),
4.70 (d, J¼6.6 Hz, 0.17H), 4.61 (t, J¼7.4 Hz, 0.83H), 3.90
(s, 0.51H), 3.89 (s, 2.49H), 2.81–2.79 (m, 1H), 2.41–2.32
(m, 2H), 2.02–1.99 (m, 1H), 1.93–1.89 (m, 2H), 1.77–1.69
(m, 3H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 212.4, 167.0, 148.5, 146.9, 135.1, 130.3, 130.1, 129.5,
127.8, 117.9, 113.5, 112.0, 58.2, 57.3, 52.3, 42.5, 32.2,
28.1, 24.4; (minor isomer): d 211.0, 167.0, 148.5, 146.6,
135.0, 130.3, 130.0, 129.5, 127.5, 118.1, 114.0, 112.4,
57.4, 56.3, 52.3, 42.6, 28.9, 21.1, 25.1 ppm; MS (ESI) m/z
([M+1]+) 372. Anal. Calcd for C21H22ClNO3: C, 60.83; H,
5.96; N, 3.77. Found: C, 60.83; H, 5.94; N, 3.80.

4.4.5. Methyl 4-((2-oxocyclohexyl)(phenylamino)-
methyl)benzoate (10e). Colorless solid: (anti/syn¼71/29)
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mp 104–105 �C; IR (KBr) 3410, 1719, 1698, 1602,
1277 cm�1; 1H NMR (500 MHz, CDCl3): d 7.97–7.95 (m,
2H), 7.45–7.43 (m, 2H), 7.07–7.04 (m, 2H), 6.66–6.62 (m,
1H), 6.52–6.50 (m, 2H), 4.83 (s, 0.29H), 4.78 (s, 0.71H),
4.67 (d, J¼6.2 Hz, 0.71H), 4.54 (s, 0.29H), 3.87 (s, 3H),
2.81–2.77 (m, 1H), 2.43–2.29 (m, 2H), 2.04–2.03 (m, 1H),
1.96–1.89 (m, 2H), 1.72–1.58 (m, 3H) ppm; 13C NMR
(125 MHz, CDCl3) (major isomer): d 212.4, 167.1, 147.5,
147.2, 130.0, 129.3, 129.2, 127.6, 118.0, 113.8, 58.1, 57.4,
52.2, 42.3, 31.8, 28.0, 24.3; (minor isomer): d 211.1,
167.1, 147.4, 147.3, 129.9, 129.3, 129.2, 127.9, 118.2,
114.3, 57.5, 56.6, 52.2, 42.6, 28.9, 27.2, 25.1 ppm;
MS (ESI) m/z ([M+1]+) 338. Anal. Calcd for C21H23NO3:
C, 74.75; H, 6.87; N, 4.15. Found: C, 74.75; H, 6.84;
N, 4.22.

4.4.6. Methyl 4-((m-toluidino)(2-oxocyclohexyl)methyl)-
benzoate (10f). Colorless solid: (anti/syn¼88/12) mp 97–
98 �C; IR (KBr) 3411, 1720, 1700, 1605, 1271 cm�1; 1H
NMR (500 MHz, CDCl3): d 8.00–7.98 (m, 2H), 7.49–7.46
(m, 2H), 6.98 (d, J¼7.8 Hz, 1H), 6.50–6.48 (m, 1H), 6.39
(s, 1H), 6.33–6.31 (m, 1H), 4.86 (br s, 1H), 4.85 (d,
J¼4.3 Hz, 0.12H), 4.68 (d, J¼6.3 Hz, 0.88H), 3.90 (s,
3H), 2.83–2.80 (m, 1H), 2.45–2.40 (m, 1H), 2.36–2.34 (m,
1H), 2.20 (s, 3H), 1.99–1.90 (m, 3H), 1.79–1.68 (m,
3H) ppm; 13C NMR (125 MHz, CDCl3) (major isomer):
d 212.5, 167.1, 147.5, 147.0, 139.1, 130.0, 129.2, 127.6,
119.1, 114.8, 110.8, 58.2, 57.3, 52.3, 42.3, 31.8, 28.1,
24.2; (minor isomer): d 211.1, 167.2, 147.5, 147.3, 139.0,
129.9, 129.1, 127.8, 119.2, 115.2, 111.2, 57.4, 56.6, 52.3,
42.6, 28.9, 27.2, 25.1 ppm; MS (ESI) m/z ([M+1]+) 352.
Anal. Calcd for C22H25NO3: C, 75.19; H, 7.17; N, 3.99.
Found: C, 75.20; H, 7.14; N, 4.02.

4.4.7. Methyl 4-((4-methoxyphenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10g). Gray solid: mp 121–
122 �C; IR (KBr) 3417, 1718, 1690, 1514, 1276 cm�1; 1H
NMR (500 MHz, CDCl3): d 7.97 (d, J¼8.1 Hz, 2H), 7.45
(d, J¼8.1 Hz, 2H), 6.67 (d, J¼8.8 Hz, 1H), 6.47 (d,
J¼8.8 Hz, 2H), 4.60 (d, J¼6.6 Hz, 1H), 4.50 (s, 1H), 3.88
(s, 3H), 3.67 (s, 3H), 2.76–2.74 (m, 1H), 2.44–2.40
(m, 1H), 2.34–2.32 (m, 1H), 1.97–1.95 (m, 1H), 1.90–1.86
(m, 3H), 1.68–1.65 (m, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d 212.4, 167.0, 152.4, 147.6, 141.2, 129.9, 129.2,
127.6, 115.3, 114.8, 59.0, 57.3, 55.7, 52.1, 42.1, 31.6,
27.9, 24.1 ppm; MS (ESI) m/z ([M+1]+) 368. Anal. Calcd
for C22H25NO4: C, 71.91; H, 6.86; N, 3.81. Found: C,
71.81; H, 6.86; N, 3.99.

4.4.8. Methyl 4-((4-fluorophenylamino)(2-oxocyclo-
hexyl)methyl)benzoate (10h). Colorless solid: (anti/syn¼
92/8) mp 130–131 �C; IR (KBr) 3411, 1719, 1701, 1511,
1276 cm�1; 1H NMR (500 MHz, CDCl3): d 8.00–7.98 (m,
2H), 7.46–7.43 (m, 2H), 6.78–6.74 (m, 2H), 6.44–6.42 (m,
2H), 4.80 (s, 0.8H), 4.68 (s, 0.92H), 4.58 (d, J¼6.4 Hz,
1H), 3.88 (s, 3H), 2.77–2.75 (m, 1H), 2.43–2.39 (m, 1H),
2.36–2.33 (m, 1H), 2.20–1.97 (m, 1H), 1.89–1.87 (m, 2H),
1.78–1.66 (m, 3H) ppm; 13C NMR (125 MHz, CDCl3)
(major isomer): d 212.5, 167.0, 157.0 (d, JC–F¼234.5 Hz),
147.3, 143.6, 130.1, 129.4, 127.6, 115.9 (d, JC–F¼
21.9 Hz), 114.9 (d, JC–F¼7.6 Hz), 59.0, 57.4, 52.3, 42.4,
31.9, 28.1, 24.4; (minor isomer): d 211.2, 167.0, 157.0 (d,
JC–F¼234.5 Hz), 147.3, 143.6, 130.0, 129.3, 127.8, 115.8
(d, JC–F¼22.1 Hz), 115.4 (d, JC–F¼7.5 Hz), 58.2, 56.6,
52.3, 42.6, 28.7 27.2, 25.1 ppm; MS (ESI) m/z ([M+1]+)
356. Anal. Calcd for C21H22FNO3: C, 70.97; H, 6.24; N,
3.94. Found: C, 70.96; H, 6.23; N, 3.98.

4.4.9. Diethyl 2-((4-(methoxycarbonyl)phenyl)(phenyl-
amino)methyl)malonate (10j). Colorless solid: mp 105–
106 �C; IR (KBr) 3398, 1751, 1720, 1700, 1605,
1271 cm�1; 1H NMR (500 MHz, CDCl3): d 7.97–7.95 (m,
2H), 7.45–7.43 (m, 2H), 7.07–7.04 (m, 2H), 6.67–6.63 (m,
1H), 6.52–6.50 (m, 2H), 6.10 (t, J¼11.0 Hz, 1H), 4.96 (d,
J¼11.1 Hz, 1H), 4.55 (d, J¼10.7 Hz, 1H), 4.22–4.17 (m,
2H), 4.02–3.97 (m, 2H), 3.87 (s, 3H), 1.22 (t, J¼7.2 Hz,
3H), 1.05 (t, J¼7.2 Hz, 3H) ppm; 13C NMR (125 MHz,
CDCl3): d 167.5, 167.1, 166.5, 147.5, 147.2, 130.0, 129.3,
129.2, 127.6, 123.0, 118.0, 113.8, 62.1, 61.8, 56.4, 53.7,
52.3, 14.2, 13.9 ppm; MS (ESI) m/z ([M+1]+) 400. Anal.
Calcd for C22H25NO6: C, 66.15; H, 6.31; N, 3.51. Found:
C, 66.16; H, 6.29; N, 3.50.

4.4.10. Diethyl 2-((4-bromophenylamino)(4-(methoxy-
carbonyl)phenyl)methyl)malonate (10k). Colorless solid:
mp 140–141 �C; IR (KBr) 3398, 1729, 1703, 1596, 1496,
1284 cm�1; 1H NMR (500 MHz, CDCl3): d 7.98 (d,
J¼8.4 Hz, 2H), 7.43 (d, J¼8.7 Hz, 2H), 7.14 (d, J¼8.4 Hz,
2H), 6.39 (d, J¼8.7 Hz, 2H), 6.21 (t, J¼11.2 Hz, 1H), 5.01
(d, J¼11.3 Hz, 1H), 4.67 (d, J¼10.8 Hz, 1H), 4.24 (q,
J¼7.2 Hz, 2H), 4.01 (q, J¼7.2 Hz, 2H), 3.88 (s, 3H), 1.24
(t, J¼7.2 Hz, 3H), 1.06 (t, J¼7.2 Hz, 3H) ppm; 13C NMR
(125 MHz, CDCl3): 167.5, 167.0, 166.5, 147.5, 147.0,
132.1, 130.1, 129.5, 127.5, 115.0, 110.0, 62.1, 61.8, 56.4,
53.7, 52.3, 14.2, 13.9 ppm; MS (ESI) m/z ([M+1]+) 478.
Anal. Calcd for C22H24BrNO6: C, 55.24; H, 5.06; N, 2.93.
Found C, 55.25; H, 5.06; N, 2.92.
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Abstract—Two new abietane diterpenes cordioic acid and cordifolic acid were isolated from the methanolic extract of Cordia latifolia stem
bark. The structures of these diterpenes were elucidated using spectroscopic techniques. To the best of our knowledge, this is the first instance
of isolation of diterpenoids from this source. Furthermore, cordifolic acid is a rare 2,3-seco-abietane suggestive of its biogenesis from 3-keto-
analogue.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cordia latifolia (Boraginaceae) is a small deciduous tree
growing nearly all over the Indo–Pak subcontinent. Practi-
cally every part of the tree is reported for its medicinal value
in the indigenous system of medicine1 and thus various
groups of workers undertook studies on its chemical constit-
uents and reported different classes of compounds, which in-
clude fatty acids,2 sterols,3 carbohydrate,4–6 flavanone and
flavanone glycosides,7–11 triterpenoids and glycosides12,13

and pyrrolizidine alkaloids.14

In the present study, two new abietane diterpenes cordioic
acid (1) and cordifolic acid (2) were isolated from the meth-
anolic extract of C. latifolia stem bark and their structures
were determined by spectroscopic analysis.

2. Results and discussion

The molecular formula of compound 1 was established
through HREIMS, which showed the molecular ion peak
at m/z 330.1840 corresponding to the molecular formula
C20H26O4 (eight degrees of unsaturation). The IR spectrum
displayed absorption bands attributable to carboxyl group
(3100–2500 br, 1725 cm�1), benzene ring (1599–1407 cm�1,
four peaks) and geminal methyls (1381 cm�1). The 1H NMR
spectrum (Table 1) indicated the presence of an aromatic
isopropyl moiety at d 1.20 (6H, d, J¼7.0 Hz), 2.80 (1H,
septet, J¼7.0 Hz), three aromatic protons at 7.14 (1H, d,
J¼8.1 Hz), 6.97 (1H, br d, J¼8.1 Hz) and 6.86 (1H, br s)
and one methyl singlet at d 1.26 (3H, s).

* Corresponding author. Tel.: +92 21 4824935; fax: +92 21 4819018/9;
e-mail: bina@khi.comsats.net.pk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.043
The 13C and DEPT NMR spectra (Table 1) suggested that 1
was a diterpenoid with a total of twenty carbons consisting of
three methyls, five methylenes, five methines (including
three aromatic CH) and seven quaternary carbons (including
three aromatic and two carbonyl carbons). In the 1H–1H
COSY spectrum, cross peaks between H-15 (d 2.80) and
the methyl protons at d 1.20 (H-16, H-17) revealed that
two methyls and one methine are part of an isopropyl group.
The 13C NMR spectrum further showed the presence of two
carboxylic carbonyls at d 183.3 and 183.4 and six aromatic
carbons at d 133.3 (C-8), 146.7 (C-9), 124.1 (C-11), 123.8
(C-12), 145.7 (C-13) and 126.9 (C-14). A detailed analysis
of 1H–1H COSY, HMQC and HMBC spectra revealed that
1 is an abietane diterpenoid.15,16 These structural features
were supported by the HMBC spectrum in which cross peaks
were observed for correlations between H-5 (d 2.22) and C-3
(d 36.7), C-4 (d 47.3), C-6 (d 21.7), C-7 (d 29.9), C-9 (d
146.7), C-10 (d 51.4), C-18 (d 183.3/183.4), C-19 (d 16.2)
and C-20 (d 183.3/183.4) and between H-15 (d 2.80) and
C-12 (d 123.8), C-13 (d 145.7), C-14 (d 126.9) and C-16/
C-17 (d 23.9) (Table 1). In the light of these observations
the structure of compound 1 (Fig. 1) was established as
abieta-8,11,13-trien-18,20-dioic acid. The assignments of
proton and carbon nuclei are based on 2D NMR and compare
well with the published values of similar partial struc-
tures,15–17 which were also supportive for the carboxyl
groups at C-4 and C-10. The values of C-4, C-5 and C-19
were particularly helpful in assigning the a disposition of
the carboxyl group at C-4.17

The composition of 2 as C20H28O2 (seven degrees of unsatu-
ration) was evident from the molecular ion peak at m/z
300.2078 in the HREIMS spectrum. The IR spectrum
displayed absorption bands attributable to carboxyl group
(–O–H str., 3200–2500 cm�1 br; carbonyl str., 1720 cm�1),
benzene ring (1634–1459 cm�1) and geminal methyls

mailto:bina@khi.comsats.net.pk
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Table 1. 1H and 13C NMR data of compound 1 in CDCl3
a

Proton dCb
dHc,d 1H–1H COSY HMBC (H/C)

1 36.7 1.49–2.28 (m) H-2 C-5, C-20
2 18.5 1.71, 1.82 (m) H-1, H-3 C-1
3 37.9 1.49–2.28 (m) H-2 —
4 47.3 — — —
5 44.6 2.22 (dd, 12.2, 2.5) H-6 C-1, C-3, C-4, C-9, C-18
6 21.7 1.83, 1.85 (m) H-5, H-7 C-5, C-7
7 29.9 2.65, 2.70 (m) H-6 C-6, C-8
8 133.3 — — —
9 146.7 — — —
10 51.4 — — —
11 124.1 7.14 (d, 8.1) H-12 C-8, C-12, C-13
12 123.8 6.97 (br d, 8.1) H-11, H-14 C-9, C-11, C-13, C-14, C-15
13 145.7 — — —
14 126.9 6.86 (br s) — C-8, C-15
15 33.4 2.80 (septet, 7.0) H-16, H-17 C-12, C-13, C-14, C-16/C-17
16 23.9 1.20 (d, 7.0) H-15 C-13
17 23.9 1.20 (d, 7.0) H-15 C-13
18 183.3e — — —
19 16.2 1.26 (s) — C-3, C-4, C-5, C-18,
20 183.4e — — —

a Assignments based on 1H–1H COSY, HMQC and HMBC experiments.
b Recorded at 125 MHz.
c Recorded at 500 MHz.
d Multiplicity and J values in hertz are given in parenthesis.
e Values may be interchanged.
(1383 cm�1). The 1H NMR spectrum revealed the reso-
nances for a terminal double bond [d 4.86 (1H, d, J¼
10.4 Hz), 4.83 (1H, d, J¼17.2 Hz) and 5.68 (1H, dd,
J¼17.2, 10.4 Hz)], three aromatic protons [d 7.08 (1H,
d, J¼8.1 Hz), 6.90 (1H, br d, J¼8.0 Hz) and d 6.79 (1H,
br s)] suggestive of an ortho–ortho and ortho–meta coupled
aromatic ring system, an isopropyl group [d 1.13 (6H, d,
J¼6.8 Hz) and 2.73 (1H, septet, J¼6.8 Hz)] and three methyl
singlets [d 1.10 (3H, s), 1.12 (3H, s) and 1.17 (3H, s)]. These
proposals were supported by the 13C NMR (broad band)
DEPT spectra, which exhibited twenty carbons including
five methyls, three methylenes (including one sp2), six
methines (including four sp2) and six quaternary (including
one carboxyl and three aromatic carbons).

Detailed analysis of the 1H–1H COSY and HMQC spectra
of 2 demonstrated four structural units, three with corre-
lated protons: –CH(CH3)2 (isopropyl), –5CH–6CH2–7CH2–,
2CH2]1CH_ and an ortho–ortho, ortho–meta coupled
aromatic system as shown in Figure 2. These units were
combined on the basis of heteronuclear multiple bond cor-
relation (HMBC) (Table 2), which clarified the structure of
2 as 2,3-seco-abieta-1,8,11,13-tetraen-3-oic acid.

The stereochemistry of various centres was deduced from
NOESY correlations, which were present between H-5/
H-1, H-5/H-2, H-5/H-18 and H-19/H-20.
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Figure 1. Structure of cordioic acid.
Compound 2 is a rare example of ring A seco-abietane
derivative18,19 and offers its interesting possible biogene-
sis through a Baeyer–Villiger oxidation of the 3-ketone
followed by a fragmentation of the lactone to generate a
carboxylic acid and an alkene.

3. Experimental

3.1. General experimental procedures

Column chromatography was carried out by using silica gel
60 (Merck Kieselgel 60, 70–230 mesh). TLC was taken on
silica gel 60 PF254 (Merck); detection under UV lamp (lmax

254, 366) and with I2 spray. UV spectra were obtained using
a Hitachi-U-3200 spectrophotometer. IR spectra were re-
corded on a Jasco A-302 spectrophotometer. NMR spectra
were measured on Bruker AMX-500 spectrophotometer at
300 K. Mass spectra were obtained using Finnigan-Mat-
311A spectrometer. Preparative HPLC was carried out on
JAI LC-908W normal phase, column silica 12 nm, 20 cm�
250 nm, by using CHCl3 as a mobile phase; loop was 3 ml;
flow rate was 8.0 ml/min.

3.2. Plant material

The aerial parts of C. latifolia were collected from Karachi
region during 2001 and identified by Mr. Jan-e-Alam,
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Figure 2. Structure of cordifolic acid (2).
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Table 2. 1H and 13C NMR data of compound 2 in CDCl3
a

Proton dCb
dHc,d 1H–1H COSY HMBC (H/C)

1 147.2 5.68 (dd, 17.2, 10.4) H-2 C-10, C-20
2a 112.6 4.86 (d, 10.4) H-1 C-1, C-10
2b 4.83 (d, 17.2)
3 181.5 — — —
4 47.0 — — —
5 48.8 1.85 (dd, 13.5, 3.0) H-6 C-4, C-20
6 18.8 1.65, 1.70 (m) H-5, H-7 —
7 29.6 2.62, 2.69 (m) H-6 C-9
8 134.6 — — —
9 146.9 — — —
10 50.5 — — —
11 124.0 7.08 (d, 8.1) H-12 C-9, C-12, C-13
12 123.7 6.90 (br d, 8.07) H-11 C-9, C-11, C-14
13 145.6 — — —
14 126.7 6.79 (br s) — C-9, C-12
15 33.4 2.73 (septet, 6.8) H-17 C-13
16/17 24.9 1.13 (d, 6.8) H-15 C-13, C-15
18 29.3 1.17 (s) — C-3
19 23.8 1.10 (s) — C-3, C-4
20 16.8 1.12 (s) — C-1, C-9

a Assignments based on 1H–1H COSY, HMQC and HMBC experiment.
b Recorded at 125 MHz.
c Recorded at 500 MHz.
d Multiplicity and J values in hertz are given in parenthesis.
Department of Botany, University of Karachi. A voucher
specimen (G.H. No. 68223) has been deposited in the her-
barium of the same department. The bark of the stem was
cut using hand chopper.

3.3. Extraction and isolation

The stem bark (5 kg) of C. latifolia was repeatedly (4�15 l)
extracted with MeOH at room temperature. The combined
methanolic extract was freed of the solvent in vacuo to a thick
syrup, which was partitioned between EtOAc and H2O. The
EtOAc layer was washed with H2O, dried (anhydrous
Na2SO4) and evaporated under reduce pressure to give
a gummy residue (400 g). It was divided into n-hexane sol-
uble and insoluble fractions.

The n-hexane soluble fraction was extracted with 90% aq
MeOH, which was extracted out with EtOAc after adding sa-
line. The EtOAc phase was dried over Na2SO4 (anhydrous)
and concentrated under vacuum. The residue left was divided
into CHCl3 soluble and insoluble fractions. The CHCl3 solu-
ble (100 g) fraction was subjected to gravity column chroma-
tography (Merck Kieselgel 60, 70–230 mesh, 1500 g), which
was eluted with CHCl3, CHCl3–MeOH in increasing order of
polarity. As a result various fractions were obtained, which
were combined on the basis of TLC to ultimately afford 37
fractions. Fraction 7 (50 mg) was purified over precoated sil-
ica gel 60 F254 aluminium sheets (20�10 cm; Merck) devel-
oped with n-hexane–EtOAc (7:3). Four bands were separated
with the upper most band as the major component. It was fur-
ther purified through HPLC to furnish compound 1 (12.0 mg)
(JAI LC-908W, CHCl3 as mobile phase, retention time
16 min). Fraction 19 (43.7 mg) was also purified over the
same silica gel precoated sheets using n-hexane–EtOAc
(7:3) solvent system affording three bands. Of these, the sec-
ond band (27.4 mg) was further purified through HPLC to
furnish 2 (15.2 mg) (JAI LC-908W, CHCl3 as mobile phase,
retention time 24 min).
3.4. Characteristics of each terpenoid

3.4.1. Cordioic acid (1). Amorphous solid; [a]D
27 +48.8 (c

0.15, CHCl3); UV (MeOH) lmax (log 3) 288 (3.19), 266
(2.15) nm; IR (film) nmax 3100–2500 br, 2927, 2858, 1725,
1599, 1527, 1449, 1407, 1381, 1275 cm�1; 1H and 13C
NMR data, see Table 1; HREIMS m/z 330.1840 [M+] (calcd
for C20H26O4, 330.1831).

3.4.2. Cordifolic acid (2). Amorphous solid; [a]D
27 +76.3

(c 0.25, CHCl3); UV (MeOH) lmax (log 3) 290 (3.24), 267
(1.95) nm; IR (film) nmax 3200–2500 br, 1634, 1601, 1459,
1383, 1277 cm�1; 1H and 13C NMR data, see Table 2;
HREIMS m/z 300.2078 [M+] (calcd for C20H28O2,
300.2089).
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Abstract—Sodium dithionite initiated free-radical addition of polyfluoroalkyl iodides (2m–2s) with norbornene 1a and its derivatives, such
as norbornene-2-carboxylates 1b and 1c, and norbornene-2-carboxylic acids 1d and 1e was investigated. In all the cases, the addition of RF

group was stereoselectively delivered at exo-position and the predominant configuration of products was trans. Under the similar condition,
norbornene-2-carboxylic ethyl ester 1b reacted with 2p to give 6-exo-RF-5-endo-iodo adduct 3bp and 5-exo-RF-6-endo-iodo adduct 5bp in the
ratio of 4:1. While 1c, which has a heavy crowded group in the 2-endo-position, gave 6-exo-RF-5-endo-iodo adduct 3cp and polyfluoro-
alkylated product 4cp retaining the trans-configuration and the exo-orientation of RF group. The fluoroalkylation–lactonization reaction
occurred in the reaction of norbornene-2-endo-carboxylic acids 1d and 1e with polyfluoroalkyl iodides to afford the corresponding fluoro-
alkylated g-lactone products (7dp–7ds, and 7em–7er). The configuration of the products was further confirmed by 2D NMR and X-ray
diffraction analyses for the first time.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The free-radical addition reaction of polyfluoroalkyl iodides
with unsaturated compounds, such as olefins and alkynes,
was an important method to prepare fluorinated compounds,
which could usually be initiated by high temperature, UV,
peroxide, metals, metal complexes, etc.1 The reactions initi-
ated by the sulfinatodehalogenated reagents, such as sodium
dithionite, sodium disulfite, Rongalite, thiourea dioxide, and
so on, have been extensively studied in our laboratory.2 This
reaction and its applications in industry have been described
in many literatures,3 however, the stereochemistry of this
addition reaction, which played important roles in its theo-
retical chemistry and industrial utility, had seldom been
mentioned. Accordingly, we had paid much attention to it
and hoped to do some research in this aspect. Norbornene
and its derivatives were usually chosen for the investigation
of stereoselective addition of electrophiles at the double
bond due to its special spatial structure,4 however, the addi-
tion of norbornene analogs with polyfluoroalkyl iodides
was examined in few cases in the literature. Brace investi-
gated the reaction of norbornene and its symmetrical 2,3-
dicarboxylic acid derivatives with polyfluoroalkyl iodides
and pointed out that the configuration of the adducts was
determined by the steric and electronic factor of the sub-
strates and the reaction conditions,5 therefore the high
stereoselective addition might be reasonable by using the

* Corresponding author. E-mail: wfh@ecust.edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.042
asymmetrical substrates under mild reaction conditions.
Herein we investigated the regio- and stereoselectivity of
the radical anion addition of polyfluoroalkyl iodides with
norbornene and some asymmetrical derivatives initiated by
sodium dithionite.

2. Results and discussion

2.1. The reaction of norbornene 1a with polyfluoroalkyl
iodide

The reaction of norbornene 1a with polyfluoroalkyl iodides
was investigated at first. In the presence of sodium dithionite
and sodium bicarbonate, the free-radical addition of RFI
(2m–2q) to norbornene 1a occurred smoothly at room tem-
perature in aqueous acetonitrile solution (CH3CN–H2O¼3:1
(v/v)), after usual workup only trans-adduct with RF at the
exo-position (3am–3aq) was isolated in 63–91% yields by
column chromatography (Scheme 1 and Table 1), which
were consistent with the results reported by Brace.5a,b The
heavy steric hindrance of RF led to its attacking at the double
bond from the exo-position of 1a followed by the endo-
oriented attack of iodine. By changing RFI to uncrowded
ethyl iododifluoroacetate (2r) the mixture of trans-adduct
(3ar) and cis-adducts (4ar) was obtained in 87% overall
yield in the ratio of 5:1 (Scheme 2). We had reported that
the addition of 2r with cyclopentene and cyclohexene gave
only trans-adduct for the former and cis–trans mixture

mailto:wfh@ecust.edu.cn


10092 F. Wu et al. / Tetrahedron 62 (2006) 10091–10099
(1:1.6) for the latter under the similar condition.6 It has been
reported that different ratio of trans- and cis-adducts was ob-
tained in the radical addition of ethyl bromoacetate with nor-
bornene bearing various steric substituents.5a,7 Therefore it
can be speculated that the mode of addition depends heavily
on the adding group and the structure of substrates in this
reaction.

The IR and 1H NMR spectra were usually utilized to deter-
mine the configuration of adducts in the literatures,5a,b

herein the stereo configuration of adducts was determined
via 2D NMR spectrum. Compound 3ap (Fig. 1) was taken
as a typical example for the configuration analyses of com-
pounds 3. The assignment of the chemical shift in 1H NMR
was accomplished by the analysis of 1H NMR, 13C NMR,
DEPT, HMBC, HMQC, etc. The observation of strong cor-
relativity of H1–H2 and no obvious correlativity of H3–H4
in 1H–1H COSY combined with interaction of H2–H7s
and no or weak interaction of H3–H7s in NOESY

Table 1. Addition of norbornene with RFI

Entry Substrates RFI Products Configuration Yields
(%)

RF RF/I

1 1a 2m 3am exo trans 78
2 1a 2n 3an exo trans 82
3 1a 2o 3ao exo trans 87
4 1a 2p 3ap exo trans 87
5 1a 2q 3aq exo trans 91
6 1a 2r 3ar–4ar (5:1) exo trans+cis 87

RFI+
Na2S2O4/NaHCO3

RF

I

1a 2m~2q
3am~3aq

RF = Cl(CF2)n   n=2, m; n=4, p; n=8, q
        F(CF2)n     n=3, n; n=6; s
       (CF3)2CF o

       CF2CO2E r

Scheme 1.

RFI+ Na2S2O4/NaHCO3

RF

I
1a 2r 3ar

RF = r: CF2CO2Et

RF

I+

4ar

5 1:

Scheme 2.
demonstrated its trans-configuration with RF at exo-position
and iodine atom at endo-position.

2.2. The reaction of 5-norbornene-2-endo-carboxylic
acid ester 1b and 1c with RFI

When 1b reacted with 2p under the same condition, two
adducts 3bp and 5bp were obtained in the ratio of 4:1
(Table 2). Spectral data (1D and 2D NMR) showed that RF

was at the exo-position of C5 and iodine was at the endo-
position of C6 of norbornene in 3bp whereas RF was at
the exo-position of C5 and iodine was at the endo-position
of C6 in 5bp (Scheme 3).

RFI+

CO2Et

1b 2p 3bp

RF = p: Cl(CF2)4

+

5bp

4 :

CO2Et CO2Et

RF

IRF

I

1

Scheme 3.

In order to examine steric hindrance effect, norbornene-
2-endo-ester 1c, bicyclo[2.2.1]hept-5-ene-2-carboxylic acid-
4,4-dimethyl-2-oxo-tetrahydro-furan-3-yl ester, was allowed
to react with 2p (Scheme 4). Ester 1c was synthesized via
Diels–Alder addition of cyclopenta-1,3-diene with acrylic
acid 4,4-dimethyl-2-oxotetrahydro-furan-3-yl ester, which
was condensed from 3-hydroxy-4,4-dimethyl-dihydro-furan-
2-one and acryl chloride.10 The reaction of 1c with 2p
proceeded at room temperature in the water and acetonitrile
solution (v/v¼1:1), two products (5cp–6cp¼3:1) were
isolated by column chromatography (eluent: PE–EA¼30:1)
in 88% overall yield (Table 2).

C4F8Cl

I

H3n
H5n

H6n

H2x

H5x

H6x

H4

H4

H7sH7a

4

3

216

5

7 NOE

Figure 1.

Table 2. Addition of norbornene-2-endo-carboxylic ester with RFI

Entry Substrates RFI Products Configuration Overall
yields (%)

RF RF/I

1 1b 2p 3bp–5bp (4:1) exo trans 63
2 1c 2p 6cp–5cp (1:3) exo trans (5cp) 88
RFI+

CO2R

1c 2p 6cp

+

5cp

1 3:

CO2R CO2R
RF

I
RF

RF = p: Cl(CF2)4;
OO

R =

Scheme 4.
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Similar analyses of the spectral data (1D and 2D NMR)
showed that 5cp was a trans-adduct with RF at the exo-
position of C5 and iodine at the endo-position of C6 of
norbornene, and 6cp was the fluoroalkylated–deiodined
product with RF at the exo-position of C6 of norbornene,
which was formed via the addition of H atom (from the
solvent) to the C5 after the addition of RF to exo-position
of norbornene. To ascertain our deduction, the structure
was further confirmed by the X-ray crystallography of 5cp
and 6cp (Figs. 2 and 3).

Figure 2. ORTEP of compound 5cp.

Figure 3. ORTEP of compound 6cp.
It was observed from the crystallography of 6cp that the
6-endo-position of norbornene had been filled with the
crowded group (acrylic acid 40,40-dimethyl-20-oxo-tetra-
hydro-furan-30-yl ester) at 2-endo-position of norbornene,
and the exo-position of the norbornene was crowded with
great group C4F8Cl in the neighboring C3 and the 7-CH2

group, which make it hard for the bulky iodine atom to
approach the C6 from the endo or the exo-position of norborn-
ene, however, the media H2O molecule, which surrounded
the free-radical intermediate could attack the C6 of norborn-
ene to give compound 6cp.

2.3. The reaction of norbornene-carboxylic acid 1d and
2-methyl-norbornene-carboxylic acid 1e with RF

Besides the 6-exo-fluoroalkyl-5-endo-iodo adducts 5dp–5ds
and the fluoroalkylated compounds 6dp–6ds, the addition of
norbornene-2-endo-carboxylic acid 1d with polyfluoroalkyl
iodide gave the corresponding lactones 7dp–7ds (Scheme 5
and Table 3). Similarly in all the cases RF was added at
exo-position of norbornene and iodine atom was added at
endo-position. The lactone was produced via the iodolacto-
nization of the intermediate adduct 5-exo-fluoroalkyl-
6-endo-iodo-bicyclo[2.2.1]heptane-2-endo-carboxylic acid
under the basic condition. The double peak at dH¼4.95 ppm
in 1H NMR, the peak at dC¼78.7 ppm in 13C NMR, and
n¼1780 cm�1 in IR revealed that there existed the latcone
group in 7dp–7ds. All the same configurations were con-
firmed by the analysis of COSY and NOESY spectra for
7dp–7ds, 6dp–6ds, and 5dp–5ds and further by the crystal-
lography of 5ds (Fig. 4).

It is curious that there were no polyfluoroalkylated products
formed except the 5-exo-RF-latcone 7em–7ep and the 6-exo-
RF-5-endo-adduct 5em–5ep observed in the reaction of RFI
with 1e, which have much similar structure with 1d (Table 3
and Scheme 6). The ratio of 5em–5ep and 7em–7ep was
from 2.1:1.0 to 0.9:1.0 with 50–72% overall yields. The
crystallography of 5eo (Fig. 5) and 2D NMR spectra were
consistent with the trans-configuration of 5em–5ep and
7em–7ep with RF at the exo-position of norbornene.

Table 3. Addition of norbornene-2-endo-carboxylic acid with RFI

Entry Substrate RFI Product Configuration Yield
(%)

RF RF/I

1 1d 2p 5dp–6dp–7dp (1.0:1.1:0.8) exo trans (5dp) 70
2 1d 2q 5dq–6dq–7dq (1.0:1.5:0.3) exo trans (5dq) 52
3 1d 2s 5ds–6ds–7ds (1.0:1.1:0.8) exo trans (5ds) 58
4 1e 2n 5en–7en (1.0:1.0) exo trans (5en) 67
5 1e 2o 5eo–7eo (2.1:1.0) exo trans (5eo) 50
6 1e 2p 5ep–7ep (0.9:1.0) exo trans (5ep) 72
RFI

1d 5dp, 5dq, 5ds

+ +

6dp, 6dq, 6ds 7dp, 7dq, 7ds

COOH COOH

RF
I

COOH

RF

O
O

RF

+

RF = p: Cl(CF2)4; q: Cl(CF2)8; s: F(CF2)6

2p, 2q, 2s

Scheme 5.
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1e 5en, 5eo, 5ep

+

7en, 7eo, 7ep

COOH COOH

RF
I

O
O

RF

Me Me Me

RF = n: F(CF2)3; o: (CF3)2CF; p: Cl(CF2)4

RFI+

2n, 2o, 2p

Scheme 6.

Figure 4. ORTEP of 5ds.
2.4. Mechanism for the free-radical addition of norborn-
ene and its 2-substituted derivatives with RFI initiated
by Na2S2O4

According to the literatures,3c,5 the supposed mechanism
was described as following (Scheme 7): (1) RF� was
generated from RFI under the initiation of Na2S2O4, (2)
5-exo-RF intermediates A1 and 6-exo-RF intermediate A2

were produced by stereoselectively exo-oriented addition
of RF� to C]C of the norbornene and its derivatives, and
(3) 5-exo-RF-6-endo-iodo adduct B1 was produced from
the reaction of A1 with RFI and 6-exo-RF-5-endo-iodo
adduct B2 was produced from the reaction of A1 with RFI.
In this mechanism, the third step was the rate-determined
step, which was influenced by steric and electronic effect
of the substrate and adding group and played important roles
in the configuration of the adducts. For the uncrowded RFI
(e.g., ICF2COOEt), some cis-adducts were produced accom-
panying the trans-adducts and when the 2-endo-position
was taken by bulky group, an anion C1 was obtained by
transferring an electron to radical A1 from S2O4

2�, and
then the hydrogenated product B3 was obtained by the
abstraction of proton from H2O (Scheme 8). For norborn-
ene-2-carboxylic acids 1d and 1e, the lactone E was
obtained by base-catalyzed iodolactonization from the
adduct D1 (Scheme 8).
RF.

R2

R1.

.
R1

RFI

(major)

(appear when 
  RF is small)

H2O

 (appear when 
   R2 is bulky)

RFI (minor)

A1

A2

B1

B3

B4

R1

R2

RF

R2

RF

R2

R1

RF

I

R2

R1

RF

I

R2

R1

RF

R1

R2

RF

I

B2

Scheme 7. Mechanism proposed for this reaction.Figure 5. ORTEP of 5eo.

COOH

R1.

RF
RF.R1

COOH COOH

R1

RF
RFI

O
O

RF
OH-

B1 D1 E

I

R2

R1

RF

R2

R1.

RF
RF.R1

R2 R2

R1-

RF
H2OS2O4

2-

A1 C1 B3

Scheme 8. Mechanism proposed for the production of hydrogenated product and lactonizated product.
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Generally we concluded that the free-radical addition reac-
tion of norbornene and its 2-substituted derivatives with
RFI initiated by sodium dithionite was of high regio- and
stereoselectivity with the addition of the RF group to exo-
position due to the narrow space of the endo-position of nor-
bornene and its 2-endo-derivatives. The main products were
of trans-configuration due to the heavily steric hindrance of
the neighboring RF group, which led to the predominant ad-
dition of iodine at the endo-position, and in some cases, the
polyfluoroalkylated products were produced in concomitant
with adducts. In the case of norbornene-2-endo-carboxylic
acids, polyfluoroalkylated lactones were obtained from the
polyfluoroalkylation–lactonization reaction of the adduct
5-exo-RF-6-endo-iodobicyclo[2.2.1]heptane-2-endo-carb-
oxylic acid under the basic condition.

3. Experimental

3.1. General

Melting points were measured in WRS-1B digital melting
point instrument. IR spectra were taken on a Nicolet FTIR
20sx IR spectrophotometer. 1H NMR spectra were measured
on a Bruker AC500 (500 MHz) spectrometer using TMS as
internal standard. 19F NMR spectra were taken on a Bruker
AC500 (500 MHz) spectrometer; chemical shifts are re-
ported as dCFCl3ðdCFCl3 ¼ dTFA � 76:8Þ, negative for upfield
shifts. Mass spectra were obtained on a Finnigan GC–MS
4021 spectrometer. X-ray data were measured at 293 K
on a Bruker SMART CCD diffractomer with graphite
monochromated Mok\a radiation. Column chromatography
was performed using silica gel H, particle size was
10–40 mm.

3.2. Typical experimental procedure for the reaction of
the norbornene 1a with RFI

Norbornene (10 mmol) and polyfluoroalkyl iodide
(12 mmol) were dissolved in the solution of water (10 mL)
and acetonitrile (10 mL). Sodium dithionite (3.7 g) and
sodium bicarbonate (1.85 g) were added to the solution.
The mixture was stirred at ambient temperature for 6 h.
When the reaction was accomplished, the mixture was
treated with water (ca. 50 mL). The mixture was extracted
with ether of 3�20 mL. The combined organic layers were
washed with saturated brine and dried over anhydrous
sodium sulfate. After the evaporation of ether, the crude
product was purified by column chromatography (PE–
EA¼200:1) to give products 3am–3ar and 4ar.

3.2.1. 3-exo-(2-Chloro-1,1,2,2-tetrafluoroethyl)-2-endo-
iodobicyclo[2.2.1]heptane (3am). Oil. IR (film): nmax

2980 (C–H), 1230 (C–F), 1150, 1080, 930, 800, 750, 640
(C–I) cm�1; 1H NMR (500 MHz, CDCl3): d 1.24–1.26
(2H, m, H-7, H-5), 1.56–1.58 (2H, m, H-6, H-5), 1.62–
1.67 (1H, m, H-7), 1.82–1.90 (1H, m, H-6), 2.20–2.32 (1H,
m, H-3), 2.38 (1H, s, H-4), 2.42 (1H, s, H-1), 4.15–4.25
(1H, m, H-2); 19F NMR (470.5 MHz, CDCl3): d �117.1
(2F, dd, J¼385.8, 268.2 Hz, CF2CF2Cl), �69.3 (2F, dd,
J¼240.0, 174.1 Hz, CF2Cl); 13C NMR (125.7 MHz,
CDCl3): d 27.3 (s, C-2), 28.2 (s, C-6), 30.4 (s, C-5), 35.6
(s, C-7), 38.8 (s, C-4), 45.4 (s, C-1), 56.0 (t, J¼20 Hz,
C-3), 115.5–118.0 (m, CF2), 119.0–124.7 (m, CF2Cl);
HRMS calcd for C9H10ClF4I: 355.9452, found: 355.9464.

3.2.2. 3-exo-(Heptfluoro-propyl)-2-endo-iodobicyclo-
[2.2.1]heptane (3an). Oil. IR (film): nmax 2980 (C–H),
1340, 1230 (C–F), 1180, 1110, 930, 740, 650 (C–I) cm�1;
1H NMR (500 MHz, CDCl3): d 1.24–1.26 (2H, m, H-7, H-
5), 1.56–1.60 (1H, m, H-6), 1.61–1.75 (2H, m, H-5, H-7),
1.80–1.90 (1H, m, H-6), 2.20–2.28 (1H, m, H-3), 2.36
(1H, s, H-4), 2.42 (1H, s, H-1), 4.20–4.26 (1H, m, H-2);
19F NMR (470.5 MHz, CDCl3): d�126.1 (2F, s, CF2CF3),
�119.1 (2F, dd, J¼1411.5, 277.8 Hz, CHCF2), �81.5 (3F,
t, J¼10.4 Hz, CF3); 13C NMR (125.7 MHz, CDCl3):
d 24.8 (s, C-2), 26.4 (s, C-6), 28.7 (s, C-5), 34.0 (s, C-7),
36.8 (s, C-4), 43.6 (s, C-1), 54.5 (t, J¼20.1 Hz, C-3),
106.0–120.5 (m, CF2CF2CF3); HRMS calcd for
C10H10F7I: 389.9716, found: 389.9720.

3.2.3. 3-exo-(Heptfluoroisopropyl)-2-endo-iodo-bicyclo-
[2.2.1]heptane (3ao). Oil. IR (film): nmax 2980 (C–H),
1300, 1220 (C–F), 1150, 1030, 970, 740, 650 (C–I) cm�1;
1H NMR (500 MHz, CDCl3): d 1.25–1.40 (2H, m, H-5,
H-7), 1.62–1.75 (3H, m, H-5, H-6, H-7), 1.80–2.00 (1H, m,
H-6), 2.25–2.31 (1H, m, H-3), 2.41 (1H, s, H-4), 2.43 (1H,
s, H-1), 4.30–4.50 (1H, m, H-2), 19F NMR (470.5 MHz,
CDCl3): d �75.8 (6F, d, J¼682.2 Hz, (CF3)2), �76.4 (1F,
m, CF); 13C NMR (125.7 MHz, CDCl3): d 28.5 (s, C-2),
28.7 (s, C-6), 31.3 (s, C-5), 35.3 (s, C-7), 39.1 (s, C-4),
46.1 (s, C-1), 55.6 (d, J¼18.9 HZ, C-3), 92.1 (dm,
J¼206.1, 30.8 Hz, CF), 121.7 (ddd, J¼576.0, 288.0,
28.9 Hz, (CF3)2); HRMS calcd for C10H10F7I: 389.9716,
found: 389.9717.

3.2.4. 3-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-
2-endo-iodo-bicyclo[2.2.1]heptane (3ap). Oil. IR (film):
nmax 2980 (C–H), 1230 (C–F), 1080, 760, 720, 640 (C–I)
cm�1; 1H NMR (500 MHz, CDCl3): d 1.20–1.40 (2H, m,
H-5, H-7), 1.50–1.68 (1H, m, H-6), 1.80–1.92 (2H, m,
H-5, H-7), 2.35–2.40 (1H, m, H-3), 2.44 (1H, s, H-4),
2.49 (1H, s, H-1), 4.31–4.35 (1H, m, H-2); 19F NMR
(470.5 MHz, CDCl3): d �120.9 (4F, m, CF2CF2), �118.8
(2F, m CHCF2), �68.8 (2F, m, CF2Cl); 13C NMR
(125.7 MHz, CDCl3): d 26.7 (s, C-2), 28.2 (s, C-6), 30.4
(s, C-5), 35.7 (s, C-7), 38.6 (s, C-4), 45.3 (s, C-1), 56.4 (t,
J¼20.1 Hz, C-3), 110.0–125.2 (m, (CF2)4); HRMS calcd
for C11H10ClF8I: 455.9388, found: 455.9407.

3.2.5. 3-exo-(8-Chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexa-
decafluorooctyl)-2-endo-iodo-bicyclo[2.2.1]heptane
(3aq). White solid. Mp: 56–57 �C; IR (film): nmax 2980 (C–
H), 1220 (C–F), 1150, 840, 770, 670, 650 (C–I) cm�1; 1H
NMR (500 MHz, CDCl3): d 1.31–1.33 (2H, m, H-7, H-5),
1.60–1.65 (1H, m, H-6), 1.68–1.72 (2H, m, H-5, H-7),
1.80–1.90 (1H, m, H-6), 2.35–2.38 (1H, m, H-3), 2.44
(1H, s, H-4), 2.49 (1H, s, H-1), 4.30–4.33 (1H, m, H-2);
19F NMR (470.5 MHz, CDCl3): d �122.7 (6F, m, 3�CF2),
�122.2 (2F, m, CF2), �121.8 (2F, m, CF2), �121.1 (2F,
m, CF2), �118.2 (2F, dd, J¼1270.4, 282.3 Hz, CHCF2),
�69.0 (2F, m, CF2Cl); 13C NMR (125.7 MHz, CDCl3):
d 26.0 (s, C-2), 27.5 (s, C-6), 29.7 (s, C-5), 35.0 (s, C-7),
37.9 (s, C-4), 44.6 (s, C-1), 57.7 (t, J¼20.1 Hz, C-3),
108.7–124.2 (m, (CF2)8); HRMS calcd for C15H10ClF16

(M�I): 529.0216, found: 529.0222.
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3.2.6. 3-exo-Difluoro-(2-endo-iodo-bicyclo[2.2.1]hept-3-
yl)-acetic acid ethyl ester (3ar). Oil. IR (film): nmax 2980,
2900, 1770 (s, ester), 1450, 1310, 1080, 850, 780 cm�1;
1H NMR (500 MHz, CDCl3): d 1.25–1.31 (1H, m, H-7,
H-5), 1.38 (3H, t, J¼7.1 Hz, CH3), 1.60–1.62 (1H, m,
H-6), 1.63–1.65 (1H, m, H-5), 1.68–1.70 (1H, m, H-7),
1.75–1.85 (1H, m, H-5), 2.20–2.30 (1H, m, H-2), 2.35
(1H, s, H-1), 2.47 (1H, s, H-4), 4.20–4.40 (1H, m, H-3),
4.37 (2H, q, J¼7.1 Hz, OCH2); 19F NMR (470.5 MHz,
CDCl3): d �116.2 (dd, JF,F¼253.8 Hz, JF,H¼18.8 Hz, 1F),
�110.1 (dd, JF,F¼253.8 Hz, JF,H¼14.1 Hz, 1F); 13C NMR
(125.8 MHz, CDCl3): d 14.6 (s, CH3), 27.9 (s, C-6), 27.9
(s, C-2), 30.6 (s, C-5), 35.6 (s, C-7), 38.0 (s, C-4), 45.6 (s,
C-1), 58.3 (t, C-3), 63.9 (s, OCH2), 116.2 (t, CF2), 164.3
(t, C]O); HRMS calcd for C11H15 F2IO2: 344.0085, found:
344.0080.

3.3. Typical experimental procedure for the reaction of
the norbornene (1b and 1c) with RFI

Norbornene derivative 1b or 1c (10 mmol) and polyfluoro-
alkyl iodide 2p (12 mmol) were dissolved in the solution
of water (10 mL) and acetonitrile (10 mL). Sodium dithion-
ite (3.7 g) and sodium bicarbonate (1.85 g) were added to the
solution. The mixture was stirred at ambient temperature for
6 h. When the reaction was accomplished, the mixture was
treated with water (ca. 50 mL). The mixture was extracted
with ether of 3�20 mL. The combined organic layer was
washed with saturated brine and dried over anhydrous
sodium sulfate. After the evaporation of ether, the crude
product was purified by column chromatography (PE–
EA¼40:1 for 1b and 30:1 for 1c) to give products 3bp and
5bp for 1b or 5cp and 6cp for 1c.

3.3.1. Bicyclo[2.2.1]hept-5-ene-2-endo-carboxylic acid
ethyl ester (1b).8,9 1H NMR (500 MHz, CDCl3): d 1.23
(3H, t, J¼7.1 Hz, CH3), 1.20–1.26 (1H, m, H-7), 1.40–
1.45 (2H, m, H-7, H-2), 1.88–1.92 (1H, m, H-3), 2.90 (1H,
s, H-4), 2.90–2.95 (1H, m, H-2), 3.21 (1H, s, H-1), 4.09
(2H, q, J¼7.1 Hz, CH3CH2), 5.93 (1H, q, J¼3 Hz, H-5),
6.19 (1H, q, J¼3.0 Hz, H-6).

3.3.2. Bicyclo[2.2.1]hept-5-ene-2-endo-carboxylic acid-
4,4-dimethyl-2-oxotetrahydrofuran-3-yl ester (1c).10

White solid. Mp: 116.5–117 �C. 1H NMR (500 MHz,
CDCl3): d 1.15 (3H, s, CH3-a), 1.18 (3H, s, CH3-b), 1.33
(1H, d, J¼8.2 Hz, H-7), 1.47 (1H, s, H-7), 1.49 (1H, m,
H-3), 1.95 (1H, m, H-3), 2.96 (1H, s, H-4), 3.16 (1H, m,
H-2), 3.27 (1H, m, H-1), 4.04 (2H, dd, J¼20.7, 9.0 Hz,
H-50), 5.33 (1H, s, H-30), 5.91 (1H, dd, J¼5.6, 2.8 Hz,
H-5), 6.26 (1H, dd, J¼5.6, 3.1 Hz, H-6).

3.3.3. 5-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-6-
endo-iodo-bicyclo[2.2.1]heptane-2-endo-carboxylic acid
ethyl ester (3bp). White solid. Mp: 39–41 �C; IR (film):
nmax 2980, 1720, 1200, 1140, 720, 680 cm�1; 1H NMR
(500 MHz, CDCl3): d 1.33 (3H, t, J¼7.2 Hz, CH3), 1.39
(1H, d, J¼10.8 Hz, H-7a), 1.75 (1H, d, J¼10.8 Hz, H-7s),
1.90–1.95 (1H, m, H-3x), 2.01 (1H, ddd, J¼13.2, 5.6,
2.6 Hz, H-3n), 2.60 (1H, br s, H-4), 2.63–2.65 (1H, m,
H-5), 2.97–3.00 (1H, m, H-2), 3.04 (1H, br s H-1), 4.10–
4.20 (1H, m, CH2O), 4.10–4.20 (1H, m, H-6), 4.25–4.28
(1H, m, CH2O); 19F NMR (470.5 MHz, CDCl3): d �121.9
(4F, m, 2�CF2), �119.1 (2F, dd, J¼2583, 282.3 Hz, CF2),
�68.8 (2F, m, CF2); 13C NMR (125.8 MHz, CDCl3): d 14.6
(s, CH3), 16.3 (s, C-6), 32.2 (s, C-3), 39.5 (s, C-7), 39.6 (s,
C-4), 46.0 (s, C-2), 47.7 (s, C-1), 55.2 (t, C-5), 61.7 (s,
C–O), 109.6–125.1 (m, (CF2)4), 173.2 (s, C]O); HRMS
calcd for C14H14F8ClO2I: 527.9599, found: 527.9594.

3.3.4. 6-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-5-
endo-iodo-bicyclo[2.2.1]heptane-2-endo-carboxylic acid
ethyl ester (5bp). Oil. IR (film): nmax 2980, 1730, 1200,
1100, 740, 680 cm�1; 1H NMR (500 MHz, CDCl3): d 1.26
(3H, t, J¼7.1 Hz, CH3), 1.45 (1H, d, J¼10.9 Hz, H-7a),
1.82 (1H, d, J¼10.9 Hz, H-7s), 1.90–1.95 (1H, m, H-3x),
2.29 (1H, ddd, J¼13.6, 5.8, 2.6 Hz, H-3n), 2.54 (1H, br s
H-4), 2.65–2.68 (1H, m, H-6), 2.74 (1H, br s H-1), 2.80–
2.84 (1H, m, H-2), 4.15–4.20 (2H, m, CH2O), 4.32–4.34
(1H, m, H-5); 19F NMR (470.5 MHz, CDCl3): d �120.9
(2F, m, CF2), �120.8 (2F, dd, J¼376.4, 282.3 Hz, CF2),
�118.1 (2F, dd, J¼1882, 282.3 Hz, CF2), �68.8 (2F, m,
CF2); 13C NMR (125.8 MHz, CDCl3): d 14.7 (s, CH3),
25.2 (s, C-5), 30.5 (s, C-3), 37.8 (s, C-7), 42.2 (s, C-1),
45.8 (s, C-4), 46.5 (s, C-2), 51.4 (t, C-6), 61.6 (s, C–O),
109.9–125.4 (m, (CF2)4), 173.3 (s, C]O); HRMS calcd
for C14H14F8ClO2I: 527.9599, found: 527.9605.

3.3.5. 6-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-5-
endo-iodo-bicyclo[2.2.1]heptane-2-endo-carboxylic acid-
40,40-dimethyl-20-oxo-tetrahydrofuran-30-yl ester (5cp).
White solid. Mp: 98.1–98.4 �C; IR (KBr): nmax 2990, 1800
(g-lactone), 1750, 1380, 1240 (C–F), 1180, 1120, 1080,
840, 740, 650, 560 cm�1; 1H NMR (500 MHz, CDCl3):
d 1.11 (3H, s, CH3, H-60s), 1.15 (3H, s, CH3, H-6a), 1.51
(1H, d, J¼10.9 Hz, H-7a), 1.89 (1H, d, J¼11.0 Hz, H-7s),
2.00–2.12 (1H, m, H-3x), 2.35–2.40 (1H, m, H-3n), 2.58
(1H, s, H-4), 2.70–2.77 (1H, m, H-6), 2.80 (2H, s, H-1),
3.00–3.10 (1H, m, H-2), 4.03 (1H, d, J¼9.0 Hz, H-50s),
4.06 (1H, d, J¼9.0 Hz, H-50a), 4.32–4.35 (1H, m, H-5),
5.42 (1H, s, H-30); 19F NMR (470.5 MHz, CDCl3):
d �120.8 (2F, m, CF2), �120.3 (2F, m, CF2), �117.5 (2F,
m, CF2), �68.9 (2F, m, ClCF2); 13C NMR (125.8 MHz,
CDCl3): d 20.4 (s, C-60s), 23.2 (s, C-60a), 24.9 (s, C-5),
30.8 (s, C-3), 38.1 (s, C-7), 40.7 (s, C-40), 42.4 (s, C-1),
45.9 (s, C-4), 46.3 (s, C-2), 50.1 (t, C-6), 76.3 (s, C-30),
76.9 (s, C-50), 108.3–123.0 (m, (CF2)4), 172.4 (s, C-8),
172.6 (s, C-20), HRMS calcd for C18H18ClF8O4 (M�I):
485.0766, found: 485.0765.

3.3.6. 5-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-
bicyclo[2.2.1]heptane-2-endo-carboxylic acid-4,4-
dimethyl-2-oxo-tetrahydrofuran-3-yl ester (6cp). White
solid. Mp: 143.6–144.6 �C; IR (KBr): nmax 2980, 1780 (g-
lactone), 1760, 1460, 1380, 1200 (C–F), 1150, 1100, 990,
720, 700 cm�1; 1H NMR (500 MHz, CDCl3): d 1.12 (3H,
s, CH3), 1.22 (3H, s, CH3), 1.44 (1H, d, J¼10.3 Hz, H-7a),
1.60–1.65 (1H, m, H-6), 1.69 (1H, d, J¼10.3 Hz, H-7s),
1.75–1.79 (2H, m, H-6, H-3n), 1.81 (1H, td, J¼11.4,
4.2 Hz, H-3x), 2.35–2.38 (1H, m, H-5), 2.70 (2H, s, H-1,
H-4), 3.04–3.10 (1H, m, H-2), 4.05 (1H, d, J¼9.1 Hz,
H-50), 4.08 (1H, d, J¼9.1 Hz, H-50), 5.42 (1H, s, H-30);
19F NMR (470.5 MHz, CDCl3): d �121.5 (4F, m, 2�CF2),
�117.1 (2F, dd, J¼1091.8, 272.9 Hz, CF2), �68.8 (2F, m,
ClCF2); 13C NMR (125.8 MHz, CDCl3): d 20.7 (s, CH3,
C-60s), 23.8 (S, CH3, C-60a), 27.9 (s, C-6), 33.6 (s, C-3),
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38.2 (s, C-4), 39.4 (s, C-7), 40.6 (s, C-1), 40.9 (s, C-40), 43.4
(t, C-5), 45.2 (s, C-2), 75.7 (s, C-30), 76.8 (s, C-50), 109.7–
125.2 (m, (CF2)4), 172.9 (s, C-8), 173.9 (s, C-20).

3.4. The addition of norbornene-2-endo-carboxylic acid
(1d and 1e) with RFI

Compound 1d or 1e (5 mmol) was dissolved in 2 N NaOH
aqueous solution (5 mL). Acetonitrile (15 mL), RFI
(6 mmol), sodium dithionite (2.2 g), and sodium bicarbonate
(1.70 g) were then added to the solution. After stirring for 5–
8 h the mixture was treated with water (ca. 50 mL). The mix-
ture was extracted with ether of 3�20 mL. The combined
organic layer was washed with saturated brine and dried
over anhydrous sodium sulfate. After the evaporation of
ether, the crude product was purified by column chromato-
graphy (PE–EA¼20:1) to give products 7dp–7ds, 5dp–
5ds, and 6dp–6ds for 1d or 5em–5ep and 7em–7ep for 1e.

3.4.1. 6-exo-Tridecafluorohexyl-5-endo-iodo-bicyclo-
[2.2.1]heptane-2-endo-carboxylic acid (5ds). White solid.
Mp: 83.4–84.0 �C; IR (KBr): nmax 2500–3500, 3000, 1720,
1420, 1240, 1210, 1180, 1150, 1060, 700, 670 cm�1;
1H NMR (500 MHz, CDCl3): d 1.48 (1H, d, J¼10.9 Hz,
H-7a), 1.84 (1H, d, J¼11.0 Hz, H-7s), 1.98 (1H, tm,
J¼12.4, H-3x), 2.27 (1H, dm, J¼13.7 Hz, H-3n), 2.56
(1H, s, H-4), 2.76 (1H, dt, J¼24.5, 7.4 Hz, H-6), 2.77 (1H,
s, H-1), 2.80–2.92 (1H, m, H-2), 4.30–4.35 (1H, m, H-5);
19F NMR (470.5 MHz, CDCl3): d �127.2 (2F, m, CF2),
�123.8 (2F, m, CF2), �122.8 (2F, m, CF2), �121.7 (2F,
m, CF2), �119.9 (1F, d, J¼277.3 Hz, CF), �116.3 (1F, d,
J¼282.0 Hz, CF), �81.8 (3F, m, CF3); 13C NMR
(125.8 MHz, CDCl3): d 24.8 (s, C-5), 30.4 (s, C-7), 37.7
(s, C-3), 42.0 (s, C-4), 45.8 (s, C-1), 46.1 (s, C-2), 50.5 (t,
J¼20 Hz, C-6), 109.1–125.4 (m, (CF2)6CF3), 178.6 (s,
C]O, C-8); HRMS calcd for C14H10F13IO2: 583.9518,
found: 583.9512.

3.4.2. 6-exo-Heptafluoropropyl-5-endo-iodo-2-exo-methyl-
bicyclo[2.2.1]heptane-2-endo-carboxylic acid (5en).
White solid. Mp: 165–166 �C; IR (KBr): nmax 2500–3500,
1700, 1220, 1100, 740, 680 cm�1; 1H NMR (500 MHz,
CDCl3): d 1.42 (3H, s, H-9), 1.50–1.55 (1H, m, H-3n),
1.74 (2H, s, H-7), 2.47 (1H, s, H-1), 2.51 (1H, s, H-4),
2.55 (1H, dt, H-6), 2.60–2.72 (1H, m, H-3x), 4.20–4.35
(1H, m, H-5); 19F NMR (470.5 MHz, CDCl3): d �125.9
(2F, dd, J¼442.3, 291.7 Hz, CF2), �118.6 (2F, dd,
J¼1757.3, 284.7 Hz, CF2), �81.4 (3F, t, J¼11.3 Hz, CF3);
13C NMR (125.8 MHz, CDCl3): d 23.6 (s, C-5), 26.9
(s, C-8), 34.3 (s, C-7), 38.8 (s, C-3), 45.8 (s, C-4), 47.3
(s, C-1), 51.4 (s, C-2), 52.5 (t, J¼20 Hz, C-6), 107.9–120.7
(m, CF2CF2CF3), 182.2 (s, C]O); HRMS calcd for
C12H12F7IO2: 447.9770, found: 447.9775.

3.4.3. 6-exo-Heptafluoroisopropyl-5-endo-iodo-2-exo-
methyl-bicyclo[2.2.1]heptane-2-endo-carboxylic acid
(5eo). White solid. Mp: 114.9–115.3 �C; IR (KBr): nmax

2500–3500, 1700, 1280, 1220, 1160, 1100, 740, 680 cm�1;
1H NMR (500 MHz, CDCl3): d 1.42 (3H, s, H-9), 1.53
(1H, ddd, J¼13.7 Hz, J¼4.4, 1.8 Hz, H-3n), 1.74 (2H, dd,
H-7), 2.51 (2H, s, H-4, H-1), 2.57 (1H, dd, JHF¼8.2 Hz,
J¼6.0 Hz, H-6), 2.76 (1H, dd, J¼13.9, 2.2 Hz, H-3x),
4.45–4.50 (1H, m, H-5); 19F NMR (470.5 MHz, CDCl3):
d �73.7 (3F, m, CF3), �72.4 (3F, m, CF3); 13C NMR
(125.8 MHz, CDCl3): d 25.8 (s, C-5), 27.2 (s, C-9), 34.0
(s, C-7), 39.4 (s, C-3), 46.7 (s, C-4), 47.9 (s, C-1), 51.7 (d,
J¼19 Hz, C-6), 51.8 (s, C-2), 91.7–94.2 (m, CF), 120.3–
122.9 (m, 2�CF3), 181.3 (s, C]O); HRMS calcd for
C12H12F7IO2: 447.9770, found: 447.9815.

3.4.4. 6-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-5-
endo-iodo-2-exo-methyl-bicyclo[2.2.1]-heptane-2-endo-
carboxylic acid (5ep). White solid. Mp: 173.7–174.1 �C; IR
(KBr): nmax 2500–3500 (OH), 1700, 1300, 1180, 1130, 720,
680 cm�1; 1H NMR (500 MHz, CDCl3): d 1.41 (3H, s, H-8),
1.53 (1H, dq, J¼14, 2 Hz, H-3), 1.74 (2H, s, H-7), 2.47 (1H,
s, H-1), 2.51 (1H, s, H-4), 2.55–2.60 (1H, m, H-6), 2.68 (1H,
dd, J¼14, 2 Hz, H-1), 4.30–4.34 (1H, m, H-5); 19F NMR
(470.5 MHz, CDCl3): d �120.8 (4F, m, 2�CF2), �117.7
(2F, dd, J¼1552.7, 282.3 Hz, CF2), �68.9 (2F, m, ClCF2);
13C NMR (125.8 MHz, CDCl3): d 23.2 (s, C-5), 26.2 (s,
C-8), 36.6 (s, C-7), 38.2 (s, C-3), 45.2 (s, C-4), 46.6 (s,
C-1), 50.6 (s, C-2), 52.1 (t, C-6), 107.4–124.5 (m, 4�CF2),
180.8 (s, C]O); HRMS calcd for C13H12ClF8IO2:
513.9443, found: 513.9445.

3.4.5. 5-exo-(8-Chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexa-
decafluorooctyl)-bicyclo-[2.2.1]heptane-2-endo-carbox-
ylic acid (6dq). White solid. Mp: 96.6–96.8 �C; IR (KBr):
nmax 3000–3600 (OH), 2980, 1720, 1450, 1400, 1220,
1160, 1110, 740, 560 cm�1; 1H NMR (500 MHz, CDCl3):
d 1.42 (1H, d, J¼10.0 Hz, H-7a), 1.68 (1H, d, J¼10.8 Hz,
H-7s), 1.73 (3H, m, H-6, H-3n), 1.80 (1H, td, J¼11.6,
4.2 Hz, H-3x), 2.30–2.34 (1H, m, H-5), 2.68 (1H, d,
J¼3.2 Hz, H-4), 2.72 (1H, s, H-1), 2.90 (1H, dt, J¼10.8,
4.4 Hz, H-2), 11.10 (1H, br s OH); 19F NMR (470.5 MHz,
CDCl3): d �122.8 (6F, s, 3�CF2), �122.2 (4F, m,
2�CF2), �121.1 (2F, s, CF2), �118.2 (1F, d, J¼277.3 Hz,
CF), �115.7 (1F, d, J¼277.3 Hz, CF),�69.0 (2F, t,
J¼13.6 Hz, ClCF2); 13C NMR (125.8 MHz, CDCl3):
d 27.9 (s, C-6), 33.5 (s, C-3), 38.3 (s, C-4), 39.5 (s, C-7),
40.5 (s, C-1), 43.4 (t, J¼20 Hz, C-5), 45.1 (s, C-2), 109.7–
122.4 (m, 8�CF2), 180.5 (s, C]O); HRMS calcd for
C16H11ClF16IO2: 574.0192, found: 574.0187.

3.4.6. 5-exo-Tridecafluorohexyl-bicyclo[2.2.1]heptane-
2-endo-carboxylic acid (6ds). Oil. IR (KBr): nmax 2500–
3500 (OH), 2980, 1710, 1420, 1300, 1240, 1200, 1160,
1060, 740, 700, 560 cm�1; 1H NMR (500 MHz, CDCl3):
d 1.42 (1H, d, J¼10.0 Hz, H-7a), 1.68 (1H, d, J¼10.4 Hz,
H-7s), 1.70–1.75 (1H, m, H-6, H-3n), 1.80 (1H, td,
J¼11.6, 4.2 Hz, H-3x), 2.30–2.36 (1H, m, H-5), 2.68 (1H,
d, J¼3.2 Hz, H-4), 2.72 (1H, s, H-1), 2.90 (1H, dt, J¼11.2,
4.2 Hz, H-2), 11.10 (1H, br s OH); 19F NMR (470.5 MHz,
CDCl3): d �127.3 (2F, s, CF2), �123.9 (2F, s, CF2),
�123.2 (2F, s, CF2), �122.4 (2F, s, CF2), �118.3 (1F, dd,
J¼277.3, 14.1 Hz, CF), �115.9 (1F, s, J¼282.0, 14.1 Hz,
CF),�81.9 (3F, t, J¼9.4 Hz, CF3); 13C NMR (125.8 MHz,
CDCl3): d 27.9 (s, C-6), 33.5 (s, C-3), 38.3 (s, C-4), 39.5
(s, C-7), 40.5 (s, C-1), 43.5 (t, J¼20 Hz, C-5), 45.2 (s,
C-2), 106.7–121.7 (m, C6F13), 180.5 (s, C]O); HRMS
calcd for C14H11F13IO2: 458.0551, found: 458.0559.

3.4.7. 2-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-
4-oxa-tricyclo[4.2.1.03,7]nonan-5-one (7dp). White solid.
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Mp: 39.3–40.8 �C; IR (KBr): nmax 2990, 1780 (g-lactone),
1350, 1220 (C–F), 1180, 1140, 1010, 840, 760, 620 cm�1;
1H NMR (500 MHz, CDCl3): d 1.66 (1H, d, J¼11.8 Hz,
H-8a), 1.81 (1H, d, J¼13.4 Hz, H-9n), 2.07 (1H, d,
J¼13.4 Hz, H-8s), 2.10–2.20 (1H, m, H-9x), 2.37 (1H, t,
J¼18.2 Hz, H-2), 2.65 (1H, dd, J¼11.3, 4.6 Hz, H-6), 2.86
(1H, s, H-1), 3.29 (1H, t, J¼4.6 Hz, H-7), 5.00 (1H, d,
J¼4.8 Hz, H-3); 19F NMR (470.5 MHz, CDCl3): d �122.0
(2F, m, CF2), �121.0 (2F, dd, J¼818.8, 282.4 Hz, CF2),
�114.4 (2F, dd, J¼889.4, 282.4 Hz, CF2), �69.0 (2F, dd,
J¼282.4, 188.2 Hz, ClCF2); 13C NMR (125.8 MHz,
CDCl3): d 36.0 (s, C-8), 36.2 (s, C-9), 38.0 (s, C-1), 39.0
(s, C-6), 46.6 (s, C-7), 52.0 (t, J¼20 Hz, C-2), 80.6 (s,
C-3), 110.0–125.0 (m, (CF2)4), 180.2 (s, C-5); HRMS calcd
for C12H9ClF8O2: 372.0320, found: 372.0201.

3.4.8. 2-exo-(8-Chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexa-
decafluorooctyl)-4-oxa-tricyclo[4.2.1.03,7]nonan-5-one
(7dq). White solid. Mp: 113.5–114.3 �C; IR (KBr): nmax

3000, 1780 (g-lactone), 1350, 1220 (C–F), 1150, 1020,
840, 650, 550 cm�1; 1H NMR (500 MHz, CDCl3): d 1.66
(1H, d, J¼11.7 Hz, H-8a), 1.81 (1H, d, J¼13.5 Hz, H-9n),
2.09–2.20 (2H, m, H-8s, H-9x), 2.37 (1H, t, J¼18.0 Hz, H-
2), 2.66 (1H, dd, J¼11.2, 4.6 Hz, H-6), 2.86 (1H, s, H-1),
3.29 (1H, t, J¼4.5 Hz, H-7), 5.00 (1H, d, J¼4.8 Hz, H-3);
19F NMR (470.5 MHz, CDCl3): d �122.65 (6F, m,
3�CF2), �122.40 (4F, m, 2�CF2), �121.12 (2F, dd,
J¼818.8, 282.4 Hz, CF2), �114.30 (2F, dd, J¼889.4,
282.4 Hz, CF2), �69.06 (2F, m, ClCF2); 13C NMR
(125.8 MHz, CDCl3): d 35.3 (s, C-8), 35.6 (s, C-9), 37.3
(s, C-1), 38.3 (s, C-6), 46.0 (s, C-7), 51.4 (t, J¼20 Hz,
C-2), 80.1 (s, C-3), 106.8–124.1 (m, (CF2)8), 179.5 (s, C-5);
HRMS calcd for C16H9ClF16O2: 572.0036, found: 572.0036.

3.4.9. 2-exo-Tridecafluorohexyl-4-oxa-tricyclo[4.2.1.03,7]-
nonan-5-one (7ds). White solid. Mp: 84.6–85.2 �C; IR
(KBr): nmax 3000, 1780 (g-lactone), 1350, 1240, 1210
(C–F), 1150, 1050, 1020, 980, 700, 650 cm�1; 1H NMR
(500 MHz, CDCl3): d 1.66 (1H, d, J¼11.7 Hz, H-8a), 1.81
(1H, d, J¼13.4 Hz, H-9n), 2.08 (1H, d, J¼12.4 Hz, H-8s),
2.12 (1H, dd, J¼13.7 Hz, H-9x), 2.37 (1H, t, J¼18.1 Hz,
H-2), 2.66 (1H, dd, J¼11.3, 4.6 Hz, H-6), 2.86 (1H,
s, H-6), 3.29 (1H, t, J¼4.5 Hz, H-7), 5.00 (1H, d, J¼4.8 Hz,
H-3); 19F NMR (470.5 MHz, CDCl3): d �127.2 (2F, dd,
J¼413.6, 282.0 Hz, CF2), �123.8 (2F, dd, J¼310.2,
188.0 Hz, CF2), �122.8 (4F, m, 2�CF2), �114.3 (2F, dd,
J¼813.1, 282.0 Hz, CF2), �81.8 (3F, m, CF3); 13C NMR
(125.8 MHz, CDCl3): d 34.8 (s, C-8), 35.1 (s, C-9), 36.8 (s,
C-1), 37.8 (s, C-6), 45.5 (s, C-7), 50.9 (t, J¼20 Hz, C-2),
79.6 (s, C-3), 108.4–125.0 (m, (CF2)5CF3), 179.0 (s, C-5);
HRMS calcd for C14H9F13O2: 456.0395, found: 456.0397.

3.4.10. 2-exo-Heptafluoroisopropyl-6-exo-methyl-4-oxa-
tricyclo[4.2.1.03,7]nonan-5-one (7en). White solid. Mp:
65.0–65.4 �C; IR (KBr): nmax 2980, 1780 (g-lactone),
1350, 1230 (C–F), 1120, 1020, 740 cm�1; 1H NMR
(500 MHz, CDCl3): d 1.25 (3H, s, H-10), 1.63 (1H, dd,
J¼13.5, 4.0 Hz, H-9x), 1.72 (1H, d, J¼11.8 Hz, H-8s),
1.90 (1H, dd, J¼13.5, 2.2 Hz, H-9n), 2.07 (1H, dd,
J¼11.8, 1.6 Hz, H-8x), 2.31 (1H, dd, J¼19.3, 17.1 Hz,
H-2), 2.82 (1H, s, H-1), 2.89 (1H, d, J¼5.0 Hz, H-7), 4.95
(1H, d, J¼5.0 Hz, H-3); 19F NMR (470.5 MHz, CDCl3):
d �127.0 (2F, dd, J¼705.8, 282.3 Hz, CF2), �115.2 (2F,
dd, J¼1176.3, 282.3 Hz, CF2), �81.5 (3F, t, J¼10.4 Hz,
CF3); 13C NMR (125.8 HMz, CDCl3): d 20.6 (s, C-10),
35.2 (s, C-9), 38.8 (s, C-1), 43.6 (s, C-6), 44.2 (s, C-8),
51.3 (t, C-2), 51.9 (s, C-7), 78.8 (s, C-3), 111.9–133.8 (m,
CF2CF2CF3), 182.0 (s, C-5); HRMS calcd for C12H11F7O2:
320.0647, found: 320.0699.

3.4.11. 2-exo-Heptafluoroisopropyl-6-exo-methyl-4-oxa-
tricyclo[4.2.1.03,7]nonan-5-one (7eo). White solid. Mp:
96.6–96.7 �C; IR (KBr): nmax 2980, 1800 (g-lactone),
1300, 1220 (C–F), 1120, 1020, 720 cm�1; 1H NMR
(500 MHz, CDCl3): d 1.30 (3H, s, H-10), 1.64 (1H, dd,
J¼13.6, 4.2 Hz, H-9x), 1.74 (1H, d, J¼11.8 Hz, H-8s),
1.90 (1H, dd, J¼13.6, 2.2 Hz, H-9n), 1.98 (1H, d, J¼11.7,
1.6 Hz, H-8x), 2.18 (1H, d, J¼33.3 Hz, H-2), 2.78 (1H, s,
H-1), 2.88 (1H, d, J¼4.8 Hz, H-7), 5.00–5.10 (1H, m, H-3);
19F NMR (470.5 MHz, CDCl3): d �77.0 (3F, m, CF3),
�73.9 (3F, m, CF3); 13C NMR (125.8 MHz, CDCl3):
d 19.8 (s, C-10), 34.6 (s, C-9), 39.8 (s, C-1), 42.8 (s, C-6),
43.8 (s, C-8), 49.1 (d, C-2), 51.1 (s, C-7), 78.9 (s, C-3),
111.9–133.8 (m, CF(CF3)2), 181.4 (s, C-5); HRMS calcd
for C12H11F7O2: 320.0647, found: 320.0666.

3.4.12. 2-exo-(4-Chloro-1,1,2,2,3,3,4,4-octafluorobutyl)-
6-exo-methyl-4-oxa-tricyclo-[4.2.1.03,7]nonan-5-one
(7ep). White solid. Mp: 58.3–58.4 �C; IR (KBr): nmax 2990,
1780 (g-lactone), 1350, 1200 (C–F), 1120, 1080, 840, 700,
640 cm�1; 1H NMR (500 MHz, CDCl3): d 1.25 (3H, s,
H-10), 1.63 (1H, dd, J¼13.4, 4.0 Hz, H-8a), 1.72 (1H, d,
J¼11.8 Hz, H-9), 1.89 (1H, dd, J¼13.4, 2.2 Hz, H-8), 2.07
(1H, dd, J¼11.8, 1.7 Hz, H-9), 2.32 (1H, dd, J¼20.3,
16.1 Hz, H-2), 2.82 (1H, s, H-1), 2.89 (1H, d, J¼5.0 Hz,
H-7), 4.95 (1H, d, J¼5.0 Hz, H-3); 19F NMR (470.5 MHz,
CDCl3): d �122.1 (2F, m, CF2), �120.9 (2F, dd, J¼846.9,
291.7 Hz, CF2), �114.3 (2F, dd, J¼964.5, 272.9 Hz, CF2),
�69.0 (2F, dd, J¼296.4, 178.8 Hz, ClCF2); 13C NMR
(125.8 MHz, CDCl3): d 20.0 (s, C-10), 34.5 (s, C-9), 38.2
(s, C-1), 42.9 (s, C-6), 43.5 (s, C-8), 51.1 (t, C-2), 51.6 (s,
C-7), 78.3 (s, C-3), 107.4–124.4 (m, (CF2)4), 181.4 (s, C-5);
HRMS calcd for C13H11ClF8O2: 386.0320, found: 386.0336.
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Abstract—The formation of substituted 2-pyrrolidinones and indoles by the reduction of the secondary nitro group in appropriate 3-aryl-
2-methylene-4-nitroalkanoates afforded by Baylis–Hillman chemistry via different reducing agents is described. The 3-aryl-2-methylene-4-
nitroalkanoate obtained from SN2 nucleophilic reaction between the acetate of Baylis–Hillman adducts and ethyl nitroacetate upon reduction
with indium–HCl furnishes a mixture of cis and trans substituted phenyl-3-methylene-2-pyrrolidinones. In contrast, similar reductions of anal-
ogous substrates derived from nitroethane stereoselectively furnished only the trans substituted phenyl-3-methylene-2-pyrrolidinones. On the
other hand the SnCl2$2H2O-promoted reductions of substrates derived from nitro ethylacetate give oxime derivatives while the ones obtained
from nitroethane yield a mixture of cis and trans 4-aryl-3-methylene-2-pyrrolidinones. Alternatively, the SnCl2$2H2O-promoted reduction of
substituted 2-nitrophenyl-2-methylene-alkanoate furnished from ethyl nitroacetate yield 3-(1-alkoxycarbonyl-vinyl)-1H-indole-2-carboxyl-
ate while indium-promoted reaction of this substrate leads to a complex mixture. Analogous reactions with SnCl2$2H2O of substituted 2-nitro-
phenyl-2-methylene-alkanoate obtained from nitroethane yield 4-alkyl-3-methylene-2-quinolones in moderate yields.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen-heterocycles are structural units of several natural
products and represent compounds of pharmacological sig-
nificance. Their prevalence and medicinal utility perhaps
are the major driving force for attracting organic and medic-
inal chemists to formulate their diverse syntheses via novel,
convenient, and efficient methods. The propensity of the
Baylis–Hillman reaction to afford products with multifunc-
tional backbone, which could be tailored further, has found
profound application toward the construction of an array
of useful synthons, heterocycles, and natural products.1 In
order to expand the synthetic utility of this reaction, for
the last couple of years our group has been involved in a
program to carry out convenient and efficient syntheses of
diverse heterocyclic systems utilizing the Baylis–Hillman
chemistry.2,3 Based on our previous work in this area and
on the results reported by Janecki et al.4 and Yus et al.5 we
reasoned that the 3-aryl-2-methylene-4-nitroalkanoates,

* CDRI communication no. 6919.
Keywords: Baylis–Hillman; Nitroalkanoate; 2-Pyrrolidinone; 1H-Indole-2-
carboxylate; Indium; SnCl2$2H2O.
* Corresponding author. Tel.: +91 522 2262411/18�4368; fax: +91 522

2623405/2623938; e-mail: batra_san@yahoo.co.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.045
obtained by SN2 nucleophilic reaction of the acetate of the
Baylis–Hillman products with nitroalkanes, should in princi-
ple offer opportunities for constructing highly substituted
3-methylene-2-pyrrolidinones provided the nitro group is
chemoselectively reduced and the resulting amine could be
made to undergo intramolecular cyclization. Recently, Kim
and co-workers have reported the synthesis of 2-amino-
2,3-dihydrobenzofuran derivatives via oxidation of simi-
lar nitro compounds afforded via SN20 reaction of ethyl
nitroacetate on the allyl bromides afforded by the Baylis–
Hillman adducts.6 In addition, several groups have accom-
plished the facile synthesis of different heterocyclic
compounds employing nitro derivatives afforded via Baylis–
Hillman adducts.7,8 In order to investigate our envisaged
strategy, we have carried out selective reduction of the
nitro group in nitroalkanoates with In to afford the 4-aryl-
3-methylene-2-pyrrolidinones in good yields. Interestingly,
we have observed that reduction of the secondary nitro group
via SnCl2$2H2O in these compounds occurs only partially
leading to the oxime derivatives. This unique observation
has led us to formulate a simple synthesis of substituted
indoles from the nitroalkanoates obtained from the Baylis–
Hillman adducts of 2-nitrobenzaldehyde. The details of the
results of our studies are described herein.

mailto:batra_san@yahoo.co.uk
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2. Results and discussion

The preparation of the starting materials in our synthetic
sequence (Scheme 1), the acetates 2a–g, was accomplished
by acetylating Baylis–Hillman adducts 1a–g, which in turn
were afforded from substituted benzaldehydes following
the literature procedure.9 The SN2 nucleophilic substitution
of the acetate 2a–g with ethyl nitroacetate in the presence of
DABCO in a THF–water system yielded the nitroalkanoates
3a–g in 4–6 h in 68–79% yields as diastereoisomeric mix-
tures. This observation is in contrast to the reactions carried
out by Kim et al. who have reported the synthesis of similar
derivatives after 2 days.10 In the next step the products 3a–g
were subjected to chemoselective reduction of the nitro
group without affecting the double bond. In a model reac-
tion, the reduction of the nitro group of compound 3b was
examined with metallic In, Sn, Zn, and Fe in the presence
of HCl or AcOH and SnCl2$2H2O.11 The selection of these
reagents was based on the fact that they are inexpensive,
readily available, and do not require any elaborate reaction
conditions. Results of our evaluation in this direction are
illustrated in Table 1. The highest yield of the expected
substituted 3-methylene-2-pyrrolidinone 4b was achieved
when the reaction was carried out in the presence of In using
HCl in a THF–H2O system at room temperature. Conse-
quently all the substituted 3-methylene-2-pyrrolidinones
5a–g were prepared by reducing the required nitro com-
pound with In in the presence of aq HCl. In all cases these
compounds were obtained as a mixture of cis and trans
products. Our attempts to separate these diastereoisomers
via silica gel column chromatography were successful
with compounds 5a and 5b, whereas for compounds 5c–g
these could not be separated. The NOESY experiment of
the polar isomer of compound 5b indicated it to be the trans
isomer.

However the reduction of compound 3b with SnCl2$2H2O,
instead of yielding the expected pyrrolidinone 5b, gave the
oxime 7b (entry 5, Table 1). This was found to be the general
course of reaction as substrates 3a–g also furnished the
corresponding oximes 7a–g when subjected to the SnCl2
reductive conditions. The spectroscopic data supported the
structure assignments. Further support for the assigned struc-
tures of the oximes was made on the basis of an alternate syn-
thesis. It is reported in the literature that the tin complexes
generated from SnCl2$2H2O in the presence of thiophenol
and triethylamine reduces secondary aliphatic nitro com-
pound to the corresponding oxime.12 On the basis of this
report, the compound 3a was treated with SnCl2$2H2O,
thiophenol, and triethylamine to yield a product, which was
similar in all respect to the oxime 7a. As would be expected,

Table 1. Results of optimization study for the synthesis of 4-aryl-3-methyl-
ene-2-pyrrolidinones

Entry Metal/
metal salt

Condition Product Yield
(%)

1 In In/HCl in THF–H2O for 2 h at rt 5b 64
2 Sn Sn/HCl for 2 h at reflux 5b 42
3 Zn Zn/HCl in EtOH for 24 h at rt 5b 39
4 Fe Fe/AcOH for 2 h at rt 5b 45
5 SnCl2$2H2O SnCl2$2H2O in MeOH

for 2 h at reflux
7b 78
Scheme 1. Reagents and conditions: (i) AcCl, Pyridine, CH2Cl2, rt, 3 h; (ii) DABCO, R1CH2NO2, THF–H2O, rt, 4–7 h; (iii) In, HCl, THF–H2O, rt, 2 h; (iv)
SnCl2$2H2O, MeOH, reflux, 1.5 h; (v) SnCl2$2H2O, MeOH, reflux, 24 h; (vi) MeI, Ag2O, neat, reflux, 1 h; (vii) TsCl, Et3N, CH2Cl2, rt, 3 h; and (viii) DBU,
CH2Cl2, rt, 330 min.
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the methylation of the oximes 7b, c using methyl iodide in the
presence of silver oxide furnished the methyl derivatives
8b, c.13 Although, the SnCl2$2H2O-promoted reduction of
nitroalkenes to the corresponding oximes is documented,14

the ability of SnCl2$2H2O alone to transform the secondary
aliphatic nitro compound to the oxime derivative is
unreported.

The next phase of the study was aimed at determining the
driving force responsible for the formation of the oximes.
One possibility was the presence of the carboethoxy group
on the a-carbon of the nitroalkane derivative as illustrated
in Figure 1. In order to validate this concept experimentally,
the SN2 reaction of acetates 2a–c, f, g with nitroethane in
the presence of DABCO in a THF–H2O system to afford
products 4a–c, f, g was accomplished. The nitro group in
compound 4c in the presence of SnCl2$2H2O underwent
reduction followed by cyclization to give 3-methylene-2-
pyrrolidinones 6c as a diastereoisomeric mixture, although
the reaction took more than 24 h for completion. This sup-
ported our assumption that the presence of carboethoxy
group was responsible for the formation of the oxime proba-
bly by the formation of an oximino intermediate. In order to
establish that oxime was not the intermediate for the pyrrol-
idinone, in a model reaction the oxime 7c was treated with
SnCl2$2H2O for more than 24 h. But this reaction failed
indicating that the presence of the ester moiety stabilizes
the oximes. Nevertheless, the reduction of the nitro group in
compounds 4a–c,f, g in the presence of In was complete in
2 h in a highly diastereoselective fashion to furnish the trans
isomer of 4-aryl-5-methyl-3-methylene-2-pyrrolidinones
6a–c, f, g exclusively in 53–64% yields.

Of particular relevance to 7, it has been very recently re-
ported that oximes obtained from a-aryl ketones can be
transformed to indoles by an intermediate azirine in two
steps.15 In order to investigate such possibility with the
oxime 7 generated during the present study, compounds 7b,
d were treated with tosyl chloride in the presence of triethyl-
amine in dichloromethane at room temperature to yield the
corresponding tosyl derivatives 9b, d. Reaction of com-
pounds 9b, d with DBU in dichloromethane gave a complex
mixture of products. The column chromatography of this
mixture led to isolation of a pure product in low yield, the
structure of which was established as substituted pyrroles
10a, d. The formation of the pyrroles can be explained on
the basis of the mechanism as shown in Figure 2.

Having demonstrated the utility of substrates such as 3a–g
and 4a–c, f, g for the generation of the 3-methylene-2-pyr-
rolidinone system and oximes via selective reduction, we
decided to explore the synthetic utility of similar substrates
derived from 2-nitrophenyl benzaldehyde, such as 11a–c
(Scheme 2) for the following reasons. It is well established
that the Baylis–Hillman derivatives obtained from 2-nitro-
benzaldehyde and acrylates, upon reduction of the nitro moi-
ety to amine invariably results in the formation of quinoline
derivatives through an in situ intramolecular cyclization be-
tween the amino group on the phenyl ring and the ester group
of the side chain.16 However, in view of the findings of the
present study, if compounds 11a–c and 12 are reduced in
the presence of SnCl2$2H2O, the aromatic nitro group will
be chemoselectively reduced to an amino group, which
will then compete for the two ester moieties for the intra-
molecular cyclization. Consequently compound 11a was
synthesized and reacted with SnCl2$2H2O in methanol
under reflux conditions. This reaction proceeded smoothly
to be completed in 1.5 h to give a product, the structure of
which was established as substituted 3-(1-methoxycar-
bonyl-vinyl)-1H-indole-2-carboxylic acid ethyl ester 14a
(Scheme 2). Subsequently other analogs 11b, c and 12
were prepared and subjected to reaction with SnCl2$2H2O.
Figure 1. Mechanism for the formation of oximes.

Figure 2. Mechanism for the formation of pyrroles.

Scheme 2. Reagents and conditions: (i) SnCl2$2H2O, MeOH, reflux, 1.5–2 h.
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Figure 3. Mechanism for the formation of indole derivatives.
All these substrates afforded the respective indole deriva-
tives 14b, c and 15 indicating the general nature of this reac-
tion and implying that this transformation invariably
eliminates the aliphatic nitro group, presumably after reduc-
tion to the oxime. The expected mechanism for the forma-
tion of the indole derivative is shown in Figure 3. Unlike
compounds 11 and 12, compounds 13a, b upon reduction
in the presence of SnCl2$2H2O yielded the corresponding
substituted 2-quinolones 16a, b in 2 h in moderate yields.
The formation of 16 was understandable since it has been
previously observed that the aliphatic nitro group is reduced
to an amino group only when the reaction is prolonged
beyond 24 h. These results provoked us to evaluate the reac-
tions of compounds 11 and 13a, b with In in the presence of
HCl in aqueous medium. However, this reaction led to a
complex mixture, which could not be purified in all cases.

3. Conclusions

In summary, we demonstrated the scope of 3-aryl-2-methyl-
ene-4-nitroalkanoates obtained from the Baylis–Hillman
chemistry for the generation of 4-aryl-3-methylene-2-pyrro-
lidinones and 3-(1-alkoxycarbonyl-vinyl)-1H-indole-2-car-
boxylates by the reduction of the secondary nitro group
using different reducing conditions. The mechanistic details
to account for the formation of different heterocyclic systems
have also been proposed. All the synthetic achievements de-
scribed herein were operationally simple and diversity ori-
ented. We believe that the lactam and the indole derivatives
described in this paper will serve as useful building blocks
for the synthesis of compounds belonging to these classes.

4. Experimental

4.1. General

Melting points were recorded on a hot stage melting point ap-
paratus and are uncorrected. The IR spectra were recorded on
a FTIR spectrophotometer. The 1H and 13C NMR spectra
were recorded on 200 MHz or 300 MHz spectrometer using
TMS as an internal standard. The mass spectra were recorded
as FAB or LCMS having ES probe. The HRMS spectra were
recorded as EIHRMS. All the solvents and chemicals were
used as procured from the suppliers. The compounds 3a–g,
4a–c, f, g, 5c–g, 11a–c, 12, 13a, b, and 16a, b were obtained
as diastereoisomeric mixtures. All yields indicated herein are
the isolated yields after column chromatography.

4.2. General procedure for the preparation of
compounds 3a–g and 4a–c, f, g

To the stirred solution of appropriate compound from 2a–g
(1.0 equiv) in THF–H2O (10 mL for approx. 1.5 g of
compound, 50:50, v/v) was added DABCO (1.5 equiv) at
room temperature and the reaction was allowed to continue
for 20 min. Thereafter ethyl nitroacetate or nitroethane
(1.2 equiv) was added to the reaction mixture and the reac-
tion was allowed to proceed at room temperature for 4 h.
The THF was removed from the reaction mixture via rotary
evaporation and the residue was diluted with water (100 mL)
and extracted with EtOAc (3�40 mL). The organic layers
were pooled, washed with brine (50 mL), dried (anhyd
Na2SO4), and evaporated to yield a residue, which was puri-
fied via silica gel chromatography employing hexane–
EtOAc (80:20, v/v) to afford products as oils or solids.

4.2.1. 2-Methylene-4-nitro-3-phenylpentanedioic acid
5-ethyl ester 1-methyl ester (3a). Colorless oil 77%
(1.0 g); nmax (Neat) 1723 (CO2Et), 1751 (CO2Me) cm�1;
1H NMR (200 MHz, CDCl3) d¼0.97 (t, 3H, J¼7.1 Hz,
CH3CH2), 1.27 (t, 3H, J¼7.1 Hz, CH3CH2), 3.71 (s, 3H,
CO2CH3), 3.73 (s, 3H, CO2CH3), 3.99 (q, 2H, J¼7.1 Hz,
CH2CH3), 4.26 (q, 2H, J¼7.1 Hz, CH2CH3), 4.89 (d, 1H,
J¼12.0 Hz, CHAr), 4.95 (d, 1H, J¼12.0 Hz, CHAr), 5.80
(s, 1H, ]CH), 5.86 (s, 1H, ]CH), 5.87 (d, 1H,
J¼12.0 Hz, CHCO2Et), 6.05 (d, 1H, J¼12.0 Hz, CHCO2Et),
6.34 (s, 1H, ]CH), 6.38 (s, 1H, ]CH), 7.28–7.30 (m, 10H,
2�5ArH); mass (ES+) m/z 330.0 (M++Na); Anal. Calcd for
C15H17NO6: C, 58.63; H, 5.58; N, 4.56. Found: C, 58.38;
H, 5.76; N, 4.64.

4.2.2. 2-Methylene-4-nitro-3-p-tolylpentanedioic acid 5-
ethyl ester 1-methyl ester (3b). Colorless oil 68% (1.4 g);
nmax (Neat) 1724 (CO2Et), 1751 (CO2Me) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.00 (t, 3H, J¼7.1 Hz, CH3CH2),
1.27 (t, 3H, J¼7.1 Hz, CH3CH2), 2.30 (s, 6H, 2�ArCH3),
3.70 (s, 3H, CO2CH3), 3.72 (s, 3H, CO2CH3), 4.01 (q, 2H,
J¼7.1 Hz, CH2CH3), 4.25 (q, 2H, J¼7.1 Hz, CH2CH3),
4.85 (d, 1H, J¼12.0 Hz, CHAr), 4.91 (d, 1H, J¼12.0 Hz,
CHAr), 5.79 (s, 1H, ]CH), 5.83 (s, 1H, ]CH), 5.82 (d,
1H, J¼12.0 Hz, CHCO2Et), 6.02 (d, 1H, J¼12.0 Hz,
CHCO2Et), 6.32 (s, 1H, ]CH), 6.35 (s, 1H, ]CH), 7.08–
7.22 (m, 8H, 2�4ArH); 13C NMR (50.32 MHz, CDCl3)
d¼13.9, 14.2, 21.4, 48.2, 48.6, 52.6, 63.3, 63.6, 90.1, 90.7,
125.6, 127.5, 128.2, 129.0, 129.9, 130.0, 132.2, 133.5,
138.3, 138.4, 139.0, 163.5, 163.7, 166.1; mass (ES+) m/z
344.0 (M++Na); Anal. Calcd for C16H19NO6: C, 59.81; H,
5.96; N, 4.36. Found: C, 59.48; H, 5.82; N, 4.26.

4.2.3. 3-(2-Chlorophenyl)-2-methylene-4-nitro-pentane-
dioic acid 5-ethyl ester 1-methyl ester (3c). Colorless oil
79% (2.5 g); nmax (Neat) 1724 (CO2Et), 1751
(CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.03 (t,
3H, J¼7.1 Hz, CH3CH2), 1.27 (t, 3H, J¼7.1 Hz, CH3CH2),
3.71 (s, 3H, CO2CH3), 3.73 (s, 3H, CO2CH3), 4.05 (q, 2H,
J¼7.1 Hz, CH2CH3), 4.24 (q, 2H, J¼7.1 Hz, CH2CH3),
5.34 (d, 1H, J¼12.1 Hz, CHAr), 5.40 (d, 1H, J¼12.1 Hz,
CHAr), 5.98 (s, 1H, ]CH), 5.99 (s, 1H, ]CH), 6.14
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(d, 1H, J¼12.1 Hz, CHCO2Et), 6.31 (d, 1H, J¼12.1 Hz,
CHCO2Et), 6.39 (s, 1H, ]CH), 6.42 (s, 1H, ]CH), 7.20–
7.25 (m, 4H, ArH), 7.36–7.41 (m, 3H, ArH), 7.48–7.52 (m,
1H, ArH); mass (FAB+) m/z 342 (M++1); Anal. Calcd for
C15H16ClNO6: C, 52.72; H, 4.72; N, 4.14. Found: C, 53.08;
H, 4.93; N, 4.24.

4.2.4. 3-(2-Fluorophenyl)-2-methylene-4-nitro-pentane-
dioic acid 5-ethyl ester 1-methyl ester (3d). Colorless oil
73% (1.4 g from 1.5 g); nmax (Neat) 1724 (CO2Et), 1753
(CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.02 (t,
3H, J¼7.1 Hz, CH3CH2), 1.28 (t, 3H, J¼7.1 Hz,
CH3CH2), 3.72 (s, 3H, CO2CH3), 3.74 (s, 3H, CO2CH3),
4.04 (q, 2H, J¼7.1 Hz, CH2CH3), 4.28 (q, 2H, J¼7.1 Hz,
CH2CH3), 5.10–5.19 (m, 2H, CHAr), 5.92 (d, 1H,
J¼1.0 Hz, ]CH), 5.95 (s, 1H, ]CH), 6.08 (d, 1H,
J¼12.0 Hz, CHCO2Et), 6.23 (d, 1H, J¼12.0 Hz, CHCO2Et),
6.38 (s, 1H, ]CH), 6.41 (s, 1H, ]CH), 7.03–7.39 (m, 8H,
2�4ArH); mass (ES+) m/z 326.4 (M++1); Anal. Calcd for
C15H16FNO6: C, 55.38; H, 4.96; N, 4.31. Found: C, 55.89;
H, 5.21; N, 4.52.

4.2.5. 3-(4-Chlorophenyl)-2-methylene-4-nitro-pentane-
dioic acid 5-ethyl ester 1-methyl ester (3e). Pale yellow
solid 78% (1.23 g), mp 96–98 �C; nmax (KBr) 1724
(CO2Et), 1751 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.04 (t, 3H, J¼7.1 Hz, CH3CH2), 1.26 (t, 3H,
J¼7.1 Hz, CH3CH2), 3.71 (s, 3H, CO2CH3), 3.73 (s, 3H,
CO2CH3), 4.04 (q, 2H, J¼7.1 Hz, CH2CH3), 4.26 (q, 2H,
J¼7.1 Hz, CH2CH3), 4.86 (d, 1H, J¼12.1 Hz, CHAr), 4.91
(d, 1H, J¼12.1 Hz, CHAr), 5.81 (s, 1H, ]CH), 5.86 (s,
1H, ]CH), 5.87 (d, 1H, J¼12.1 Hz, CHCO2Et), 6.02 (d,
1H, J¼12.1 Hz, CHCO2Et), 6.35 (s, 1H, ]CH), 6.38 (s,
1H, ]CH), 7.24–7.38 (m, 8H, 2�4ArH); mass (FAB+)
m/z 342 (M++1); Anal. Calcd for C15H16ClNO6: C, 52.72;
H, 4.72; N, 4.14. Found: C, 53.28; H, 4.54; N, 4.35.

4.2.6. 3-(4-Fluorophenyl)-2-methylene-4-nitro-pentane-
dioic acid 5-ethyl ester 1-methyl ester (3f). Pale yellow
solid 72% (1.56 g), mp 82–84 �C; nmax (KBr) 1723
(CO2Et), 1750 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.00 (t, 3H, J¼7.1 Hz, CH3CH2), 1.27 (t, 3H,
J¼7.1 Hz, CH3CH2), 3.72 (s, 3H, CO2CH3), 3.73 (s, 3H,
CO2CH3), 4.03 (q, 2H, J¼7.1 Hz, CH2CH3), 4.26 (q, 2H,
J¼7.1 Hz, CH2CH3), 4.85 (d, 1H, J¼12.0 Hz, CHAr), 4.98
(d, 1H, J¼12.0 Hz, CHAr), 5.80 (s, 1H, ]CH), 5.86 (s,
1H, ]CH), 5.87 (d, 1H, J¼12.0 Hz, CHCO2Et), 6.01 (d,
1H, J¼12.0 Hz, CHCO3Et), 6.35 (s, 1H, ]CH), 6.38 (s,
1H, ]CH), 6.96–7.04 (m, 4H, 2�2ArH), 7.21–7.30 (m,
4H, 2�2ArH); mass (FAB+) m/z 326 (M++1); Anal. Calcd
for C15H16FNO6: C, 55.38; H, 4.96; N, 4.31. Found: C,
55.98; H, 5.11; N, 4.52.

4.2.7. 3-(4-Bromophenyl)-2-methylene-4-nitro-pentane-
dioic acid 5-ethyl ester 1-methyl ester (3g). Colorless oil
72% (1.5 g); nmax (Neat) 1721 (CO2Et), 1750
(CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.04 (t,
3H, J¼7.1 Hz, CH3CH2), 1.26 (t, 3H, J¼7.1 Hz,
CH3CH2), 3.71 (s, 3H, CO2CH3), 3.73 (s, 3H, CO2CH3),
4.05 (q, 2H, J¼7.1 Hz, CH2CH3), 4.26 (q, 2H, J¼7.1 Hz,
CH2CH3), 4.85 (d, 1H, J¼12.0 Hz, CHAr), 4.89 (d, 1H,
J¼12.0 Hz, CHAr), 5.81 (s, 1H, ]CH), 5.86 (s,
1H, ]CH), 5.87 (d, 1H, J¼12.0 Hz, CHCO2Et), 6.02 (d,
1H, J¼12.0 Hz, CHCO2Et), 6.34 (s, 1H, ]CH), 6.38
(s, 1H, ]CH), 7.14–7.22 (m, 4H, 2�2ArH), 7.42–7.57
(m, 4H, 2�2ArH); mass (ES+) m/z 386.2 (M++1); Anal.
Calcd for C15H16BrNO6: C, 46.65; H, 4.18; N, 3.63. Found:
C, 46.98; H, 4.25; N, 3.71.

4.2.8. 2-Methylene-4-nitro-3-phenylpentanoic acid methyl
ester (4a). Colorless oil 96% (2.35 g); nmax (Neat) 1721
(CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.40 (d,
3H, J¼6.6 Hz, CH3CH), 1.61 (d, 3H, J¼6.6 Hz, CH3CH),
3.73 (s, 6H, CO2CH3), 4.37 (d, 1H, J¼12.0 Hz, CHAr),
4.44 (d, 1H, J¼12.0 Hz, CHAr), 5.19–5.28 (m, 1H,
CHCH3), 5.42–5.60 (m, 1H, CHCH3), 5.81 (s, 1H, ]CH),
5.91 (d, 1H, J¼1.8 Hz, ]CH), 6.34 (s, 1H, ]CH), 6.36 (s,
1H, ]CH), 7.28–7.35 (m, 10H, 2�5ArH); 13C NMR
(50.32 MHz, CDCl3) d¼19.3, 19.5, 51.5, 52.5, 52.7, 85.5,
86.0, 125.2, 128.0, 128.2, 129.1, 129.4, 131.1, 137.8,
139.6, 139.9, 166.3, 166.6; mass (ES+) m/z 272.1
(M++Na); Anal. Calcd for C13H15F3NO5: C, 62.64; H,
6.07; N, 5.62. Found: C, 62.97; H, 5.99; N, 5.53.

4.2.9. 2-(2-Nitro-1-p-tolylpropyl)-acrylic acid methyl
ester (4b). Colorless oil 88% (0.73 g); nmax (Neat) 1721
(CO2Me) cm�1; 1H NMR (300 MHz, CDCl3) d¼1.42 (d,
3H, J¼6.0 Hz, CH3CH), 1.62 (d, 3H, J¼6.0 Hz, CH3CH),
2.30 (s, 3H, ArCH3), 2.34 (s, 3H, ArCH3), 3.70 (s, 3H,
CO2CH3), 3.75 (s, 3H, CO2CH3), 4.36 (d, 1H, J¼12.0 Hz,
CHAr), 4.43 (d, 1H, J¼12.0 Hz, CHAr), 5.19–5.25 (m, 1H,
CHCH3), 5.44–5.50 (m, 1H, CHCH3), 5.81 (s, 1H, ]CH),
5.91 (d, 1H, J¼3.0 Hz, ]CH), 6.34 (s, 1H, ]CH), 6.36 (s,
1H, ]CH), 7.09–7.20 (m, 8H, 2�2ArH); 13C NMR
(50.32 MHz, CDCl3) d¼19.3, 19.5, 21.4, 51.2, 52.4,
52.5, 52.6, 85.6, 86.1, 125.0, 127.7, 128.3, 129.0, 130.1,
134.0, 134.8, 137.9, 138.1, 139.8, 140.0, 166.4, 166.7;
mass (ES+) m/z 286.1 (M++Na); Anal. Calcd for
C14H17NO4: C, 63.87; H, 6.51; N, 5.32. Found: C, 64.23;
H, 6.89; N, 5.21.

4.2.10. 3-(2-Chlorophenyl)-2-methylene-4-nitro-penta-
noic acid methyl ester (4c). Pale yellow oil 85% (1.8 g);
nmax (Neat) 1726 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.45 (d, 3H, J¼6.6 Hz, CH3CH), 1.63 (d, 3H,
J¼6.6 Hz, CH3CH), 3.68 (s, 3H, CO2CH3), 3.74 (s, 3H,
CO2CH3), 4.93 (d, 1H, J¼11.0 Hz, CHAr), 5.08 (d, 1H,
J¼11.0 Hz, CHAr), 5.21–5.28 (m, 1H, CHCH3), 5.64–5.73
(m, 1H, CHCH3), 5.95 (s, 1H, ]CH), 5.97 (s, 1H, ]CH),
6.39 (s, 1H, ]CH), 6.41 (s, 1H, ]CH), 7.17–7.25 (m, 4H,
2�2ArH), 7.33–7.37 (m, 2H, 2�1ArH), 7.53–7.58 (m, 2H,
2�1ArH); mass (ES+) m/z 284.6 (M++1); Anal. Calcd for
C13H14ClNO4: C, 55.04; H, 4.97; N, 4.94. Found: C,
54.78; H, 5.08; N, 4.86.

4.2.11. 3-(4-Fluorophenyl)-2-methylene-4-nitro-penta-
noic acid methyl ester (4f). Pale yellow oil 85% (1.5 g);
nmax (Neat) 1721 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.40 (d, 3H, J¼6.6 Hz, CH3CH), 1.61 (d, 3H,
J¼6.6 Hz, CH3CH), 3.70 (s, 3H, CO2CH3), 3.74 (s, 3H,
CO2CH3), 4.35 (d, 1H, J¼11.2 Hz, CHAr), 4.43 (d, 1H,
J¼11.2 Hz, CHAr), 5.18–5.25 (m, 1H, CHCH3), 5.40–5.49
(m, 1H, CHCH3), 5.83 (s, 1H, ]CH), 5.90 (s, 1H, ]CH),
6.34 (s, 1H, ]CH), 6.37 (s, 1H, ]CH), 6.92–7.06 (m, 4H,
2�2ArH), 7.21–7.30 (m, 4H, 2�2ArH); 13C NMR
(50.32 MHz, CDCl3) d¼19.3, 19.5, 51.5, 52.5, 52.7, 85.5,
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86.0, 125.2, 128.0, 128.2, 129.1, 129.4, 131.1, 137.8, 139.6,
139.9, 166.3, 166.6; mass (FAB+) m/z 268 (M++1); Anal.
Calcd for C13H14FNO4: C, 58.42; H, 5.28; N, 5.24. Found:
C, 58.01; H, 5.52; N, 5.20.

4.2.12. 3-(4-Bromophenyl)-2-methylene-4-nitro-penta-
noic acid methyl ester (4g). Colorless oil 92% (2.4 g);
nmax (Neat) 1725 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.41 (d, 3H, J¼6.6 Hz, CH3CH), 1.61 (d, 3H,
J¼6.6 Hz, CH3CH), 3.68 (s, 3H, CO2CH3), 3.73 (s, 3H,
CO2CH3), 4.32 (d, 1H, J¼11.5 Hz, CHAr), 4.41 (d, 1H, J¼
11.5 Hz, CHAr), 5.14–5.22 (m, 1H, CHCH3), 5.41–5.47 (m,
1H, CHCH3), 5.81 (s, 1H, ]CH), 5.90 (s, 1H, ]CH), 6.35
(s, 1H, ]CH), 6.37 (s, 1H, ]CH), 7.13–7.19 (m, 4H,
2�2ArH), 7.39–7.48 (m, 4H, 2�2ArH); 13C NMR
(50.32 MHz, CDCl3) d¼19.3, 19.4, 51.1, 52.4, 52.6, 52.8,
85.0, 85.7, 122.3, 125.6, 128.3, 130.1, 130.8, 132.3, 132.5,
136.1, 136.9, 139.1, 139.4, 166.1, 166.4; mass (FAB+) m/z
328 (M++1); Anal. Calcd for C13H14BrNO4: C, 47.58; H,
4.30; N, 4.27. Found: C, 46.71; H, 4.53; N, 4.41.

4.3. General procedure for the reduction of 3a–g and
4a–c, f, g with indium

To the stirred solution of appropriate compound from 3a–g
and 4a–c, f, g (1.0 equiv) in THF–H2O (5 mL for approx.
0.5 g of compound, 1:3, v/v) was added In powder
(4.0 equiv) followed by 6 N HCl (6.0 equiv). The reaction
was allowed to proceed at room temperature and was mon-
itored via TLC. On completion, approximately 2 h, THF
was evaporated and the pH of the residue was made alkaline
with saturated NaHCO3 solution. The solution was diluted
with EtOAc and filtered through a bed of Celite. The filtrate
was then extracted with EtOAc (3�25 mL) and the com-
bined organic layers were dried (Na2SO4) and concentrated.
The residue was purified by column chromatography over
silica gel using hexane–EtOAc (30:70, v/v) to yield products
5a–g and 6a–c, f, g.

4.3.1. 4-Methylene-5-oxo-3-phenylpyrrolidine-2-carbox-
ylic acid ethyl ester (5a)-(cis). Total yield 68% (0.54 g) as
a white solid, mp 122–124 �C; nmax (KBr) 1692 (CONH),
1746 (CO2Et), 3400 (NH) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.27 (t, 3H, J¼7.1 Hz, CH3CH2), 4.18–4.27 (m,
4H, CH2CH3, CHAr and CHCO2Et), 5.26 (s, 1H, ]CH),
6.22 (s, 1H, ]CH), 6.56 (s, 1H, NH), 7.29–7.38 (m, 5H,
ArH); 13C NMR (50.32 MHz, CDCl3) d¼14.5, 48.9, 61.9,
62.3, 119.8, 128.0, 128.4, 129.4, 141.7, 142.9, 170.1,
171.3; mass (ES+) m/z 246.1 (M++1); HREIMS calculated
for C14H15NO3 245.1052, found, 245.1052.

4.3.2. 4-Methylene-5-oxo-3-phenylpyrrolidine-2-carbox-
ylic acid ethyl ester (5a)-(trans). Total yield 68% (0.54 g)
as a white solid, mp 160–162 �C; nmax (KBr) 1692
(CONH), 1738 (CO2Et), 3445 (NH) cm�1; 1H NMR
(300 MHz, CDCl3) d¼0.83 (t, 3H, J¼6.0 Hz, CH3CH2),
3.57–3.63 (m, 1H, CHAr), 3.75–3.81 (m, 1H, CHCO2Et),
4.52–4.61 (m, 2H, CH2CH3), 5.33 (s, 1H, ]CH), 6.26 (s,
1H, ]CH), 6.76 (s, 1H, NH), 7.18–7.29 (m, 5H); 13C
NMR (50.32 MHz, CDCl3) d¼13.9, 48.2, 59.7, 61.6, 119.6,
128.2, 128.9, 129.4, 138.6, 142.3, 170.4, 171.4; mass (ES+)
m/z 246.1 (M++1); HREIMS calculated for C14H15NO3

245.1052, found, 245.1052.
4.3.3. 4-Methylene-5-oxo-3-p-tolylpyrrolidine-2-carbox-
ylic acid ethyl ester (5b)-(cis). Total yield 64% (0.268 g)
as a white solid, mp 123–125 �C; nmax (KBr) 1695 (CONH),
1738 (CO2Et), 3445 (NH) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.28 (t, 3H, J¼7.1 Hz, CH3CH2), 2.35 (s, 3H,
ArCH3), 4.15–4.27 (m, 4H, CH2CH3, CHAr and CHCO2Et),
5.25 (d, 1H, J¼1.8 Hz, ]CH), 6.20 (d, 1H, J¼2.6 Hz,
]CH), 6.62 (s, 1H, NH), 7.17 (s, 4H, ArH); mass (FAB+)
m/z 260 (M++1); HREIMS calculated for C15H17NO3

259.1208, found, 259.1208.

4.3.4. 4-Methylene-5-oxo-3-p-tolylpyrrolidine-2-carbox-
ylic acid ethyl ester (5b)-(trans). Total yield 64%
(0.268 g) as a white solid, mp 162–164 �C; nmax (KBr)
1695 (CONH), 1738 (CO2Et), 3442 (NH) cm�1; 1H NMR
(300 MHz, CDCl3) d¼0.85 (t, 3H, J¼7.3 Hz, CH3CH2),
2.30 (s, 3H, ArCH3), 3.57–3.64 (m, 1H, CHAr), 3.74–3.77
(m, 1H, CHAr), 4.46–4.54 (m, 2H, CH2CH3), 5.29 (d, 1H,
J¼3.0 Hz, ]CH), 6.22 (d, 1H, J¼3.0 Hz, ]CH), 6.57 (s,
1H, NH), 7.04–7.10 (m, 4H, ArH); 13C NMR (50.32 MHz,
CDCl3) d¼13.9, 21.4, 48.0, 59.8, 61.6, 119.4, 129.3,
129.5, 135.5, 137.9, 142.4, 170.4, 171.4; mass (FAB+) m/z
260 (M++1); HREIMS calculated for C15H17NO3

259.1208, found, 259.1208.

4.3.5. 3-(2-Chlorophenyl)-4-methylene-5-oxo-pyrrol-
idine-2-carboxylic acid ethyl ester (5c). White solid 56%
(0.37 g), mp 110–112 �C; nmax (KBr) 1710 (CONH), 1728
(CO2Et), 3412 (NH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼0.82 (t, 3H, J¼7.1 Hz, CH3CH2), 1.27 (t, 3H, J¼7.1 Hz,
CH3CH2), 3.49–3.62 (m, 1H, CHHCH3), 3.67–3.79 (m,
1H, CHHCH3), 4.17–4.31 (m, 2H, CH2CH3), 4.68 (d, 2H,
J¼9.0 Hz, 2�CHAr), 5.13 (d, 2H, J¼9.0 Hz, 2�CHCO2Et),
5.23 (s, 1H, ]CH), 5.35 (s, 1H, ]CH), 6.16 (d, 1H,
J¼2.4 Hz, ]CH), 6.31 (d, 1H, J¼2.6 Hz, ]CH), 6.69 (br
s, 2H, 2�1NH), 7.20–7.27 (m, 6H, 2�3ArH), 7.40–7.41
(m, 2H, 2�1ArH); 13C NMR (50.32 MHz, CDCl3) d¼13.9,
14.4, 44.2, 46.1, 58.2, 60.5, 61.1, 62.4, 119.1, 119.7, 127.4,
127.9, 129.4, 129.7, 130.0, 130.3, 130.4, 134.2, 135.9,
138.8, 140.9, 142.1, 170.0, 170.4, 171.2; mass (ES+) m/z
280.1 (M++1), 282.1 (M++3); HREIMS calculated for
C14H14ClNO3 279.0662, found, 279.0664.

4.3.6. 3-(2-Fluorophenyl)-4-methylene-5-oxo-pyrrol-
idine-2-carboxylic acid ethyl ester (5d). White solid 57%
(0.12 g), mp 105–107 �C; nmax (KBr) 1704 (CONH), 1743
(CO2Et), 3332 (NH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼0.85 (t, 3H, J¼7.2 Hz, CH3CH2), 1.29 (t, 3H, J¼7.2 Hz,
CH3CH2), 3.48–3.61 (m, 2H, CH2CH3), 4.23–4.39 (m, 5H,
CH2CH3, 2�CHAr and CHCO2Et), 4.71–4.84 (m, 1H,
CHCO2Et), 5.28 (d, 1H, J¼1.3 Hz, ]CH), 5.36 (d, 1H,
J¼0.6 Hz, ]CH), 6.20 (d, 1H, J¼1.1 Hz, ]CH), 6.38 (d,
1H, J¼1.0 Hz, ]CH), 7.04–7.30 (m, 8H, 2�4ArH); 13C
NMR (50.32 MHz, CDCl3) d¼13.9, 14.4, 40.0, 43.0, 58.8,
60.8, 61.7, 61.9, 115.3, 115.7, 116.1, 116.5, 119.7, 119.8,
124.7, 125.0, 125.1, 125.7, 129.8, 130.0, 130.2, 130.3,
138.9, 140.8, 142.0, 169.9, 170.2, 171.0, 171.5; mass (ES+)
m/z 264.3 (M++1); HREIMS calculated for C14H14FNO3

263.0958, found, 263.0954.

4.3.7. 3-(4-Chlorophenyl)-4-methylene-5-oxo-pyrrol-
idine-2-carboxylic acid ethyl ester (5e). White solid 61%
(0.174 g), mp 106–108 �C; nmax (KBr) 1713 (CONH),
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1748 (CO2Et), 3445 (NH) cm�1; 1H NMR (200 MHz,
CDCl3) d¼0.88 (t, 3H, J¼7.2 Hz, CH3CH2), 1.29 (t, 3H,
J¼7.2 Hz, CH3CH2), 3.51–3.92 (m, 2H, 2�CHAr), 4.14–
4.27 (m, 4H, 2�CH2CH3), 4.40–4.68 (m, 2H, 2�CHCO2Et),
5.25 (d, 1H, J¼1.9 Hz, ]CH), 5.31 (d, 1H, J¼1.6 Hz,
]CH), 6.22 (d, 1H, J¼2.9 Hz, ]CH), 6.26 (d, 1H,
J¼2.6 Hz, ]CH), 6.98 (s, 2H, 2�NH), 7.11–7.37 (m, 8H,
2�4ArH); 13C NMR (50.32 MHz, CDCl3) d¼14.0, 14.5,
47.5, 48.2, 59.6, 61.8, 61.9, 62.6, 119.5, 120.1, 129.0,
129.6, 129.7, 129.8, 130.8, 133.9, 134.2, 137.1, 138.9, 140.0,
141.9, 142.6, 169.9, 170.1, 171.0, 171.3; mass (ES+) m/z
280.1 (M++1); HREIMS calculated for C14H14ClNO3

279.0662, found, 279.0658.

4.3.8. 3-(4-Fluorophenyl)-4-methylene-5-oxo-pyrrol-
idine-2-carboxylic acid ethyl ester (5f). White solid 63%
(0.315 g), mp 114–116 �C; nmax (KBr) 1705 (CONH), 1743
(CO2Et), 3214 (NH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.21–1.39 (m, 6H, 2�CH3CH2), 3.70–3.98 (m, 2H, 2�
CHAr), 4.05–4.38 (m, 6H, 2�CH2CH3 and 2�CHCO2Et),
5.27–5.32 (m, 2H, 2�]CH), 6.23–6.28 (m, 2H, 2�]CH),
7.01–7.43 (m, 8H, 2�4ArH); 13C NMR (50.32 MHz,
CDCl3) d¼14.0, 14.5, 44.3, 45.8, 62.0, 62.6, 66.2, 67.9,
115.7, 116.1, 116.2, 116.7, 120.0, 120.3, 129.8, 130.0,
131.5, 131.7, 136.1, 139.2, 139.7, 142.0, 160.3, 164.7,
165.2, 168.2, 169.8; mass (FAB+) m/z 264 (M++1); HREIMS
calculated for C14H14FNO3 263.0958, found, 263.0958.

4.3.9. 3-(4-Bromophenyl)-4-methylene-5-oxo-pyrrol-
idine-2-carboxylic acid ethyl ester (5g). White solid 55%
(0.21 g), mp 159–161 �C; nmax (KBr) 1712 (CONH), 1750
(CO2Et), 3430 (NH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼0.88 (t, 3H, J¼7.1 Hz, CH3CH2), 1.29 (t, 3H, J¼7.1 Hz,
CH3CH2), 3.60–3.91 (m, 2H, 2�CHAr), 4.21–4.27 (m, 4H,
2�CH2CH3), 4.38–4.60 (m, 2H, 2�CHCO2Et), 5.25 (d,
1H, J¼2.0 Hz, ]CH), 5.30 (d, 1H, J¼1.7 Hz, ]CH), 6.22
(d, 1H, J¼2.9 Hz, ]CH), 6.25 (d, 1H, J¼2.5 Hz, ]CH),
6.66 (br s, 2H, 2�NH), 7.06–7.57 (m, 8H, 2�4ArH); 13C
NMR (50.32 MHz, CDCl3) d¼14.0, 14.5, 47.5, 48.3, 59.4,
61.8, 62.4, 120.0, 122.0, 122.3, 130.2, 131.1, 131.5, 132.0,
132.5, 134.4, 137.7, 140.6, 141.9, 142.6, 170.2, 171.1, 171.9;
mass (ES+) m/z 324.1 (M++1), 326.1 (M++3); HREIMS
calculated for C14H14BrNO3 323.0157, found, 323.0155.

4.3.10. 5-Methyl-3-methylene-4-phenylpyrrolidin-2-one
(6a). An off white solid 62% (0.144 g), mp 118–120 �C;
nmax (KBr) 1674 (CONH), 3413 (NH) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.45 (d, 3H, J¼6.2 Hz, CH3CH),
3.55–3.58 (m, 1H, CHAr), 3.82–3.88 (m, 1H, CHCH3),
5.13 (d, 1H, J¼2.4 Hz, ]CH), 6.09 (d, 1H, J¼3.0 Hz,
]CH), 7.19 (m, 5H, ArH); 13C NMR (50.32 MHz, CDCl3)
d¼18.4, 51.2, 63.0, 117.8, 128.0, 128.8, 129.3, 140.4,
163.6; mass (ES+) 188.2 (M++1); HREIMS calculated for
C12H13NO 187.0997, found, 187.0991.

4.3.11. 5-Methyl-3-methylene-4-p-tolylpyrrolidin-2-one
(6b). Brown solid 60% (0.107 g), mp 155–157 �C; nmax

(KBr) 1686 (CONH), 3431 (NH) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.32 (d, 3H, J¼6.0 Hz, CH3CH),
2.35 (s, 3H, ArCH3), 3.54 (d, 1H, J¼2.7 Hz, CHAr), 3.68
(t, 1H, J¼6.1 Hz, CHCH3), 5.12 (s, 1H, ]CH), 6.08 (d,
1H, J¼2.7 Hz, ]CH), 6.92 (s, 1H, NH), 7.11 (d, 2H,
J¼8.0 Hz, ArH), 7.17 (d, 2H, J¼8.0 Hz, ArH); 13C NMR
(50.32 MHz, CDCl3) d¼18.3, 21.4, 50.9, 62.9, 117.9,
128.7, 130.0, 137.3, 137.7, 163.8; mass (ES+) 188.2
(M++1); HREIMS calculated for C13H15NO 201.1155,
found, 201.1148.

4.3.12. 4-(2-Chlorophenyl)-5-methyl-3-methylenepyr-
rolidin-2-one (6c). Brown solid 58% (0.09 g), mp 117–
119 �C; nmax (KBr) 1684 (CONH), 3433 (NH) cm�1. 1H
NMR (300 MHz, CDCl3) d¼0.76 (d, 3H, J¼6.0 Hz,
CH3CH), 4.20–4.25 (m, 1H, CHAr), 4.85–4.90 (m, 1H,
CHCH3), 5.33 (d, 1H, J¼3.0 Hz, ]CH), 6.30 (d, 1H,
J¼3.0 Hz, ]CH), 7.18–7.25 (m, 2H, ArH), 7.38–7.44 (m,
2H, ArH); mass (ES+) 222.1 (M++1); HREIMS calculated
for C12H12ClNO 221.0607, found, 221.0606.

4.3.13. 4-(2-Chlorophenyl)-5-methyl-3-methylenepyr-
rolidin-2-one (6c) (diastereoisomeric mixture as obtained
from reaction of SnCl2$2H2O). Brown solid 54% (0.13 g),
mp 96–98 �C; nmax (KBr) 1670 (CONH), 3415 (NH) cm�1;
1H NMR (200 MHz, CDCl3) d¼0.77 (d, 3H, J¼6.5 Hz,
CH3CH), 0.89 (d, 3H, J¼6.5 Hz, CH3CH), 3.60–3.65 (m,
1H, CHAr), 4.22–3.29 (m, 1H, CHAr), 4.35–4.39 (m, 1H,
CHCH3), 4.87–4.92 (m, 1H, CHCH3), 5.26 (s, 1H, ]CH),
5.37 (d, 1H, J¼2.5 Hz, ]CH), 6.14 (s, 1H, ]CH), 6.34 (d,
1H, J¼2.5 Hz, ]CH), 6.96 (br s, 2H, 2�NH), 7.17–7.27
(m, 6H, 2�3ArH), 7.33–7.45 (m, 2H, 2�1ArH); mass
(FAB+) 222 (M++1); HREIMS calculated for C12H12ClNO
221.0607, found, 221.0608.

4.3.14. 4-(4-Fluoro-phenyl)-5-methyl-3-methylenepyr-
rolidin-2-one (6f). White solid 53% (0.13 g), mp 162–
164 �C; nmax (KBr) 1667 (CONH), 3413 (NH) cm�1; 1H
NMR (200 MHz, CDCl3) d¼1.45 (d, 3H, J¼6.2 Hz,
CH3CH), 3.54–3.57 (m, 1H, CHAr), 3.75–3.84 (m, 1H,
CHCH3), 5.12 (d, 1H, J¼2.3 Hz, ]CH), 6.08 (d, 1H,
J¼2.8 Hz, ]CH), 6.99–7.08 (m, 2H, ArH), 7.14–7.21 (m,
2H, ArH); 13C NMR (50.32 MHz, CDCl3) d¼18.3, 50.5,
63.1, 116.1, 116.5, 118.0, 130.2, 130.4, 131.4, 136.1,
141.8, 165.0; mass (ES+) m/z 206.1 (M++1); HREIMS calcu-
lated for C12H12FNO 205.0903, found, 205.0905.

4.3.15. 4-(4-Bromophenyl)-5-methyl-3-methylenepyr-
rolidin-2-one (6g). Yellow oil 64% (0.23 g); nmax (Neat)
1688 (CONH), 3427 (NH) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.44 (d, 3H, J¼6.2 Hz, CH3CH), 3.53–3.58 (m,
1H, CHAr), 3.76–3.86 (m, 1H, CHCH3), 5.13 (d, 1H,
J¼2.4 Hz, ]CH), 6.07 (d, 1H, J¼2.9 Hz, ]CH), 7.08 (d,
2H, J¼8.4 Hz, ArH), 7.48 (d, 2H, J¼8.4 Hz, ArH); 13C
NMR (50.32 MHz, CDCl3) d¼18.5, 51.2, 62.8, 117.9,
128.9, 130.2, 137.3, 137.9, 164.5; mass (ES+) m/z 266.0
(M++1); HREIMS calculated for C12H12BrNO 265.0102,
found, 265.0108.

4.4. General procedure for reduction of compounds
3a–g with SnCl2$2H2O

To the solution of compounds from 3a–g (1.0 equiv) in
methanol (10 mL) was added SnCl2$2H2O (5.0 equiv) and
the reaction mixture was heated at reflux with stirring at
80 �C for 1.5 h in a nitrogen atmosphere. On completion,
methanol was evaporated and the residue was made alkaline
with saturated NaHCO3 and then EtOAc (100 mL) was
added. The suspension was passed through a bed of Celite
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and the filtrate was partitioned in a separating funnel. The
organic layer was separated, dried (Na2SO4), and concen-
trated to afford a residue, which was purified by silica
gel chromatography using hexane–EtOAc (90:10, v/v) or
(20:80, v/v) as eluent to yield products 7a–g as oils.

4.4.1. 2-Hydroxyimino-4-methylene-3-phenylpentane-
dioic acid 1-ethyl ester 5-methyl ester (7a). Pale yellow
oil 73% (0.83 g); nmax (Neat) 1630 (C]N), 1735 (CO2Me
and CO2Et), 3425 (OH) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.26 (t, 3H, J¼7.2 Hz, CH3CH2), 3.75 (s, 3H,
CO2CH3), 4.21 (q, 2H, J¼7.2 Hz, CH2CH3), 5.32 (d, 1H,
J¼2.1 Hz, ]CH), 5.48 (s, 1H, CHAr), 6.35 (s, 1H, ]CH),
7.31 (s, 5H, ArH), 9.20 (br s, 1H, OH); mass (ES+) m/z
291.9 (M++1); HREIMS calculated for C15H17NO5

291.1107, found, 291.1110.

4.4.2. 2-Hydroxyimino-4-methylene-3-p-tolylpentane-
dioic acid 1-ethyl ester 5-methyl ester (7b). 78%
(1.48 g); nmax (Neat) 1631 (C]N), 1731 (CO2Me and
CO2Et), 3425 (OH) cm�1; 1H NMR (CDCl3, 200 MHz)
d¼1.19–1.30 (m, 3H, CH3CH2), 2.33 (s, 3H, ArCH3), 3.75
(s, 3H, CO2CH3), 4.07–4.28 (m, 2H, CH2CH3), 5.32 (d,
1H, J¼1.2 Hz, ]CH), 5.42 (s, 1H, CHAr), 6.33 (d, 1H,
J¼1.2 Hz, ]CH), 7.13 (d, 2H, J¼8.2 Hz, ArH), 7.20 (d,
2H, J¼8.2 Hz, ArH), 9.20 (br s, 1H, OH); 13C NMR
(50.32 MHz, CDCl3) d¼14.2, 21.5, 45.1, 52.5, 62.2, 126.9,
129.8, 134.2, 137.4, 137.4, 140.4, 151.5, 163.6, 167.5;
mass (FAB+) m/z 306 (M++1); HREIMS calculated for
C16H19NO5 305.1263, found, 305.1249.

4.4.3. 3-(2-Chlorophenyl)-2-hydroxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (7c). Color-
less oil 79% (0.45 g); nmax (Neat) 1627 (C]N), 1726
(CO2Et and CO2Me), 3497 (OH) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.27–1.29 (m, 3H, CH3CH2), 3.75
(s, 3H, CO2CH3), 4.11–4.28 (m, 2H, CH2CH3), 5.29 (s,
1H, ]CH), 5.86 (s, 1H, CHAr), 6.40 (s, 1H, ]CH), 7.20–
7.34 (m, 3H, ArH), 7.38–7.41 (m, 1H, ArH), 9.21 (br s,
1H, OH); mass (FAB+) m/z 326 (M++1); HREIMS calcu-
lated for C15H16ClNO5 325.0717, found, 325.0717.

4.4.4. 3-(2-Fluorophenyl)-2-hydroxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (7d). Color-
less oil 77% (0.73 g); nmax (Neat) 1630 (C]N), 1724 (CO2Et
and CO2Me), 3452 (OH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.26 (t, 3H, J¼7.0 Hz, CH3CH2), 3.76 (s, 3H, CO2CH3),
4.24 (q, 2H, J¼7.0 Hz, CH2CH3), 5.31 (s, 1H, ]CH), 5.77
(s, 1H, CHAr), 6.38 (s, 1H, ]CH), 7.01–7.10 (m, 2H,
ArH), 7.14–7.32 (m, 2H, ArH), 9.26 (br s, 1H, OH); mass
(ES+) m/z 310.1 (M++1); HREIMS calculated for
C15H16FNO5 309.1013, found, 309.1015.

4.4.5. 3-(4-Chlorophenyl)-2-hydroxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (7e). Color-
less oil 75% (0.47 g); nmax (Neat) 1627 (C]N), 1722 (CO2Et
and CO2Me), 3341 (OH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.26 (t, 3H, J¼7.2 Hz, CH3CH2), 3.75 (s, 3H, CO2CH3),
4.07–4.29 (m, 2H, CH2CH3), 5.33 (d, 1H, J¼1.8 Hz,
]CH), 5.45 (s, 1H, CHAr), 6.36 (d, 1H, J¼1.6 Hz, ]CH),
7.22–7.33 (m, 4H, ArH), 9.28 (br s, 1H, OH); 13C NMR
(50.32 MHz, CDCl3) d¼14.2, 44.8, 52.6, 62.4, 127.2,
129.2, 131.3, 133.7, 135.8, 139.7, 151.3, 163.3, 167.3;
mass (FAB+) m/z 326; HREIMS calculated for
C15H16ClNO5 325.0717, found, 325.0718.

4.4.6. 3-(4-Fluorophenyl)-2-hydroxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (7f). Color-
less oil 87% (0.24 g); nmax (Neat) 1628 (C]N), 1722 (CO2Et
and CO2Me), 3367 (OH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.27 (t, 3H, J¼7.1 Hz, CH3CH2), 3.75 (s, 3H, CO2CH3),
4.23 (q, 2H, J¼7.1 Hz, CH2CH3), 5.32 (d, 1H, J¼1.6 Hz,
]CH), 5.45 (s, 1H, CHAr), 6.35 (d, 1H, J¼1.6 Hz, ]CH),
6.97–7.09 (m, 2H, ArH), 7.29–7.33 (m, 2H, ArH), 9.35
(br s, 1H, OH); mass (ES+) m/z 310.0; HREIMS calculated
for C15H16FNO5 309.1013, found, 309.1016.

4.4.7. 3-(4-Bromophenyl)-2-hydroxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (7g). Pale
yellow oil 73% (0.7 g from 1.0 g); nmax (Neat) 1633
(C]N), 1722 (CO2Et and CO2Me), 3450 (OH) cm�1; 1H
NMR (200 MHz, CDCl3) d¼1.27 (t, 3H, J¼7.2 Hz,
CH3CH2), 3.75 (s, 3H, CO2CH3), 4.23 (q, 2H, J¼7.2 Hz,
CH2CH3), 5.34 (d, 1H, J¼1.9 Hz, ]CH), 5.43 (s, 1H,
CHAr), 6.37 (d, 1H, J¼1.6 Hz, ]CH), 7.19 (d, 2H,
J¼8.4 Hz, ArH), 7.45 (d, 2H, J¼8.4 Hz, ArH), 9.26 (br s,
1H, OH); 13C NMR (50.32 MHz, CDCl3) d¼14.3, 44.8,
52.7, 62.4, 127.3, 131.7, 132.2, 141.8, 144.6, 152.2, 164.3,
166.7; mass (ES+) m/z 370.2 (M++1); HREIMS calculated
for C15H16BrNO5 369.0212, found, 369.0210.

4.5. Reaction of 3a with Sn(SPh)2 complex

To a stirred solution of SnCl2$2H2O (0.81 g, 3.61 mmol) in
MeCN (5 mL), PhSH (1.12 mL, 12.1 mmol) and Et3N
(1.67 mL, 12.1 mmol) were added at room temperature.
Subsequently a solution of compound 3a (0.74 g,
2.25 mmol) in MeCN (2 mL) was added and the reaction
was allowed to continue for 30 min. Thereafter, the reaction
mixture was concentrated and the residue was purified by
column chromatography over silica gel using hexane–
EtOAc (90:10, v/v) as an eluent to give compound (0.42 g)
(60%) 7a as a pale yellow oil.

4.6. General procedure for the preparation of methyl
derivatives 8b, c

To the flask charged with oxime 7b or 7c (1.0 equiv) and
Ag2O (1.0 equiv) was added MeI (5 mL for approx. 0.3 g
substrate) with stirring at room temperature. After the initial
exothermic reaction has subsided, the reaction mixture was
heated at reflux for 1 h. The reaction mixture was cooled
to room temperature and filtered through a bed of Celite
with the help of CHCl3. The combined filtrates were evapo-
rated and the residue was purified via silica gel column chro-
matography. Elution with hexane–EtOAc (90:10, v/v) gave
pure 8b or 8c.

4.6.1. 2-Methoxyimino-4-methylene-3-p-tolylpentane-
dioic acid 1-ethyl ester 5-methyl ester (8b). Pale yellow
oil 80% (0.25 g); nmax (Neat) 1625 (C]N), 1735 (CO2Me
and CO2Et) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.25 (t,
3H, J¼7.1 Hz, CH3CH2), 2.32 (s, 3H, ArCH3), 3.74 (s,
3H, CO2CH3), 3.98 (s, 3H, NCH3), 4.23 (q, 2H, J¼7.1 Hz,
CH2CH3), 5.32 (d, 1H, J¼1.5 Hz, ]CH), 5.39 (s, 1H,
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(FAB+) m/z 320 (M++1); EIHRMS calculated for
C17H21NO5 319.1420, found, 319.1421.

4.6.2. 3-(2-Chlorophenyl)-2-methoxyimino-4-methylene-
pentanedioic acid 1-ethyl ester 5-methyl ester (8c). Color-
less oil 68% (0.05 g); nmax (Neat) 1627 (C]N), 1728 (CO2Et
and CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.24 (t,
3H, J¼7.1 Hz, CH3CH2), 3.74 (s, 3H, CO2CH3), 3.97 (s, 3H,
NCH3), 4.23 (q, 2H, J¼7.1 Hz, CH2CH3), 5.29 (d, 1H,
J¼1.5 Hz, ]CH), 5.80 (s, 1H, CHAr), 6.37 (s, 1H, ]CH),
7.18–7.25 (m, 3H, ArH), 7.37–7.40 (m, 1H, ArH); 13C
NMR (50.32 MHz, CDCl3) d¼14.4, 43.4, 52.6, 62.3, 63.8,
127.3, 129.0, 130.0, 130.6, 134.7, 135.8, 138.2, 151.1,
163.4, 167.0; mass (FAB+) m/z 340 (M++1); HREIMS calcu-
lated for C16H18ClNO5 339.0871, found, 339.0868.

4.7. General procedure for the preparation of tosyl
derivatives 9b, d

To the stirred solution of appropriate oxime from 7b,
d (1.0 equiv) in dry dichloromethane (10 mL) was added
Et3N (1.5 mmol). The reaction mixture was brought to 0 �C
via ice-bath and to it was added tosyl chloride (1.1 equiv)
and the reaction was continued for 2 h at room temperature.
Thereafter, the mixture was extracted with water and
dichloromethane. The organic layer was separated, dried
(Na2SO4), and evaporated to dryness to yield the crude prod-
uct, which was purified by silica gel column chromatography
using hexane–EtOAc (80:20, v/v) to yield pure products.

4.7.1. 2-Tosyloxyimino-4-methylene-3-p-tolylpentane-
dioic acid 1-ethyl ester 5-methyl ester (9b). Yellow oil
75% (0.61 g); nmax (Neat) 1628 (C]N), 1732 (CO2Et and
CO2Me) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.25 (t,
3H, J¼7.2 Hz, CH3CH2), 2.34 (s, 3H, ArCH3), 2.44 (s, 3H,
ArCH3), 3.69 (s, 3H, CO2CH3), 4.17 (q, 2H, J¼7.2 Hz,
CH2CH3), 5.35 (two s merged, 2H, CHAr and ]CH), 6.37
(s, 1H, ]CH), 7.09 (s, 4H, ArH), 7.27 (d, 2H, J¼8.0 Hz,
ArH), 7.69 (d, 2H, J¼8.0 Hz, ArH); mass (ES+) m/z 460.2
(M++1); HREIMS calculated for C23H25NO7S 459.1352,
found, 459.1364.

4.7.2. 3-(4-Fluorophenyl)-2-hydroxyimino-4-methylene
pentanedioic acid 1-ethyl ester 5-methyl ester (9d). Yel-
low oil 78% (0.20 g); nmax (Neat) 1630 (C]N), 1729
(CO2Et and CO2Me) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.23 (t, 3H, J¼7.1 Hz, CH3CH2), 2.45 (s, 3H, ArCH3),
3.70 (s, 3H, CO2CH3), 4.20 (q, 2H, J¼7.1 Hz, CH2CH3),
5.33 (two s merged, 2H, CHAr and ]CH), 6.39 (d, 1H,
J¼1.3 Hz, ]CH), 7.11–7.15 (m, 2H, ArH), 7.23–7.34 (m,
4H, ArH), 7.64–7.68 (m, 2H, ArH); mass (ES+) m/z 464.1
(M++1); HREIMS calculated for C22H22FNO7S 463.1101,
found, 463.1124.

4.8. General procedure for the reaction of 9b, d with
DBU

To the stirred solution of appropriate tosyl derivatives from
9b, d (1.0 mmol) in dry dichloromethane (5 mL), a solution
of DBU (1.2 mmol) in dichloromethane (4.0 mL) was added
dropwise at room temperature. After 30 min, organic layer
was washed with water, dried (anhyd Na2SO4), and evapo-
rated to furnish a residue, which was purified via silica gel
column chromatography using hexane–EtOAc (85:15, v/v)
to give the pyrroles in low yields.

4.8.1. 3-p-Tolyl-1H-pyrrole-2,4-dicarboxylic acid 2-ethyl
ester 4-methyl ester (10b). White solid 28% (0.11 g), mp
150–152 �C; nmax (KBr) 1730 (CO2Et and CO2Me), 3429
(NH) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.37 (t, 3H,
J¼7.2 Hz, CH3CH2), 2.40 (s, 3H, ArCH3), 3.77 (s, 3H,
CO2CH3), 4.33 (q, 2H, J¼7.2 Hz, CH2CH3), 7.25 (d, 2H,
J¼7.8 Hz, ArH), 7.38 (d, 1H, J¼2.8 Hz, ]CH), 7.52 (d,
2H, J¼7.8 Hz, ArH), 9.36 (s, 1H, NH); mass (FAB+) m/z
288 (M++1); HREIMS calculated for C16H17NO4

287.1158, found, 287.1146.

4.8.2. 3-(4-Fluorophenyl)-1H-pyrrole-2,4-dicarboxylic
acid 2-ethyl ester 4-methyl ester (10d). White solid 25%
(0.023 g), mp 156–158 �C; nmax (KBr) 1728 (CO2Et and
CO2Me), 3441 (NH) cm�1; 1H NMR (200 MHz, CDCl3)
d¼1.38 (t, 3H, J¼7.2 Hz, CH3CH2), 3.77 (s, 3H, CO2CH3),
4.32 (q, 2H, J¼7.2 Hz, CH2CH3), 7.10–7.18 (m, 2H, ArH),
7.38 (d, 1H, J¼2.8 Hz, ]CH), 7.59–7.65 (m, 2H, ArH),
9.38 (s, 1H, NH); mass (ES+) m/z 292.0 (M++1); HREIMS
calculated for C15H14FNO4 291.0907, found, 291.0919.

4.9. General procedure for the preparation of
compounds 11a–c, 12, and 13a, b

The compounds 11a–c, 12, and 13a, b were prepared follow-
ing the procedure as described for compounds 3a–g and the
reactions were worked up after 1 h.

4.9.1. 2-Methylene-4-nitro-3-(2-nitrophenyl)-pentane-
dioic acid 5-ethyl ester 1-methyl ester (11a). An off white
solid 72% (1.36 g), mp 116–118 �C; nmax (KBr) 1721
(CO2Et), 1755 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.07 (t, 3H, J¼7.1 Hz, CH3CH2), 3.68 (s, 3H,
CO2CH3), 4.09 (q, 2H, J¼7.1 Hz, CH2CH3), 5.53 (d, 1H,
J¼11.5 Hz, CHAr), 5.99 (s, 1H, ]CH), 6.08 (d, 1H,
J¼11.5 Hz, CHCO2Et), 6.46 (s, 1H, ]CH), 7.42–7.49 (m,
1H, ArH), 7.52–7.58 (m, 2H, ArH), 7.82–7.84 (d, 1H,
J¼7.6 Hz, ArH); 13C NMR (50.632 MHz, CDCl3) d¼13.8,
42.9, 52.8, 63.8, 89.3, 125.4, 128.5, 129.5, 130.1, 130.8,
133.2, 137.0, 150.5, 163.0, 165.7; mass (ES+) m/z 375.0
(M++Na); HREIMS calculated for C15H16N2O6 352.0907,
found, 352.0909.

4.9.2. 2-Methylene-4-nitro-3-(6-nitrobenzo[1,3]dioxol-5-
yl)-pentanedioic acid 5-ethyl ester 1-methyl ester (11b).
Yellow solid 68% (0.42 g), mp 148–150 �C; nmax (KBr)
1722 (CO2Et), 1749 (CO2Me) cm�1; 1H NMR (300 MHz,
CDCl3) d¼1.17 (t, 3H, J¼7.2 Hz, CH3CH2), 3.71 (s, 3H,
CO2CH3), 4.15 (q, 2H, J¼7.2 Hz, CH2CH3), 5.63 (d, 1H,
J¼12.0 Hz, CHAr), 5.99 (d, 1H, J¼12.0 Hz, CHCO2Et),
6.02 (s, 1H, ]CH), 6.12 (s, 2H, CH2), 6.47 (s, 1H, ]CH),
6.93 (s, 1H, ArH), 7.38 (s, 1H, ArH); 13C NMR
(50.32 MHz, CDCl3) d¼14.2, 42.8, 52.9, 63.9, 89.3, 103.7,
106.4, 109.3, 126.3, 128.4, 137.2, 144.7, 148.0, 151.8,
163.0, 165.8; mass (ES+) m/z 419.0 (M++Na); HREIMS cal-
culated for C16H16N2O10 396.0805, found, 396.0806.

4.9.3. 3-(5-Chloro-2-nitro phenyl)-2-methylene-4-nitro-
pentanedioic acid 5-ethyl ester 1-methyl ester (11c).
Brown solid 75% (0.80 g), mp 130–132 �C; nmax (KBr)
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1725 (CO2Et), 1750 (CO2Me) cm�1; 1H NMR (200 MHz,
CDCl3) d¼1.12 (t, 3H, J¼7.1 Hz, CH3CH2), 3.70 (s, 3H,
CO2CH3), 4.12 (q, 2H, J¼7.1 Hz, CH2CH3), 5.56 (d, 1H,
J¼11.6 Hz, CHAr), 6.00–6.06 (m, 2H, CHCO2Et and
]CH), 6.49 (s, 1H, ]CH), 7.39–7.44 (m, 1H, ArH), 7.52
(d, 1H, J¼2.1 Hz, ArH), 7.83 (d, 1H, J¼8.7 Hz, ArH);
mass (ES+) m/z 409.0 (M++Na); HREIMS calculated for
C15H15ClN2O8 386.0517, found, 386.0515.

4.9.4. 2-Methylene-4-nitro-3-(2-nitrophenyl)-pentane-
dioic acid diethyl ester (12). Yellow solid 71% (0.44 g),
mp 90–92 �C; nmax (KBr) 1728 (CO2Et) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.03–1.30 (m, 6H, 2�CH3CH2),
4.03–4.28 (m, 4H, 2�CH2CH3), 5.52–5.59 (m, 2H,
2�CHAr), 5.96 (two s merged, 2H, ]CH), 5.08 (d, 1H,
J¼11.5 Hz, CHCO2Et), 6.29 (d, 1H, J¼11.5 Hz, CHCO2Et),
6.41 (s, 1H, ]CH), 6.47 (s, 1H, ]CH), 7.44–7.49 (m, 2H,
2�1ArH), 7.55–7.58 (m, 4H, 2�2ArH), 7.68–7.71 (m, 1H,
ArH), 7.85 (d, 2H, J¼7.8 Hz, ArH); mass (ES+) m/z 389.0
(M++Na); HREIMS calculated for C15H16N2O8 366.1063,
found, 366.1059.

4.9.5. 2-Methylene-4-nitro-3-(2-nitrophenyl)-pentanoic
acid methyl ester (13a). Brown solid 65% (0.58 g), mp
110–112 �C; nmax (KBr) 1722 (CO2Me) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.56 (d, 3H, J¼6.6 Hz, CH3CH),
1.63 (d, 3H, J¼6.6 Hz, CH3CH), 3.63 (s, 3H, CO2CH3),
3.75 (s, 3H, CO2CH3), 5.08 (d, 1H, J¼11.0 Hz, CHAr),
5.21–5.35 (m, 2H, CHAr and CHCO2Et), 5.64–5.68 (m,
1H, CHCO2Et), 5.96 (s, 1H, ]CH), 6.00 (s, 1H, ]CH),
6.41 (two s merged, 2H, 2�]CH), 7.34–7.47 (m, 4H,
2�2ArH), 7.57 (t, 2H, J¼7.2 Hz, 2�1ArH), 7.79 (t, 2H,
J¼7.2 Hz, 2�1ArH); mass (ES+) m/z 395.1 (M++1);
HREIMS calculated for C15H15ClN2O8 294.0852, found,
294.0853.

4.9.6. 3-(5-Chloro-2-nitrophenyl)-2-methylene-4-nitro-
pentanoic acid methyl ester (13b). Brown solid 66%
(0.50 g), mp 104–106 �C; nmax (KBr) 1724 (CO2Me) cm�1;
1H NMR (200 MHz, CDCl3) d¼1.57 (d, 3H, J¼6.6 Hz,
CH3CH), 1.63 (d, 3H, J¼6.6 Hz, CH3CH), 3.65 (s, 3H,
CO2CH3), 3.77 (s, 3H, CO2CH3), 5.06 (d, 1H, J¼11.1 Hz,
CHAr), 5.24–5.34 (m, 2H, CHAr and CHCO2Et), 5.63–
5.68 (m, 1H, CHCO2Et), 5.99 (s, 1H, ]CH), 6.04 (s, 1H,
]CH), 6.45 (two s merged, 2H, 2�]CH), 7.30–7.31
(m, 2H, 2�1ArH), 7.38–7.44 (m, 2H, 2�1ArH), 7.76–7.83
(m, 2H, 2�1ArH); mass (ES+) m/z 329.1 (M++1); HREIMS
calculated for C15H15ClN2O8 328.0462, found, 328.0458.

4.10. General procedure for the preparation of
compounds 14a–c, 15, and 16a, b

To the solution of appropriate compounds from 11a–c, 12,
and 13a, b (1.0 equiv) in methanol (10 mL) was added
SnCl2$2H2O (10 equiv) and the reaction mixture was heated
at reflux with stirring at 80 �C for 1 h in a nitrogen atmo-
sphere. After completion, methanol was evaporated and
the residue was made basic with saturated NaHCO3 and
taken up in EtOAc (100 mL). The suspension formed was
filtered through a bed of Celite and the filtrate was parti-
tioned in a separating funnel. The organic layer was sepa-
rated, dried (Na2SO4), and concentrated to give a residue,
which was purified by silica gel chromatography using
hexane–EtOAc (80:20, v/v) as an eluent to yield the final
products.

4.10.1. 3-(1-Methoxycarbonyl-vinyl)-1H-indole-2-car-
boxylic acid ethyl ester (14a). Yellow oil 56% (0.183 g);
nmax (Neat) 1723 (CO2Et and CO2Me), 3315 (NH) cm�1;
1H NMR (200 MHz, CDCl3) d¼1.36 (t, 3H, J¼7.1 Hz,
CH3CH2), 3.75 (s, 3H, CO2CH3), 4.40 (q, 2H, J¼7.1 Hz,
CH2CH3), 5.93 (s, 1H, ]CH), 6.66 (s, 1H, ]CH), 7.16–
7.19 (m, 1H, ArH), 7.34–7.41 (m, 1H, ArH), 7.54–7.61
(m, 2H, ArH), 10.64 (s, 1H, NH); 13C NMR (50.32 MHz,
CDCl3) d¼14.4, 52.5, 61.7, 110.1, 114.2, 119.6, 120.9,
121.8, 126.4, 129.4, 133.3, 133.9, 164.3, 167.9; mass
(ES+) m/z 274.0 (M++1); HREIMS calculated for
C15H15NO4 273.1001, found, 273.1004.

4.10.2. 3-(1-Methoxycarbonyl-vinyl)-5H-[1,3]diox-
olo[4,5-f]indole-6-carboxylic acid ethyl ester (14b). Pale
yellow solid 58% (0.093 g), mp 116–118 �C; nmax (KBr)
1732 (CO2Et and CO2Me), 3308 (NH) cm�1; 1H NMR
(200 MHz, CDCl3) d¼1.23–1.36 (m, 3H, CH3CH2), 3.73
(s, 3H, CO2CH3), 4.31 (q, 2H, J¼7.2 Hz, CH2CH3), 5.85
(t, 1H, J¼2.8 Hz, ]CH), 5.97 (s, 2H, CH2), 6.60 (t, 1H,
J¼4.1 Hz, ]CH), 6.85 (two s merged, 2H, ArH), 8.92
(s, 1H, NH); 13C NMR (50.32 MHz, CDCl3) d¼14.6, 52.5,
62.5, 100.3, 102.7, 106.2, 115.3, 115.8, 120.4, 128.9,
136.9, 148.1, 151.6, 165.2, 168.3; mass (ES+) m/z 318.0
(M++1), 340.1 (M++Na); HREIMS calculated for
C16H15NO6 317.0899, found, 317.0899.

4.10.3. 5-Chloro-3-(1-methoxycarbonyl-vinyl)-1H-in-
dole-2-carboxylic acid ethyl ester (14c). Yellow oil 62%
(0.103 g); nmax (Neat) 1723 (CO2Et and CO2Me), 3372
(NH) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.36 (t, 3H,
J¼7.1 Hz, CH3CH2), 3.75 (s, 3H, CO2CH3), 4.40 (q, 2H,
J¼7.1 Hz, CH2CH3), 5.91 (s, 1H, ]CH), 6.67 (s, 1H,
]CH), 7.36 (s, 1H, ArH), 7.48–7.65 (m, 2H, ArH), 10.72
(s, 1H, NH); 13C NMR (50.32 MHz, CDCl3) d¼13.8, 52.5,
61.8, 124.4, 125.6, 127.2, 130.6, 131.1, 131.4, 136.2,
141.7, 145.9, 165.2, 167.3; mass (ES+) m/z 308.0 (M++1);
HREIMS calculated for C15H14ClNO4 307.0611, found,
307.0612.

4.10.4. 3-(1-Ethoxycarbonyl-vinyl)-1H-indole-2-carb-
oxylic acid ethyl ester (15). Brown solid 59% (0.10 g),
mp 104–106 �C; nmax (KBr) 1713 (CO2Et), 3331
(NH) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.14–1.47 (m,
6H, 2�CH3CH2), 4.10–4.44 (m, 4H, 2�CH2CH3), 5.92 (s,
1H, ]CH), 6.66 (s, 1H, ]CH), 7.12–7.23 (m, 1H, ArH),
7.34–7.41 (m, 1H, ArH), 7.54–7.62 (m, 2H, ArH), 10.60
(s, 1H, NH); 13C NMR (50.32 MHz, CDCl3) d¼14.4, 14.6,
61.4, 62.3, 110.1, 112.3, 114.2, 121.0, 121.7, 126.4, 129.1,
133.2, 134.2, 164.5, 167.7; mass (ES+) m/z 288.0 (M++1);
HREIMS calculated for C16H17NO4 287.1158, found,
287.1156.

4.10.5. 3-Methylene-4-(1-nitro-ethyl)-3,4-dihydro-1H-
quinolin-2-one (16a). White solid 53% (0.062 g), mp 166–
168 �C; nmax (KBr) 1664 (CONH), 3218 (NH) cm�1; 1H
NMR (200 MHz, CDCl3) d¼1.47 (d, 3H, J¼4.7 Hz,
CH3CH), 1.50 (d, 3H, J¼4.7 Hz, CH3CH), 4.15 (d, 1H,
J¼7.6 Hz, CHAr), 4.23 (d, 1H, J¼7.6 Hz, CHAr), 4.61–
4.72 (m, 2H, 2�CHCH3), 5.68 (two s merged, 2H,
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2�]CH), 6.41 (s, 1H, ]CH), 6.49 (s, 1H, ]CH), 6.89–6.94
(m, 2H, 2�1ArH), 7.01–7.08 (m, 2H, 2�1ArH), 7.14–7.17
(m, 2H, 2�1ArH), 7.23–7.33 (m, 2H, 2�1ArH), 8.95 (s,
1H, NH), 9.10 (s, 1H, NH); 13C NMR (50.32 MHz, CDCl3)
d¼19.3, 19.4, 51.2, 52.4, 85.6, 86.1, 124.9, 127.7, 128.3,
129.0, 129.8, 130.1, 134.0, 134.8, 137.9, 138.1, 139.8,
140.0, 166.4, 166.7; mass (FAB+) m/z 233 (M++1); HREIMS
calculated for C12H12N2O3 232.0848, found, 232.0848.

4.10.6. 6-Chloro-3-methylene-4-(1-nitro-ethyl)-3,4-dihy-
dro-1H-quinolin-2-one (16b). Pale yellow solid 48%
(0.116 g), mp>250 �C; nmax (KBr) 1672 (CONH), 3391
(NH) cm�1; 1H NMR (200 MHz, CDCl3) d¼1.46 (d, 3H,
J¼4.6 Hz, CH3CH), 1.52 (d, 3H, J¼4.6 Hz, CH3CH), 4.14
(d, 1H, J¼7.8 Hz, CHAr), 4.22 (d, 1H, J¼7.8 Hz, CHAr),
4.60–4.74 (m, 2H, 2�CHCH3), 5.69 (two s merged, 2H,
2�]CH), 6.42 (s, 1H, ]CH), 6.47 (s, 1H, ]CH), 6.90–
6.95 (m, 2H, 2�1ArH), 7.06–7.09 (m, 2H, 2�1ArH), 7.16–
7.17 (m, 2H, 2�1ArH), 8.93 (s, 1H, NH), 9.08 (s, 1H, NH);
mass (ES+) m/z 266.9 (M++1), 289.0 (M++Na); HREIMS
calculated for C13H14N2O3 266.0458, found, 266.0455.
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Abstract—The aldol condensation reactions of a,a-diacetyl ketene-(S,S)-acetals, 1a and 1b, with aromatic aldehydes 2 in the presence of
NaOH in water have been investigated. At room temperature, the base-mediated condensations proceed smoothly to afford the corresponding
mono-condensed products, a-alkenoyl ketene-(S,S)-acetals 3, in high yields. At reflux temperature, the reactions produce high yields of sym-
metric double condensed a,a-dialkenoyl ketene-(S,S)-acetals 4 when 2 equiv of aldehyde are employed. Moreover, compounds 3 can con-
dense with a different aldehyde to give unsymmetric double condensed a,a-dialkenoyl ketene-(S,S)-acetals 5.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The use of water as a solvent in organic chemistry was redis-
covered in the 1980s in Breslow’s work, which showed that
hydrophobic effect could strongly enhance the rates of
some organic reactions.1 Organic reactions carried out in
water, without the use of any organic solvent, can also be ben-
eficial because water is an easily available, cheap, safe and
environmentally benign solvent.2 So far, extensive work
has revealed that a variety of organic reactions including
aldol reaction, allylation reaction, Diels–Alder reaction,
Michael reaction, Mannich-type reaction and even dehydra-
tion reactions can be realized in water, especially in the
presence of various catalysts such as inverse phase-transfer
catalysts and surfactant-type Lewis or Bronsted acids.3–5

Very recently, we achieved a clean, facile and practical syn-
thesis of a-oxo ketene-(S,S)-acetals based on the reaction of
b-dicarbonyl compounds with carbon disulfide and alkyl bro-
mide catalyzed by tetrabutylammonium bromide (TBAB) in
the presence of potassium carbonate in water.6 Indeed, our
laboratory has also been engaging in the synthesis and appli-
cation of a-oxo ketene-(S,S)-acetals.7 During the course of
our studies, we noted that a-alkenoyl ketene-(S,S)-acetals
containing a dienone moiety showed promising structural
features as novel organic intermediates for: (1) double
Michael acceptors serving as five carbon 1,5-bielectrophilic
species, (2) dense and flexible substitution patterns and (3)
good leaving alkylthio groups that can be subjected to a nu-
cleophilic vinyl substitution (SNV) reaction. Consequently,

Keywords: Aldol condensation reactions; Aromatic aldehydes; a-Oxo
ketene-(S,S)-acetals; Water.
* Corresponding authors. Tel.: +86 431 5099759; fax: +86 431 5098635;
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0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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we developed a novel synthetic strategy for the construction
of highly substituted six-membered carbocycles and hetero-
cycles, relying upon the utilization of a-alkenoyl ketene-
(S,S)-acetals as a five carbon 1,5-bielectrophilic species in
formal [5+1] annulations with various carbon, nitrogen and
sulfur nucleophiles, respectively.8 The important synthetic
utility of such intermediates and our continuing interest in or-
ganic reactions in water prompted us to exploit the synthesis
of novel a-alkenoyl ketene-(S,S)-acetals in aqueous media.
In the present work, we wish to report our investigations on
the aldol condensation reactions of a,a-diacetyl ketene-
(S,S)-acetals with various selected aryl aldehydes affording
a variety of novel a-alkenoyl ketene-(S,S)-acetals in water.

2. Results and discussion

The synthesis and application of a-oxo ketene-(S,S)-acetals
have been reported elsewhere.9 Following the procedure
described in our previous work,6 a,a-diacetyl ketene-(S,S)-
acetals 1a and 1b were easily prepared from acetylacetone,
carbon disulfide, 1,2-dibromoethane/1,3-dibromo propane
catalyzed by TBAB in the presence of K2CO3 and water in
nearly quantitative yields, respectively. Junjappa et al. and
Pak et al. investigated the direct aldol condensation reactions
of some a-acetyl ketene-(S,S)-acetals with aromatic alde-
hydes and described the synthetic utility of the condensed
products.10,11 Recently, Asokan and co-workers reported
the preparation of bis(alkenoyl)ketene-(S,S)-acetals from
1a and aldehydes in the presence of NaOEt in EtOH, and
the stereoselective intramolecular [2+2] photocycloadditions
of the title compounds.12 In all these cases, the aldol conden-
sation reactions were carried out in organic media in which
strong bases, such as NaH and NaOEt, have been employed.

mailto:dongdw663@nenu.edu.cn
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In the present work, the reaction of 1a with 4-methoxybenz-
aldehyde 2a (2 equiv) mediated by NaOH (3 equiv) at
20 �C in water was initially investigated. As indicated by
TLC, a product was formed but the reaction proceeded slug-
gishly since some of the substrates could not be consumed
even after prolonged reaction time. The reaction was stopped
and a pure yellowish solid was obtained in 65% yield along
with 30% recovery of the starting material 1a after workup
and column chromatography of the resulting reaction
mixture (Table 1, entry 1). The only product was character-
ized as (E)-3-(1,3-dithiolan-2-ylidene)-6-(4-methoxyphe-
nyl)hex-5-ene-2,4-dione 3aa, a mono-condensed product,
on the basis of its spectral and analytical data. Surprisingly,
none of the desired double condensed product, (1E,6E)-4-
(1,3-dithiolan-2-ylidene)-1,7-bis(4-methoxyphenyl)hepta-
1,6-diene-3,5-dione 4aa, could be detected in the reaction
system. In a separate experiment, when 1a and 2a (2 equiv)
were subjected to the similar conditions, namely in the pres-
ence of NaOH in ethanol at 20 �C, both 3aa and 4aa appeared
simultaneously in the reaction system within 10 min. After
12 h, the reaction was complete, as indicated by TLC, afford-
ing 4aa in 78% isolated yield, similar to that previously
described in the literature.12 The results reveal that the reac-
tion media have great effect on the aldol condensations, and
the clean conversion of 1a into 3aa in organic media is
difficult.

The reactions of 1a with 2a were then carried out in water un-
der various conditions to examine the reaction orientation
and to optimize the yields (see Table 1). Table 1 clearly shows
that the reaction temperature has a great effect on the test
reactions based on the reaction time and yields. A complete
conversion of 1a could be realized at 30 �C within 20 h,
which exclusively afforded compound 3aa in 90% yield
even when 2 equiv of 2a were employed (entry 2, Table 1).
With the increase of the reaction temperature, the reaction
was significantly accelerated and led to the formation of
4aa (entries 3–5, Table 1). At reflux temperature, the conver-
sion of 1a into 4aa could be achieved within 4 h. It should be
mentioned that much excess of base could result in a slightly

Table 1. The aldol condensation reactions of a,a-diacetyl ketene-(S,S)-ace-
tal 1a and 4-methoxybenzaldehyde 2a in the presence of NaOH in water

2a (Ar = 4-MeOPh-)

O O

NaOH(aq.)

O O

Ar

1a 3aa

Ar H

O

Ar

O O

Ar

4aa

++
SS SS SS

Entry Molar
ratioa

Molar
ratiob

T (�C) Time (h) Yield of
3aa (%)c

Yield of
4aa (%)c

1 2:1 3:1 20 20 65 (30) 0
2 2:1 3:1 30 20 90 0
3 2:1 3:1 50 15 78 9
4 2:1 3:1 70 10 62 24
5 2:1 3:1 100 4 0 80
6 2:1 5:1 100 4 0 75
7 2:1 5:2 100 4 0 82
8 1:1 3:1 30 20 90 0
9 1:1 3:2 30 20 91 0

a Molar ratio for 2a:1a.
b Molar ratio for NaOH:1a.
c Isolated yields, the value in bracket is recovery of 1a.
lower yield of 4aa for the formation of byproducts (entry 6,
Table 1). Actually, 2.5 equiv of base were sufficient with
the condensation reaction to give 4aa (entry 7, Table 1). How-
ever, the excess of base or aldehyde 1a did not have an obvi-
ous influence on the formation of 3aa at low temperature
(entries 8 and 9, Table 1). All the experiments have revealed
that the condensation reaction can be controlled to exclu-
sively produce 3aa or 4aa by simply varying the reaction
temperature.

Under the identical conditions as described in Table 1, entry
9, a range of reactions were performed on a,a-diacetyl
ketene-(S,S)-acetals 1 with a variety of aromatic aldehydes
2. Some of the results are summarized in Table 2 (entries
1–16). It is observed that all the reactions of aldehydes bear-
ing electron-donating groups proceed smoothly under the
mild basic conditions to afford the corresponding mono-
condensed products 3aa–3bh in high yields. It is noteworthy
that these reactions are associated with very simple separa-
tion processes. In all cases, the product is a solid and deposits
from the reaction system once formed. After the solid is
collected, filtered and washed with water, the almost pure
product is obtained. If necessary, the product can be easily
purified further by flash chromatography (silica gel, diethyl
ether–petroleum ether¼1:4). However, the reaction of
aldehyde 2i bearing electron-withdrawing nitro group pro-
ceeded with difficulty since most of the substrates were not
consumed even after a prolonged reaction time (entry 17,
Table 2). In this case purification of the product had to be
carried out by chromatography over silica gel.

Alternatively, a range of selected aldehydes 2 were sub-
jected to the aldol condensation with compounds 1 under
the identical conditions as described in Table 1, entry 7.
Some of the results are also presented in Table 2 (entries
18–23). Within a short time, 4–5 h, all the reactions were
complete affording the corresponding double condensed
products 4aa–4af in high yields. The results indicate that
the mono-condensed products 3 can further react with alde-
hydes at high temperature, which suggests that compounds 3
might react with a second (different) aldehyde to generate
unsymmetric double condensed a,a-dialkenoyl ketene-
(S,S)-acetals 5 with different a-alkenoyl groups. This will
enrich the versatility of the substituent patterns and make
such intermediates even more useful, especially in library
synthesis.

With many mono-condensed products 3 in hand, we next ex-
plored the possible transformations of these functionalities
to prepare the unsymmetric double condensed a-alkenoyl
ketene-(S,S)-acetals. Thus, two more experiments were car-
ried out (Scheme 1). In one case, when 3ad and benzo[d][1,3]-
dioxole-5-carbaldehyde 2c were subjected to the same aldol
condensation under reflux temperature for 2 h, workup of the
reaction mixture furnished a yellow product in 87% yield,
which was characterized as (1E,6E)-1-(benzo[d][1,3]dioxol-
5-yl)-4-(1,3-dithiolan-2-ylidene)-7-phenylhepta-1,6-diene-
3,5-dione 5adc on the basis of its spectral and analytical
data. In another case, the reaction was performed on 3bd
and 2c at reflux temperature for 2.5 h to give a yellow
product, characterized as (1E,6E)-1-(benzo[d][1,3]dioxol-
5-yl)-4-(1,3-dithian-2-ylidene)-7-phenylhepta-1,6-diene-3,5-
dione 5bdc, in 86% yield.
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Table 2. The aldol condensation of a,a-diacetyl ketene-(S,S)-acetals 1a and 1b with aromatic aldehydes 2 in aqueous NaOH

100 °C30 °C

2

O O

S S

NaOH(aq.)

O O

S S Ar

13

+ Ar H

O

Ar

O O

S S Ar

4

n nn

NaOH(aq.)

Entry Substrate 1 n Substrate 2 Ar T (�C) Time (h) Product 3 or 4 Yield (%)a Mp (�C)

1 1a 1 2a 4-MeOPh 30 20 3aa 91 156–158
2 1b 2 2a 4-MeOPh 30 20 3ba 90 138–140
3 1a 1 2b 4-MePh 30 18 3ab 92 114–116
4 1b 2 2b 4-MePh 30 19 3bb 93 119–121
5 1a 1 2c 3,4-OCH2OPh 30 16 3ac 94 130–132
6 1b 2 2c 3,4-OCH2OPh 30 17 3bc 92 141–142
7 1a 1 2d Ph 30 21 3ad 92 108–109
8 1b 2 2d Ph 30 22 3bd 90 116–118
9 1a 1 2e PhCH]CH 30 24 3ae 86 118–120
10 1b 2 2e PhCH]CH 30 24 3be 87 109–110
11 1a 1 2f 4-ClPh 30 23 3af 89 152–153
12 1b 2 2f 4-ClPh 30 24 3bf 90 135–137
13 1a 1 2g 4-NMe2Ph 30 20 3ag 95 172–174
14 1b 2 2g 4-NMe2Ph 30 21 3bg 93 129–131
15 1a 1 2h 2-Thioenyl 30 22 3ah 88 90–92
16 1b 2 2h 2-Thioenyl 30 23 3bh 91 101–103
17 1a 1 2i 4-NO2Ph 30 48 3ai 24 (63)b 163–165
18 1a 1 2a 4-MeOPh 100 4 4aa 82 104–106
19 1b 2 2a 4-MeOPh 100 5 4ba 83 112–114
20 1a 1 2b 4-MePh 100 4 4ab 85 140–141
21 1b 2 2b 4-MePh 100 4 4bb 86 118–120
22 1a 1 2d Ph 100 4 4ad 88 130–132
23 1a 1 2f 4-ClPh 100 4 4af 89 120–122

a Isolated yields for 3 and 4.
b The value in bracket is recovery of 2i.
NaOH(aq.)
reflux

3ad, 3bd

O O

S S
n

2c

5adc, 5bdc

O O

S S
n

O

O

O
O

O

H

Scheme 1. The reactions of benzo[d][1,3]dioxole-5-carbaldehyde 2c with
3ad/3bd.

3. Conclusion

In summary, we present here a facile, clean and practical
protocol for the synthesis of a-alkenoyl ketene-(S,S)-acetals
of types 3–5 via the aldol condensation of a,a-diacetyl
ketene-(S,S)-acetals 1a and 1b with aromatic aldehydes 2
in the presence of NaOH in water. The simplicity of execu-
tion, mild conditions, high yields, ready availability of sub-
strates and broad range of potential synthetic utility of the
products, especially in relation to recent environmental con-
cerns, make the protocol more attractive for academic
research and practical applications. The scope of the aldol
condensation and synthetic application of these intermedi-
ates of types 3–5 are under investigation in our laboratory.

4. Experimental

4.1. General

All reagents were purchased from commercial sources and
used without treatment, unless otherwise indicated. The
products were purified by column chromatography over
silica gel. 1H NMR and 13C NMR spectra were recorded at
500 MHz and 125 MHz, respectively, with TMS as internal
standard. IR spectra (KBr) were recorded on an FTIR spec-
trophotometer in the range of 400–4000 cm�1.

4.2. Typical procedure

Preparation of a-alkenoyl ketene-(S,S)-acetal 3aa, via the al-
dol condensation reactions of a,a-diacyl ketene-(S,S)-acetal
1a with aldehyde 2a, is described as an example: to a 25 mL
flask containing NaOH (3.0 mmol) in 10 mL water were
added 1a (2.0 mmol) and 2a (2.0 mmol) under stirring.
The mixture was stirred at 30 �C for about 20 h when the re-
action was complete as indicated by TLC. The crude product
was collected by filtration and washed with water. Further
purification was carried out by flash chromatography over
silica gel (eluent: diethyl ether–petroleum ether¼1:4) to
give pure product 3aa as a yellowish solid (yield: 91%).

4.3. Selected data for compounds 3aa–3bh, 4aa–4af,
5adc and 5bdc

4.3.1. (E)-3-(1,3-Dithiolan-2-ylidene)-6-(4-methoxyphe-
nyl)hex-5-ene-2,4-dione (3aa). Yellowish solid, mp 114–
116 �C. 1H NMR (CDCl3, 500 MHz): d¼2.32 (s, 3H),
3.32–3.40 (m, 4H), 3.85 (s, 3H), 6.82 (d, 1H, J¼16 Hz),
6.92 (d, 2H, J¼8 Hz), 7.52 (d, 2H, J¼8 Hz), 7.54 (d, 1H,
J¼16 Hz). 13C NMR (CDCl3, 125 MHz): d¼29.6, 37.0,
38.1, 55.7, 114.8, 124.3, 127.3, 127.9, 130.6, 145.4,
162.2, 172.2, 192.4, 193.6. IR (KBr, cm�1): 2927, 2920,
1603, 1420, 1264, 1174, 1152, 1021, 870. Anal. Calcd
for C16H16O3S2: C, 59.97; H, 5.03. Found: C, 60.06; H,
5.05.
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4.3.2. (E)-3-(1,3-Dithian-2-ylidene)-6-(4-methoxyphe-
nyl)hex-5-ene-2,4-dione (3ab). Yellowish solid, mp 119–
121 �C. 1H NMR (CDCl3, 500 MHz): d¼2.21 (s, 3H),
2.19–2.27 (m, 2H), 2.92 (m, 4H), 3.84 (s, 3H), 6.75 (d,
1H, J¼16 Hz), 6.91 (d, 2H, J¼8 Hz), 7.48 (d, 1H,
J¼16 Hz), 7.50 (d, 2H, J¼8 Hz). 13C NMR (CDCl3,
125 MHz): d¼24.4, 29.1, 29.7, 29.8, 55.7, 114.8, 125.2,
127.2, 130.7, 135.8, 145.7, 162.2, 164.7, 193.3, 193.5. IR
(KBr, cm�1): 3420, 2936, 1630, 1602, 1570, 1511, 1472,
1420, 1250, 1174, 1021. Anal. Calcd for C17H18O3S2: C,
61.05; H, 5.42. Found: C, 60.95; H, 5.45.

4.3.3. (E)-3-(1,3-Dithiolan-2-ylidene)-6-p-tolylhex-5-ene-
2,4-dione (3ba). Yellowish solid, mp 156–158 �C. 1H
NMR (CDCl3, 500 MHz): d¼2.33 (s, 3H), 2.39 (s, 3H),
3.33–3.39 (m, 4H), 6.90 (d, 1H, J¼16 Hz), 7.22 (d, 2H,
J¼8 Hz), 7.46 (d, 2H, J¼8 Hz), 7.56 (d, 1H, J¼16 Hz).
13C NMR (CDCl3, 125 MHz): d¼21.8, 29.8, 37.0, 38.0,
125.6, 127.9, 128.8, 130.0, 131.9, 141.8, 145.4, 172.9,
192.1, 193.7. IR (KBr, cm�1): 1626, 1582, 1565, 1418,
1323, 1245, 1178, 811. Anal. Calcd for C16H16O2S2: C,
63.13; H, 5.30. Found: C, 63.29; H, 5.34.

4.3.4. (E)-3-(1,3-Dithian-2-ylidene)-6-p-tolylhex-5-ene-
2,4-dione (3bb). Yellowish solid, mp 138–140 �C. 1H
NMR (CDCl3, 500 MHz): d¼2.21 (s, 3H), 2.22–2.26 (m,
2H), 2.38 (s, 3H), 2.92–2.96 (m, 4H), 6.84 (d, 1H, J¼
16 Hz), 7.21 (d, 2H, J¼8 Hz), 7.46 (d, 2H, J¼8 Hz), 7.50
(d, 1H, J¼16 Hz). 13C NMR (CDCl3, 125 MHz): d¼21.4,
24.1, 28.8, 29.3, 29.5, 126.2, 128.5, 129.7, 131.6, 135.5,
141.5, 145.4, 192.9. IR (KBr, cm�1): 3420, 2925, 1638,
1587, 1564, 1455, 1421, 1322, 1244, 1158, 980. Anal. Calcd
for C17H18O2S2: C, 64.12; H, 5.70. Found: C, 64.32; H, 5.74.

4.3.5. (E)-6-(Benzo[d][1,3]dioxol-5-yl)-3-(1,3-dithiolan-2-
ylidene)hex-5-ene-2,4-dione (3ac). Yellowish solid, mp
130–132 �C. 1H NMR (CDCl3, 500 MHz): d¼2.32 (s, 3H),
3.34–3.38 (m, 4H), 6.03 (s, 2H), 6.77 (d, 1H, J¼16 Hz),
6.83 (d, 1H, J¼8 Hz), 7.05 (d, 1H, J¼8 Hz), 7.07 (s, 1H),
7.50 (d, 1H, J¼16 Hz) .13C NMR (CDCl3, 125 MHz): d¼
29.3, 36.7, 37.7, 101.6, 106.6, 108.6, 124.3, 125.3, 127.7,
128.8, 144.8, 148.4, 150.1, 172.4, 191.6, 193.3. IR (KBr,
cm�1): 3853, 3734, 1576, 1558, 1500, 1489, 1257, 1226,
1034. Anal. Calcd for C16H14O4S2: C, 57.47; H, 4.22.
Found: C, 57.59; H, 4.26.

4.3.6. (E)-6-(Benzo[d][1,3]dioxol-5-yl)-3-(1,3-dithian-
2-ylidene)hex-5-ene-2,4-dione (3bc). Yellowish solid, mp
141–143 �C. 1H NMR (CDCl3, 500 MHz): d¼2.20 (s, 3H),
2.21–2.25 (m, 2H), 2.91–2.95 (m, 4H), 6.02 (s, 2H), 6.69
(d, 1H, J¼16 Hz), 6.82 (d, 1H, J¼8 Hz), 7.02 (d, 1H,
J¼8 Hz), 7.06 (s, 1H), 7.43 (d, 1H, J¼16 Hz). 13C NMR
(CDCl3, 125 MHz): d¼24.1, 28.8, 29.4, 29.5, 101.6, 106.6,
108.6, 125.2, 125.4, 128.7, 135.6, 145.1, 148.4, 150.1,
164.6, 192.7, 193.0. IR (KBr, cm�1): 3446, 1623, 1502,
1480, 1449, 1358, 1253, 1214, 1034, 976. Anal. Calcd for
C17H16O4S2: C, 58.60; H, 4.63. Found: C, 58.63; H, 4.61.

4.3.7. (E)-3-(1,3-Dithiolan-2-ylidene)-6-phenylhex-5-ene-
2,4-dione (3ad). Yellowish solid, mp 108–110 �C. 1H NMR
(CDCl3, 500 MHz): d¼2.33 (s, 3H), 3.33–3.39 (m, 4H), 6.95
(d, 1H, J¼16 Hz), 7.39–7.41 (m, 3H), 7.50 (d, 2H, J¼8 Hz),
7.58 (d, 1H, J¼16 Hz). 13C NMR (CDCl3, 125 MHz):
d¼29.8, 37.1, 38.0, 126.5, 128.6, 129.2, 131.1, 134.7,
144.1, 145.1, 173.8, 191.8, 193.7. IR (KBr, cm�1): 3425,
3058, 2922, 1629, 1583, 1572, 1448, 1407, 1331, 1283,
1245, 1178, 982. Anal. Calcd for C15H14O2S2: C, 62.04;
H, 4.86. Found: C, 61.93; H, 4.85.

4.3.8. (E)-3-(1,3-Dithian-2-ylidene)-6-phenylhex-5-ene-
2,4-dione (3bd). Yellowish solid, mp 116–118 �C. 1H
NMR (CDCl3, 500 MHz): d¼2.23 (s, 3H), 2.25–2.29 (m,
2H), 2.94 (m, 4H), 6.89 (d, 1H, J¼16 Hz), 7.40–7.42 (m,
3H), 7.53 (d, 1H, J¼16 Hz), 7.56 (m, 2H). 13C NMR
(CDCl3, 125 MHz): d¼24.5, 29.2, 29.7, 29.9, 127.4, 128.8,
129.3, 131.2, 134.6, 135.8, 145.5, 165.5, 193.2, 193.3. IR
(KBr, cm�1): 1640, 1625, 1571, 1452, 1422, 1325, 1242,
1159, 977, 740. Anal. Calcd for C16H16O2S2: C, 63.13;
H, 5.30. Found: C, 63.33; H, 5.31.

4.3.9. (5E,7E)-3-(1,3-Dithiolan-2-ylidene)-8-phenylocta-
5,7-diene-2,4-dione (3ae). Yellowish solid, mp 118–
120 �C. 1H NMR (CDCl3, 500 MHz): d¼2.32 (s, 3H),
3.34–3.38 (m, 4H), 6.49 (d, 1H, J¼16 Hz), 6.96 (d, 1H, J¼
8 Hz), 6.98 (s, 1H), 7.37–7.39 (m, 4H), 7.49 (d, 2H, J¼
8 Hz). 13C NMR (CDCl3, 125 MHz): d¼29.8, 37.1, 38.0,
126.8, 127.7, 127.9, 129.1, 129.7, 129.8, 136.1, 142.6,
145.4, 173.1, 191.9, 193.8. IR (KBr, cm�1): 3446, 1716,
1683, 1615, 1509, 1393, 1282, 1251, 1217, 1002. Anal. Calcd
for C17H16O2S2: C, 64.53; H, 5.10. Found: C, 64.54; H, 5.13.

4.3.10. (5E,7E)-3-(1,3-Dithian-2-ylidene)-8-phenylocta-
5,7-diene-2,4-dione (3be). Yellowish solid, mp 109–
110 �C. 1H NMR (CDCl3, 500 MHz): d¼2.21 (s, 3H),
2.22–2.26 (m, 2H), 2.93 (m, 4H), 6.41 (d, 1H, J¼16 Hz),
6.95 (d, 2H, J¼8 Hz), 7.33–7.35 (m, 4H), 7.48 (d, 2H,
J¼8 Hz). 13C NMR (CDCl3, 125 MHz): d¼24.4, 29.1,
29.7, 29.9, 126.8, 127.7, 129.1, 129.7, 130.6, 135.8, 136.1,
142.6, 145.7, 165.0, 193.1, 193.4. IR (KBr, cm�1): 1632,
1617, 1476. Anal. Calcd for C18H18O2S2: C, 65.42; H,
5.49. Found: C, 65.53; H, 5.51.

4.3.11. (E)-6-(4-Chlorophenyl)-3-(1,3-dithiolan-2-ylidene)-
hex-5-ene-2,4-dione (3af). Yellowish solid, mp 152–154 �C.
1H NMR (CDCl3, 500 MHz): d¼2.33 (s, 3H), 3.37–3.39 (m,
4H), 6.92 (d, 1H, J¼16 Hz), 7.38 (d, 2H, J¼8 Hz), 7.49 (d,
2H, J¼8 Hz), 7.54 (d, 1H, J¼16 Hz). 13C NMR (CDCl3,
125 MHz): d¼29.9, 37.1, 38.0, 126.9, 128.0, 129.6, 129.9,
133.2, 137.0, 143.4, 174.1, 191.2, 193.8. IR (KBr, cm�1):
1623, 1572, 1490, 1405, 1379, 1182, 1087. Anal. Calcd for
C15H13ClO2S2: C, 55.46; H, 4.03. Found: C, 55.62; H, 4.14.

4.3.12. (E)-6-(4-Chlorophenyl)-3-(1,3-dithian-2-ylidene)-
hex-5-ene-2,4-dione (3bf). Yellowish solid, mp 135–137 �C.
1H NMR (CDCl3, 500 MHz): d¼2.22 (s, 3H), 2.26–2.30
(m, 2H), 2.93–2.95 (m, 4H), 6.84 (d, 1H, J¼16 Hz), 7.37 (d,
2H, J¼8 Hz), 7.47 (d, 2H, J¼8 Hz), 7.49 (d, 1H, J¼16 Hz).
13C NMR (CDCl3, 125 MHz): d¼24.1, 28.9, 29.3, 29.6,
127.3, 129.2, 129.5, 132.8, 135.5, 136.7, 143.3, 165.2, 191.9,
193.2. IR (KBr, cm�1): 1652, 1643, 1587, 1458, 1402, 1243,
1160, 1090. Anal. Calcd for C16H15ClO2S2: C, 56.71;
H, 4.46. Found: C, 56.54; H, 4.50.

4.3.13. (E)-6-(4-(Dimethylamino)phenyl)-3-(1,3-dithio-
lan-2-ylidene)hex-5-ene-2,4-dione (3ag). Yellowish solid,
mp 172–174 �C. 1H NMR (CDCl3, 500 MHz): d¼2.30
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(s, 3H), 3.04 (s, 6H), 3.36–3.40 (m, 4H), 6.67 (d, 2H, J¼
8 Hz), 7.73 (d, 1H, J¼16 Hz), 7.46 (d, 2H, J¼8 Hz), 7.50
(d, 1H, J¼16 Hz). 13C NMR (CDCl3, 125 MHz): d¼28.9,
36.5, 37.8, 39.9, 111.8, 121.3, 122.0, 127.9, 130.5, 146.6,
152.2, 169.7, 192.7, 193.0. IR (KBr, cm�1): 1624, 1560,
1525, 1435, 1244, 1165, 1053. Anal. Calcd for
C17H19NO2S2: C, 61.23; H, 5.74; N, 4.20. Found: C,
61.41; H, 5.79; N, 4.23.

4.3.14. (E)-6-(4-(Dimethylamino)phenyl)-3-(1,3-dithian-
2-ylidene)hex-5-ene-2,4-dione (3bg). Yellowish solid, mp
129–131 �C. 1H NMR (CDCl3, 500 MHz): d¼2.20 (s, 3H),
2.21–2.25 (m, 2H), 2.88–2.92 (m, 4H), 3.04 (s, 6H), 6.66
(d, 2H, J¼8 Hz), 6.69 (d, 1H, J¼16 Hz), 7.45 (d, 1H,
J¼16 Hz), 7.46 (d, 2H, J¼8 Hz). 13C NMR (CDCl3,
125 MHz): d¼24.3, 29.0, 29.6, 40.4, 112.0, 122.0, 122.5,
130.9, 136.1, 147.4, 152.5, 163.5, 193.2, 194.1. IR (KBr,
cm�1): 3446, 1645, 1589, 1525, 1463, 1182, 1104, 978.
Anal. Calcd for C18H21NO2S2: C, 62.21; H, 6.09; N, 4.03.
Found: C, 62.34; H, 6.12; N, 4.11.

4.3.15. (E)-3-(1,3-Dithiolan-2-ylidene)-6-(thiophen-2-yl)-
hex-5-ene-2,4-dione (3ah). Yellowish solid, mp 90–92 �C.
1H NMR (CDCl3, 500 MHz): d¼2.33 (s, 3H), 3.34–3.38
(m, 4H), 6.73 (d, 1H, J¼16 Hz), 7.08 (dd, 1H, J1¼5 Hz,
J2¼4 Hz), 7.32 (d, 1H, J¼4 Hz), 7.44 (d, 1H, J¼5 Hz),
7.72 (d, 1H, J¼16 Hz). 13C NMR (CDCl3, 125 MHz):
d¼29.7, 37.1, 38.1, 125.4, 127.9, 128.7, 129.8, 132.5,
137.6, 140.1, 173.3, 191.3, 193.6. IR (KBr, cm�1): 3430,
1626, 1575, 1452, 1419, 1278, 1243, 1202, 1044, 718.
Anal. Calcd for C13H12O2S3: C, 52.67; H, 4.08. Found: C,
52.75; H, 4.13.

4.3.16. (E)-3-(1,3-Dithian-2-ylidene)-6-(thiophen-2-yl)-
hex-5-ene-2,4-dione (3bh). Yellowish solid, mp 101–
103 �C. 1H NMR (CDCl3, 500 MHz): d¼2.22 (s, 3H),
2.23–2.27 (m, 2H), 2.93–2.95 (m, 4H), 6.66 (d, 1H, J¼
16 Hz), 7.08 (dd, 1H, J1¼5 Hz, J2¼4 Hz), 7.31 (d, 1H, J¼
4 Hz), 7.45 (d, 1H, J¼5 Hz), 7.65 (d, 1H, J¼16 Hz). 13C
NMR (CDCl3, 125 MHz): d¼24.4, 29.2, 29.7, 29.8, 126.2,
128.7, 129.9, 132.5, 135.7, 137.9, 139.9, 165.4, 192.6,
193.3. IR (KBr, cm�1): 3072, 2921, 1645, 1634, 1578,
1473, 1418, 1277, 1219, 1049, 986, 855. Anal. Calcd for
C14H14O2S3: C, 54.16; H, 4.55. Found: C, 54.29; H, 4.51.

4.3.17. (E)-3-(1,3-Dithiolan-2-ylidene)-6-(4-nitrophenyl)-
hex-5-ene-2,4-dione (3ai). Yellowish solid, mp 163–165 �C.
1H NMR (CDCl3, 500 MHz): d¼2.38 (s, 3H), 3.38–3.41 (m,
4H), 7.08 (d, 1H, J¼16 Hz), 7.63 (d, 1H, J¼16 Hz), 7.70 (d,
2H, J¼8.5 Hz), 8.26 (d, 2H, J¼8.5 Hz). 13C NMR (CDCl3,
125 MHz): d¼30.1, 37.2, 37.9, 124.8, 127.9, 129.1, 129.9,
140.9, 141.0, 148.8, 171.9, 189.7, 194.0. IR (KBr, cm�1):
1632, 1577, 1562, 1407, 1348, 1265, 1187, 837. Anal. Calcd
for C15H13NO4S2: C, 53.72; H, 3.91; N, 4.18. Found: C,
53.41; H, 4.03; N, 4.02.

4.3.18. (1E,6E)-4-(1,3-Dithiolan-2-ylidene)-1,7-bis(4-
methoxyphenyl)hepta-1,6-diene-3,5-dione (4aa). Yellow
solid, mp 140–142 �C. 1H NMR (CDCl3, 500 MHz): d¼
3.38 (s, 4H), 3.81 (s, 6H), 6.85 (d, 4H, J¼8 Hz), 6.88 (d,
2H, J¼16 Hz), 7.45 (d, 4H, J¼8 Hz), 7.68 (d, 2H, J¼
16 Hz). 13C NMR (CDCl3, 125 MHz): d¼37.5, 55.6, 113.6,
114.6, 123.9, 127.7, 129.3, 130.5, 143.9, 161.9, 188.3. IR
(KBr, cm�1): 1627, 1586, 1569, 1511, 1457, 1422, 1255,
1172, 1027, 828. Anal. Calcd for C24H22O4S2: C, 65.73; H,
5.06. Found: C, 65.87; H, 5.10.

4.3.19. (1E,6E)-4-(1,3-Dithian-2-ylidene)-1,7-bis(4-
methoxyphenyl)hepta-1,6-diene-3,5-dione (4ba). Yellow
solid, mp 118–120 �C. 1H NMR (CDCl3, 500 MHz):
d¼2.25–2.29 (m, 2H), 2.94–2.96 (m, 4H), 3.80 (s, 6H),
6.75 (d, 2H, J¼16 Hz), 6.85 (d, 4H, J¼8 Hz), 7.45 (d, 4H,
J¼8 Hz), 7.60 (d, 2H, J¼16 Hz). 13C NMR (CDCl3,
125 MHz): d¼24.8, 29.8, 55.7, 114.6, 124.2, 127.6, 130.6,
136.4, 144.7, 161.9, 167.8, 188.7. IR (KBr, cm�1): 3626,
2928, 2837, 1772, 1563, 1509, 1383, 1250, 1150, 1028,
829. Anal. Calcd for C25H24O4S2: C, 66.34; H, 5.34. Found:
C, 66.49; H, 5.31.

4.3.20. (1E,6E)-4-(1,3-Dithiolan-2-ylidene)-1,7-di-p-
tolylhepta-1,6-diene-3,5-dione (4ab). Yellow solid, mp
101–103 �C. 1H NMR (CDCl3, 500 MHz): d¼2.38 (s, 3H),
3.29 (d, 2H), 3.70 (s, 2H), 6.78–6.79 (d, 2H, J¼16 Hz),
7.19 (d, 4H), 7.43 (s, 4H), 7.75 (d, 2H, J¼16 Hz). 13C
NMR (CDCl3, 125 MHz): d¼21.8, 43.7, 43.9, 118.9,
119.9, 128.8, 129.9, 132.4, 141.3, 143.0, 179.8, 196.3. IR
(KBr, cm�1): 1624, 1586, 1457, 1422, 1255, 1176, 1027,
829. Anal. Calcd for C24H22O2S2: C, 70.90; H, 5.45. Found:
C, 70.92; H, 5.49.

4.3.21. (1E,6E)-4-(1,3-Dithian-2-ylidene)-1,7-di-p-tolyl-
hepta-1,6-diene-3,5-dione (4bb). Yellow solid, mp 112–
114 �C. 1H NMR (CDCl3, 500 MHz): d¼2.27–2.29 (m,
2H), 2.34 (s, 3H), 2.94–2.96 (m, 4H), 6.83 (d, 2H, J¼
16 Hz), 7.14 (d, 2H, J¼8 Hz), 7.39 (d, 4H, J¼8 Hz), 7.62
(d, 2H, J¼16 Hz). 13C NMR (CDCl3, 125 MHz): d¼21.8,
24.8, 29.8, 125.4, 128.8, 129.9, 132.1, 136.2, 141.4, 144.9,
168.7, 188.6. IR (KBr, cm�1): 2917, 1632, 1586, 1420,
1298, 1151, 928, 815. Anal. Calcd for C25H24O2S2: C,
71.39; H, 5.75. Found: C, 71.56; H, 5.79.

4.3.22. (1E,6E)-4-(1,3-Dithiolan-2-ylidene)-1,7-diphenyl-
hepta-1,6-diene-3,5-dione (4ad). Yellow solid, mp 130–
132 �C. 1H NMR (CDCl3, 500 MHz): d¼3.37 (s, 4H), 6.93
(d, 2H, J¼16 Hz), 7.27–7.30 (m, 2H), 7.29 (d, 4H, J¼8 Hz),
7.38 (d, 4H, J¼8 Hz), 7.62 (d, 2H, J¼16 Hz). 13C NMR
(CDCl3, 125 MHz): d¼38.0, 122.9, 123.4, 126.4, 128.0,
128.7, 135.2, 152.7, 183.8, 200.1. IR (KBr, cm�1): 2920,
1637, 1539, 1390, 1211, 1171, 987, 929, 811. Anal. Calcd
for C22H18O2S2: C, 69.81; H, 4.79. Found: C, 69.70; H, 4.68.

4.3.23. (1E,6E)-1,7-Bis(4-chlorophenyl)-4-(1,3-dithiolan-
2-ylidene)hepta-1,6-diene-3,5-dione (4af). Yellow solid,
mp 120–122 �C. 1H NMR (CDCl3, 500 MHz): d¼3.41 (s,
4H), 6.95 (d, 2H, J¼16 Hz), 7.30 (d, 4H, J¼8 Hz), 7.42 (d,
4H, J¼8 Hz), 7.65 (d, 2H, J¼16 Hz). 13C NMR (CDCl3,
125 MHz): d¼37.6, 126.5, 128.5, 129.5, 129.7, 133.4,
136.7, 142.5, 187.6, 201.3. IR (KBr, cm�1): 2917, 1641,
1577, 1396, 1290, 1173, 930, 809. Anal. Calcd for
C22H16Cl2O2S2: C, 59.06; H, 3.60. Found: C, 58.98; H, 3.51.

4.3.24. (1E,6E)-1-(Benzo[d][1,3]dioxol-5-yl)-4-(1,3-di-
thiolan-2-ylidene)-7-phenylhepta-1,6-diene-3,5-dione
(5adc). Yellow solid, mp 166–168 �C. 1H NMR (CDCl3,
500 MHz): d¼3.40 (s, 4H), 5.97 (s, 2H), 6.77 (d, 1H,
J¼8 Hz), 6.83 (d, 1H, J¼16 Hz), 7.00 (d, 1H, J¼16 Hz),



10116 Y. Ouyang et al. / Tetrahedron 62 (2006) 10111–10116
7.01 (d, 1H, J¼8 Hz), 7.34 (d, 1H, J¼8 Hz), 7.50 (d, 2H,
J¼8 Hz), 7.63 (d, 1H, J¼16 Hz), 7.70 (d, 1H, J¼16 Hz).
13C NMR (CDCl3, 125 MHz): d¼37.5, 37.6, 101.8, 106.9,
108.9, 124.3, 125.4, 126.0, 128.2, 128.7, 129.2, 129.4,
130.7, 134.9, 143.9, 144.0, 148.6, 150.2, 187.9, 188.3. IR
(KBr, cm�1): 3734, 1635, 1590, 1559, 1447, 1251, 1034,
725. Anal. Calcd for C23H18O4S2: C, 65.38; H, 4.29. Found:
C, 65.49; H, 4.25.

4.3.25. (1E,6E)-1-(Benzo[d][1,3]dioxol-5-yl)-4-(1,3-di-
thian-2-ylidene)-7-phenylhepta-1,6-diene-3,5-dione
(5bdc). Yellow solid, mp 148–150 �C. 1H NMR (CDCl3,
500 MHz): d¼2.25–2.29 (m, 2H), 2.94–2.96 (m, 4H), 5.98
(s, 2H), 6.77 (d, 1H, J¼8 Hz), 6.84 (d, 1H, J¼16 Hz), 7.01
(d, 1H, J¼16 Hz), 7.02 (d, 1H, J¼8 Hz), 7.51 (d, 2H,
J¼8 Hz), 7.64 (d, 1H, J¼16 Hz), 7.71 (d, 1H, J¼16 Hz).
13C NMR (CDCl3, 125 MHz): d¼24.8, 29.7, 29.8, 101.8,
106.9, 108.9, 124.3, 125.4, 126.0, 128.2, 128.7, 129.2,
129.5, 130.7, 143.9, 144.0, 148.6, 150.2, 187.9, 188.3. IR
(KBr, cm�1): 3731, 3643, 2928, 1753, 1601, 1559, 1250,
1029, 721. Anal. Calcd for C24H20O4S2: C, 66.03; H, 4.62.
Found: C, 65.99; H, 4.58.
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Abstract—The design, synthesis, and photophysical evaluation of a new naphthalimide-based fluorescent chemosensor, N-butyl-4-[di-(2-
picolyl)amino]-5-(2-picolyl)amino-1,8-naphthalimide (1), were described for the detection of Zn2+ in aqueous acetonitrile solution at
pH 7.0. Probe 1 showed absorption at 451 nm and a strong fluorescence emission at 537 nm (FF¼0.33). The capture of Zn2+ by the receptor
resulted in the deprotonation of the secondary amine conjugated to 1,8-naphthalimide so that the electron-donating ability of the N atom
would be greatly enhanced; thus probe 1 showed a 56 nm red-shift in absorption (507 nm) and fluorescence spectra (593 nm, FF¼0.14),
respectively, from which one could sense Zn2+ ratiometrically and colorimetrically. The deprotonated complex, [(1-H)/Zn]+, was calculated
at m/z 619.1800 and measured at m/z 618.9890. In contrast to these results, the emission of 1 was thoroughly quenched by Cu2+, Co2+, and
Ni2+. The addition of other metal ions such as Li+, Na+, K+, Mg2+, Ca2+, Fe3+, Mn2+, Al3+, Cd2+, Hg2+, Ag+, and Pb2+ produced a nominal
change in the optical properties of 1 due to their low affinity to probe 1. This means that probe 1 has a very high fluorescent imaging selectivity
to Zn2+ among metal ions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Chemosensors that convert molecular recognition into highly
sensitive and easily detected signals have been actively in-
vestigated in recent years. A ratiometric and colorimetric
fluorescent probes combine the sensitivity of fluorescence
with the convenience and aesthetic appeal of a colorimetric
assay.1 In particular, ratiometric measurements have the
important features that they permit signal rationing, and thus
increase the dynamic range and provide built-in correction
for environmental effects.2

The design of fluorescent probes for Zn2+ is actively investi-
gated,3 as this metal ion is a critical trace element, playing
significant roles in biological processes such as regulators
of enzymes,4 structural cofactors in metalloproteins, neural
signal transmission,5 and gene expression.6 It is also known
that a disorder of zinc metabolism is closely associated with
many severe neurological diseases such as Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), Guam

Keywords: Ratiometric; Zn2+ Fluorescent chemosensor; Naphthalimide;
Deprotonation.
* Corresponding authors. Tel./fax: +86 411 83673488 (X.Q.); e-mail

addresses: xhqian@ecust.edu.cn; jncui@chem.dlut.edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.050
ALS-Parkinsonism dementia, Parkinson’s disease, hypoxia-
ischemia, and epilepsy.7 However, up to now, most of the
Zn2+ fluorescent probes are intensity-responsive based on
PET quenching mechanism.8 Only a few ratiometric and col-
orimetric fluorescent probes for Zn2+ have been found in the
literature. And still many efforts for a Zn2+ fluorescent probe
should be made among the issues, such as easy synthesis, vis-
ible light excitation, large red-shift in emission for Zn2+ sens-
ing, and no pH interference in the physiological pH range.

To carry out ratiometric measurements of Zn2+ and get quan-
titative readouts, various mechanisms, which can cause a
large shift in emission or excitation spectra have been intro-
duced into Zn2+ sensors such as excimer,9 FRET,10 ICT,11

ESIPT,12 two fluorophore approach,13 conformational re-
striction,14 time-resolved fluorescence techniques,15 and
self-assembly strategy.16 Herein, we represent another new
mechanism to design a ratiometric fluorescent probe for
Zn2+ based on deprotonation mechanism.

The secondary amines conjugated to 1,8-naphthalimide
could be deprotonated by Cu(II)1c or F�,17 and as a result,
large red shifts in both absorption and fluorescence spectra
were obtained, from which one could sense Cu2+ or
F� colorimetrically and ratiometrically. In addition, the

mailto:xhqian@ecust.edu.cn
mailto:jncui@chem.dlut.edu.cn
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deprotonation of NH in amide or thiourea was believed to be
the basis of F� sensing in recent research.18 Based on
the same deprotonation mechanism, which should not be
a privilege confined to Cu2+ or F�, we introduced the well-
known Zn2+ receptor tris(2-pyridylmethyl)-amine (TPA)
into 1,8-naphthalimide fluorophore and easily obtained fluo-
rescent probe 1, N-butyl-4-[di-(2-picolyl)amino]-5-(2-pico-
lyl)amino-1,8-naphthalimide. The capture of Zn2+ by the
receptor resulted in the deprotonation of the secondary
amine of 1, which caused the ratiometric UV and fluores-
cence changes.

2. Results and discussions

2.1. Synthesis

The synthesis of 1 is shown in Scheme 1. The intermediate,
compound 5, was synthesized from acenaphthene following
a literature procedure.19 Compound 6 was prepared in 40.2%
yield by the condensation of 5 with butylamine and was
subsequently converted into compound 7, which we have
reported as a ratiometric Cu2+ fluorescent sensor,1b through
reaction with 2-aminomethylpyridine. Probe 1 was easily
synthesized by conjugating picolyl chloride and compound
7 in 56.5% yield.

OO O

Br NO2 Br

NO2 Br

NO O

NO2 Br

NO O

NH HN

N N

NO O

NH N

N N
N

a b

c d e

f

2 3 4

5
6

7 1

Scheme 1. Synthesis of 1. (a) NBS, DMF, room temperature, 82.4%; (b)
fuming HNO3, AcOH, 10–15 �C, 53.1%; (c) Na2Cr2O7$2H2O, AcOH,
reflux, 51.7%; (d) n-C4H9NH2, C2H5OH, reflux, 40.2%; (e) 2-aminomethyl-
pyridine, CH3OC2H4OH, CH3CN, reflux, 85%; (f) picolyl chloride, CH3CN,
K2CO3, N2, reflux, 56.5%.

2.2. ESIMS analysis

Probe 1 showed absorption at 451 nm and a strong fluores-
cence emission at 537 nm in acetonitrile–water (80:20)
solution. The capture of Zn2+ by the receptor resulted
in the deprotonation of the secondary amine so that the
electron-donating ability of the N atom conjugated to the
naphthalene ring would be greatly enhanced; thus probe 1
showed large red shifts in absorption and fluorescence spec-
tra. The ESIMS analysis revealed single-charged complex
[(1-H)/Zn]+ that is formed due to the interaction of 1 with
1 equiv of Zn2+ (Fig. 1). The [(1-H)/Zn]+ complex was
calculated at m/z 619.1800 and measured at m/z 618.9890.
This indicated the formation of a 1/Zn2+ adduct of 1:1
stoichiometry.

2.3. The effect of pH

The influence of pH on the fluorescence of 1 was first deter-
mined by fluorescence titration in acetonitrile–water (80:20)
solution (Fig. 2). The fluorescence of 1 at 537 nm remained
unaffected between pH 13 and 4.21, and then gradually
decreased from pH 4.21 to 1.77; below pH 1.77, no change
in fluorescence was observed, leading to a sigmoid curve. Its
pKa value was 3.0. The fluorescence quenching was most
likely caused by the photo-induced electron transfer (PET)
from the fluorophore to protonated pyridine.20 de Silva
had found the similar phenomenon in the design of an
‘off-on-off’ fluorescent PET sensor.21 The influence of pH
on the deprotonation of 1 induced by Zn2+ was then
investigated by means of the absorption and fluorescence
measurements for a solution of 1 equiv of 1 and 2 equiv of
Zn2+. When 2 equiv of Zn2+ was added to an acidic solution
of 1 (pH¼2), the absorbance at 451 nm steadily decreased,
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Figure 1. Electrospray mass spectrum of 1-Zn sample in acetonitrile–water
(80:20) solution at pH 7.0 maintained with HEPES buffer (50 mM).
[1]¼10 mM, [Zn2+]¼30 mM. (a) The calculated pattern of the most abundant
complex [(1-H)/Zn]+, C34H31N6O2Zn, m/z¼619.1800. (b) The measured
pattern of the most abundant complex [(1-H)/Zn]+, C34H31N6O2Zn,
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and a longer absorption band at 507 nm developed on titra-
tion with N+(CH3)4OH� from pH 4.34 to 5.58 (Fig. 3a). The
absorption A reached its limiting value between pH 5.58 and
8.3 after neutralization with the excess acid and on further
addition of 1 equiv of base. The solution changed from prim-
rose yellow to pink, in which [(1-H)/Zn]+ became the dom-
inant species. It was supposed that the three nitrogen atoms
in pyridine rings and the deprotonated N� played the role of
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Figure 2. Influence of pH on the fluorescence of 1 in acetonitrile–water
(80:20, v/v). Excitation wavelength is 470 nm. [1]¼10 mM. The pH was
modified by adding 75% HClO4 or 10% N+(CH3)4OH�.
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Figure 3. (a) Dependence of the absorbance of the band at 451 nm (;) and
507 nm (7) on pH for a solution of 1 equiv of 1 and 2 equiv of Zn2+ in
acetonitrile–water (80:20, v/v). [1]¼10 mM. (b) Dependence of the fluores-
cence intensity of the band centered at 537 nm (:) and 593 nm (6) on pH
for a solution of 1 equiv of 1 and 2 equiv of Zn2+ in acetonitrile–water
(80:20, v/v). [1]¼10 mM.
ligands to coordinate Zn2+. On addition of more bases, the
absorbance at 507 nm lessened and the absorption band at
451 nm restored from pH 8.3 to 10.34. This response may
be due to the stronger complexation of OH� with Zn2+

than the complexation of the deprotonated N� with Zn2+.
That means in strong basic conditions counter-reaction of
deprotonation occurs, and OH� becomes one ligand instead
of N�. Simultaneously, a native emission band of 1 centered
at 537 nm and a red-shifted fluorescence emission band cen-
tered at 593 nm attributed to [(1-H)/Zn]+ were in the ascen-
dant alternately according to the above three pH windows
similar to absorption spectra (Fig. 3b). The four plots of A
versus pH and IF versus pH all showed symmetrical bell-
shaped curves centered at the same pH 7. Therefore, further
and detailed studies were carried out in acetonitrile–water
(80:20) solution at pH 7.0 maintained with HEPES buffer
(50 mM). In our previous work,1c OH� played the role
of base to cooperate with Cu2+ to deprotonate the NH group
conjugated to 1,8-naphthalimide, and then strong base would
facilitate the deprotonation reaction much more. But in this
case, OH� primarily played the role of ligand, which, on the
contrary, speeded the reverse reaction of deprotonation.
Thus these four plots in Figure 3 show symmetrical shapes.

2.4. Recognition of metal cations

The changes in absorption spectra during the Zn2+ titration
are shown in Figure 4. On addition of zinc ion to the solution
of 1, the absorption band at 451 nm decreased, and the other
two bands at 309 and 507 nm occurred and increased prom-
inently to their limiting values with isosbestic points at 382
and 470 nm, respectively. The emission spectra of 1 and its
fluorescence titration with Zn2+ are displayed in Figure 5.
When Zn2+ was added to the solution of 1, a significant
decrease in the 537 nm emission (FF¼0.33) and a large red-
shifted emission band centered at 593 nm (DEem¼56 nm,
FF¼0.14) were observed with a clear isoemissive point
at 630 nm. The binding constant was calculated to be
6.76�105 using the method reported in our previous work.1b

The absorption and fluorescence spectra of 1 titrated with
Zn2+, after adding 0.1 equiv of Zn2+ to the solution of 1 every
time, were recorded in less than 30 s. If the interval was pro-
longed to 1 h, then the solution of 1 with 1 equiv of Zn2+
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Figure 4. Dependence of the UV–vis absorption spectra of 1 on the con-
centration of Zn2+ in acetonitrile–water (80:20) solution at pH 7.0 main-
tained with HEPES buffer (50 mM). [1]¼10 mM, [Zn2+]¼0–30 mM. Inset:
ratiometric calibration curve A507/A451 as a function of Zn2+ concentration.
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displayed the same absorption and fluorescence spectra as
the solution of 1 with 2 equiv of Zn2+. The insets in Figures 4
and 5 indicated that 2 equiv of Zn2+ cooperating to react
with 1 equiv of 1 could quickly reach the equilibrium in the
formation of a (1-H)/Zn2+ complex of 1:1 stoichiometry on
comparison with 1 equiv of Zn2+ with 1 equiv of 1.

The titration of 1 with various metal ions was conducted to
examine the selectivity. The addition of metal ions such as
Li+, Na+, K+, Mg2+, Ca2+, Fe3+, Mn2+, Al3+, Cd2+, Hg2+,
Ag+, and Pb2+ produced a nominal change in the optical
properties of 1 due to their low affinity to probe 1. The addi-
tion of Cu2+, Co2+, and Ni2+ to the solution of 1 also can
deprotonate probe 1 and change the solution color from
primrose yellow to pink. However, in contrast with red-
shifted emission induced by Zn2+, the emission of 1 was
thoroughly quenched by Cu2+, Co2+, and Ni2+ (Fig. 6).
This means that probe 1 has a very high fluorescent imaging
selectivity to Zn2+ (Fig. 7), although 1 does not show obvi-
ous binding discrimination among these four metal ions.
This visible emission allows 1+Zn2+ to be readily distin-
guished by naked eye (Fig. 8), and sensor 1 thus combines
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Figure 5. Fluorescent emission spectra of 1 in the presence of different
concentrations of Zn2+ in acetonitrile–water (80:20) solution at pH 7.0
maintained with HEPES buffer (50 mM). Excitation wavelength was
470 nm. [1]¼10 mM, [Zn2+]¼0–30 mM. Inset: ratiometric calibration curve
I593/I537 as a function of Zn2+ concentration.
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Figure 6. Fluorescent emission spectra of 1, 1+Zn2+, and 1+Cu2+ (or Co2+,
or Ni2+). [1]¼10 mM, [Zn2+]¼[Cu2+]¼[Co2+]¼[Ni2+]¼30 mM.
the sensitivity of fluorescence with the convenience and
aesthetic appeal of a colorimetric assay.2a

Additionally, to explore the effects of anionic counterions
on the sensing behavior of 1 to metal ions, fluorescence
responses of 1 to perchlorate, chloride, and nitrate salts with
different cations were examined. The results were similar
to that shown in Figures 4 and 5. There were no obvious
changes in the fluorescence responses of 1 to Zn(ClO4)2,
ZnCl2, and Zn(NO3)2.

3. Conclusion

We have demonstrated that probe 1 displayed a colorimetric
response with a large red-shift emission that was useful
for the easy detection of Zn2+. The change in solution
color from primrose yellow to pink and the red-shifted
fluorescence spectra from green to red were attributed to the
deprotonation of the secondary amine conjugated to the
naphthalene ring. Probe 1 for Zn2+ was developed from
our former sensor1b for Cu2+ on the base of the same depro-
tonation mechanism. With the improvement of selectivity
for HTM ion receptors, we believe that this design strategy
would help to extend the development of ratiometric fluores-
cent probes for other HTM ions.
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Figure 7. Fluorescence response of 1 to various metal ions in acetonitrile–
water (80:20) solution at pH 7.0 maintained with HEPES buffer (50 mM).
[1]¼10 mM, and the concentration of each metal ion was 30 mM.

Figure 8. (a) Color change of compound 1 on addition of different metal
ions. [1]¼10 mM, [M]¼30 mM. (b) Fluorescent emission observed from
the solutions of 1 on addition of different metal ions. Mn+ represents other
metal ions including Li+, Na+, K+, Mg2+, Ca2+, Fe3+, Mn2+, Al3+, Cd2+,
Hg2+, Ag+, and Pb2+. Excitation wavelength is 365 nm emitted from a
portable fluorescent lamp.
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4. Experimental

4.1. General

All the solvents were of analytic grade and used as received.
The solutions of metal ions were prepared from LiClO4$3H2O,
NaClO4, KClO4, MgCl2$6H2O, CaCl2, Fe(NO3)3,
Mn(ClO4)2$6H2O, Al(ClO4)3, CoCl2$6H2O, NiCl2$6H2O,
ZnCl2, CdCl2$2½H2O, CuCl2$2H2O, HgCl2, AgNO3,
Pb(NO3)2, respectively, and were dissolved in distilled water.
1H NMR were measured on a Bruker AV-400 spectrometer
with chemical shifts reported as parts per million (in
CDCl3/DMSO-d6, TMS as internal standard). Mass spectra
were measured on an HP 1100 LC-MS spectrometer. Melting
points were determined by an X-6 micro-melting point appa-
ratus and are uncorrected. IR spectra were recorded on
a Nicolet Nexus 770 spectrometer. All pH measurements
were made with a Sartorius basic pH-Meter PB-20. Fluores-
cence spectra were determined on a Hitachi F-4500. Absorp-
tion spectra were determined on a PGENERAL TU-1901
UV–vis spectrophotometer. The fluorescence quantum
yields (FF) were estimated with N-butyl-4-butylamino-1,8-
naphthalimide in absolute ethanol as a standard (FF¼0.81).22

4.2. Synthesis

4.2.1. N-Butyl-4-bromo-5-nitro-1,8-naphthalimide (6).
To a solution of 200 mg (0.62 mmol) 4-bromo-5-nitro-1,8-
naphthalic anhydride (5) in 20 mL ethanol was added drop-
wise 45 mg (0.62 mmol) butylamine in 6 mL ethanol. The
mixture was then heated at reflux for 40 min and monitored
by TLC. After the reaction was completed, the solvent was
removed under reduced pressure. The crude product was
then purified by column chromatography (SiO2, CHCl3) to
give (6) as a white solid in 40.2% yield (94 mg). Mp:
175.8–176.2 �C. 1H NMR (CDCl3, 400 MHz) d 0.99 (t,
J¼7.2 Hz, 3H), 1.42–1.48 (m, J¼7.2 Hz, 2H), 1.68–1.74
(m, J¼7.2 Hz, 2H), 4.18 (t, J¼7.2 Hz, 2H), 7.93 (d,
J¼8.0 Hz, 1H), 8.21 (d, J¼8.0 Hz, 1H), 8.51 (d, J¼8.0 Hz,
1H), 8.71 (d, J¼8.0 Hz, 1H). 13C NMR (CDCl3, 100 MHz)
d 13.95, 20.49, 30.21, 40.92, 122.69, 123.72, 124.26,
125.99, 131.37, 132.49, 136.14, 162.21, 162.98. IR (KBr,
cm�1): 3057, 2963, 2935, 2912, 2860, 1706, 1568, 1541,
1230, 658, 586. HRMS (EI) calcd for C16H13BrN2O4

[M+]: 376.0059, found: 376.0075.

4.2.2. N-Butyl-4,5-di[(2-picolyl)amino]-1,8-naphthalimide
(7). 2-(Aminomethyl)pyridine (0.3 mL, 2.89 mmol) was
added dropwise to a solution of 53 mg (0.141 mmol)
N-butyl-4-bromo-5-nitro-1,8-naphthalimide (6) in 1.0 mL
2-methoxyethanol, and then the mixture was heated to reflux
for 3 h and monitored by TLC. After the reaction was
completed, the solution was cooled at room temperature to
give yellow needle crystals. The product was filtered off,
washed with 2-methoxyethanol, and then dried in air. The
product was then purified by column chromatography
(SiO2, CH2Cl2/EtOAC, 2:1, v/v) to give 7 as a yellow powder
in 85% yield (56 mg). Mp: 179.5–179.9 �C. 1H NMR
(CDCl3, 400 MHz) d 0.95 (t, J¼7.6 Hz, 3H), 1.41–1.47
(m, J¼7.6 Hz, 2H), 1.66–1.72 (m, J¼7.6 Hz, 2H), 4.14 (t,
J¼7.6 Hz, 2H), 4.66 (s, 4H), 6.78 (d, J¼8.4 Hz, 2H), 7.19
(t, J¼7.2 Hz, 2H), 7.40 (d, J¼7.6 Hz, 2H), 7.62 (S, N–H),
7.69 (t, J¼7.2 Hz, 2H), 8.32 (d, J¼8.4 Hz, 2H), 8.42
(d, J¼8.4 Hz, 2H). 13C NMR (CDCl3, 100 MHz) d 14.09,
20.65, 30.55, 39.97, 49.36, 105.98, 107.24, 112.38,
122.16, 122.77, 133.87, 137.24, 147.75, 149.06, 151.93,
156.31, 164.83. IR (KBr, cm�1): 3328, 3043, 2953, 2869,
1673, 1633, 1592, 1541, 1508, 1310, 996. HRMS (ESI)
calcd for C28H28N5O2 [MH+]: 466.2243, found: 466.2247.

4.2.3. N-Butyl-4-[di-(2-picolyl)amino]-5-(2-picolyl)-
amino-1,8-naphthalimide (1). To a solution of 200 mg
(0.43 mmol) N-butyl-4,5-di[(pyridin-2-ylmethyl)amino]-
1,8-naphthalimide (7) in 5 mL dry acetonitrile were added
57 mg (0.46 mmol) picolyl chloride and 150 mg K2CO3.
The mixture was then heated at reflux for 2 h under nitrogen
and monitored by TLC. After the reaction was completed,
the solvent was removed under reduced pressure. The crude
product was then purified by alumina column chromato-
graphy (CH2Cl2:MeOH¼100:5) to give 1 as a yellow solid
in 56.5% yield (135 mg). Mp: 133.6–134.9 �C. 1H NMR
(CDCl3, 400 MHz) d 0.95 (t, J¼7.2 Hz, 3H), 1.39–1.45
(m, J¼7.2 Hz, 2H), 1.64–1.70 (m, J¼7.2 Hz, 2H), 4.12 (t,
J¼7.2 Hz, 2H), 4.54 (s, 4H), 4.93 (s, 2H), 6.61 (d,
J¼8.4 Hz, 1H), 7.09 (d, J¼8.0 Hz, 2H), 7.12–7.17 (m,
3H), 7.22 (t, J¼7.2 Hz, 1H), 7.36 (d, J¼8.0 Hz, 1H), 7.55
(t, J¼7.6 Hz, 2H), 7.61 (d, J¼7.6 Hz, 1H), 8.35 (d,
J¼8.4 Hz, 1H), 8.38 (d, J¼8.4 Hz, 1H), 8.50 (d, J¼4.8 Hz,
2H), 8.62 (d, J¼4.4 Hz, 1H), 11.58 (s, 1H, NH). 13C NMR
(CDCl3, 100 MHz) d 14.08, 20.63, 30.46, 40.01, 49.24,
59.64, 105.39, 109.17, 115.65, 119.24, 119.65, 121.16,
122.46, 122.78, 123.85, 131.52, 132.88, 134.75, 136.77,
137.03, 149.65, 152.65, 154.56, 156.33, 158.33, 164.48,
164.75. IR (KBr, cm�1): 3435, 3182, 2954, 2869, 1679,
1638, 1578, 1541, 1433, 1397, 1356, 1317, 1240, 817,
750, 612. HRMS (ESI) calcd for C34H32N6O2 [MH+]:
557.2665, found: 557.2662.
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Abstract—The mechanism of chemical synthesis of adenosine has been reinvestigated. Depending on the reaction conditions and the
presence of N6-protecting groups, ribosylation of adenine proceeds via different kinetic products: 3-riboadenine in strongly acidic media,
7-ribosylated derivative in the silyl method, and 1-(b-D-ribofuranosyl)adenine when applying N6-acyladenine and silylating conditions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

It has been known for a century that ribosylation of adenine
(1) in the presence of acidic catalysts gives 9-(b-D-ribo-
furanosyl)adenine, i.e., adenosine (2), one of the basic
components of ribonucleic acids (Scheme 1). However, the
literature data on the mechanism of ribosylation and the
structure of a kinetically controlled product of ribosylation
seem to be rather confusing. The first proposed mechanism1

postulates an initial formation of 3-(b-D-ribofuranosyl)ade-
nine (isoadenosine; 3), and in fact, compounds of the type
3 have been isolated from reaction mixtures and their

Scheme 1.

Keywords: Adenosine; 1-(b-D-Ribofuranosyl)adenine; 7-(b-D-Ribofurano-
syl)adenine; Ribosylation; Transglycosylation; Regioselectivity.
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0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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structures have been fully confirmed.2,3 In line with that ob-
servation, the following sequence of events has been estab-
lished: (i) initial ribosylation at N3, (ii) second ribosylation
at N9 with the formation of 3,9-bis-ribosyladenine, and (iii)
its decomposition to the stable 9-regioisomer (2). This mech-
anism has been extended for glycosylation reactions of all
purine bases and may be found in every handbook on nucleo-
side chemistry. More recently, however, it has been shown
that only N7 and N9 atoms can serve as glycosyl donors or
acceptors in glycosylation and transglycosylation reactions
in the guanine series.4,5

On the other hand, there are some literature reports on isola-
tion of protected derivatives of 7-(b-D-ribofuranosyl)adenine
(4) as kinetic products in the ribosylation of adenine.6–10 The
first synthesis of 7-riboadenine was presented in 1971: a
direct coupling of bis(trimethylsilyl)-N6-benzoyladenine and
1-bromo-2,3,5-tri-O-benzoyl-b-D-ribofuranose in the pres-
ence of HgBr2 reportedly gave the 7-isomer, in addition to
the predominant amount of N6-benzoyladenosine.6 Quite
similar results were obtained when SnCl4 was used as a cata-
lyst.7,8 More recently, it has been reported that glycosylation
of persilylated N6-benzoyladenine with 1-O-acetyl-2,3,5-tri-
O-benzoyl-b-L-ribofuranose in the presence of trimethylsilyl
triflate (TMSOTf) leads to a mixture of 7- and 9-regio-
isomers.9 Interestingly, 7-riboadenine (4) can be formed
not only under the Vorbr€uggen’s conditions10 of ribosylation:
compound 4 has been obtained in the fusion reaction of
N6-benzyladenine and 1-O-acetyl-2,3,5-tri-O-benzoyl-b-D-
ribofuranose performed in nitrophenols, and the kinetic
nature of the 7-regiosiomer has been demonstrated for the
first time.11 On the basis of those literature reports, we may
assume that there is an alternative mechanism of ribosylation
of adenine, different than the generally accepted 3/9
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pathway of glycosylation. In this case, the kinetically con-
trolled 7-regiosiomer of adenine would be transformed to
adenosine (2) via a 7,9-bis-ribosyladenine intermediate, as
it has been documented for 6-oxopurine bases: hypoxan-
thine12 and guanine.4,5,13

2. Results and discussion

In the course of our systematic reinvestigation on mecha-
nisms of the N-glycosylic bond formation, we performed a
series of experiments to establish the factors responsible for
either 3/9 or 7/9 mechanism in the ribosylation of ade-
nine. This time we focused our attention on the silyl method,
the most common synthetic procedure at present. Thus, ade-
nine (1) was silylated with hexamethyldisilazane (HMDS)
and then subjected to ribosylation with 1,2,3,5-tetra-O-ace-
tyl-b-D-ribofuranose in the presence of trimethylsilyl triflate
(TMSOTf) (Scheme 2). After 80 min the reaction mixture

Scheme 2. Reagents and conditions: (a) (NH4)2SO4, HMDS, reflux, 2.5 h;
(b) CH3CN, 1,2,3,5-tetra-O-acetyl-b-D-ribofuranose, TMSOTf, rt, 80 min;
(c) p-TsOH, chlorobenzene, 150 �C, 2.5 h; and (d) 25% NH4OH, MeOH,
rt, 30 min.
contained 36% of the 7-isomer (5; isolated by column chro-
matography), along with a smaller amount (less than 10%) of
triacetyladenosine (6). When heating was continued for a
longer time, the 9-regioisomer 6 was the only remaining
product. Similarly, the isolated product 5 could be quantita-
tively isomerized to 6 in the presence of p-toluenesulfonic
acid on refluxing in chlorobenzene. This shows clearly that
7-riboadenine is a kinetic product in the ribosylation of ade-
nine. Most probably, the 7/9 transglycosylation proceeds
via a 7,9-bis-ribosyl intermediate, likewise in the guanine
series, but the reaction equilibrium is totally shifted toward
the 9-regioisomer (6). The product 5 was deprotected with
aqueous ammonia in methanol to give 7-(b-D-ribofuranosyl)-
adenine (7), identical in all respects with the sample obtained
in the presence of SnCl4.7

Considering the above-mentioned result as well as the liter-
ature data,6,7 we could expect a similar initial 7-ribosylation
in the reaction of N6-acylated derivatives of adenine, per-
formed according to the Vorbr€uggen’s procedure. The reac-
tion sequence is shown in Scheme 3. N6-Isobutyryl (8a) and
N6-benzoyladenine (8b) were silylated with N,O-bis-tri-
methylsilylacetamide (BSA), and then subjected to ribosyl-
ation with 1,2,3,5-tetra-O-acetyl-b-D-ribofuranose in the
presence of TMSOTf. Surprisingly, the reaction gave, along
with the 9-ribo products (9a,b), new products of the structure
of 1-regioisomers (10a,b) in the yield of 33% and 30%, re-
spectively. In addition, a careful chromatographic separation
in the isobutyryl series allowed to isolate a minor reaction
product, the 1,9-bis-ribosyl derivative 11 (5%). The depro-
tection of 10a with methanolic ammonia gave 1-(b-D-ribo-
furanosyl)adenine (12), a new regioisomer of naturally
occurring adenosine.

Compounds 10a,b underwent isomerization to the respective
9-regioisomers (9a,b) after a prolonged reaction time, and
this proves the kinetic nature of the 1-regioisomers of
adenosine. Furthermore, the isolated N6-isobutyryl deriva-
tive (10a) underwent an almost quantitative conversion
to 9a under transglycosylation conditions (refluxing in
Scheme 3. Reagents and conditions: (a) BSA/CH3CN, Ar, 60 �C, 30 min; (b) 1,2,3,5-tetra-O-acetyl-b-D-ribofuranose, TMSOTf, 60–75 �C, 3 h; (c) p-TsOH,
chlorobenzene, 60–150 �C, 10–150 min; (d) NH3/MeOH, 25 �C, 24 h; and (e) AcOCH2CH2OCH2OAc, p-TsOH, chlorobenzene, reflux, 4 h.
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chlorobenzene in the presence of p-toluenesulfonic acid).
Under the same conditions, the 1,9-bis-ribofuranosyl
intermediate (11) was decomposed to a 6:1 mixture of the
respective 9- and 1-regioisomers (9a and 10a). Finally, the
reaction of 10a with 2-acetoxyethyl acetoxymethyl ether14,15

resulted in the formation of acycloadenosine derivative 13,
and this is evidence for an intermolecular course of the
1/9 isomerization.

Taking into account these experimental facts, we can
propose a new mechanism of the ribosylation in the
N6-acyl series (Scheme 4), shown here for the N6-isobutyryl
derivatives. In the first step, 9,N6-bis-trimethylsilylated sub-
strate (14) reacts with the acyloxonium sugar cation (15),
generated from tetraacetylribose.10 The position N9, an ulti-
mate site of ribosylation, is already blocked by the TMS
group. Therefore, the initial ribosylation may take place
at any alternative site, e.g., N1, N3, or N7. As presented
above, the N1-position is ribosylated first, perhaps due to
a limited access to N7 in the presence of the two N6-substit-
uents, and this leads to the kinetically controlled 1-ribo-
nucleoside 16 (isolated as a desilylated derivative 10a).
Compound 16 then undergoes an intermolecular transglyco-
sylation to regain the thermodynamically preferred aro-
matic system, corresponding to the most stable N-9-H
tautomer of adenine. Thus, a second ribosylation at N9
gives the 1,9-bis-ribosyl intermediate 11, which after pro-
tonation (structure 17) undergoes a decomposition to the
final 9-regioisomer 9a, with liberation of the acyloxonium
cation 15. The 1/9 isomerization is irreversible. It is wor-
thy to note that quite a similar mechanism can be drawn for
an isomeric structure of the bis-trimethylsilyl substrate 14, in
which the second TMS group would be attached not to N6,
but to oxygen atom of the N6-acyl substituent, as it has been
proposed recently.10 In that case, explanation of the observed
regioselectivity would be even more convincing. Interest-
ingly, the formation of 1-(b-D-ribofuranosyl)adenine as
a possible kinetic intermediate has been anticipated by
Vorbr€uggen and H€ofle,16 but this has never been proved
experimentally.

All compounds were fully characterized by the 1H and 13C
NMR (1D & 2D, NOE) techniques and analytical methods.
Table 1 presents the first comparison of 13C NMR spectra
of adenosine and all its regioisomers. In particular, the
data for 7-riboadenine (7) are in good agreement with those
published for related compounds.17,18 Both isomeric nucleo-
sides, 1- and 7-(b-D-ribofuranosyl)adenine (12 and 7, re-
spectively) gave crystals suitable for X-ray diffraction and
their crystal structures have been determined (Fig. 1).19 In
the crystals of 12, there are two symmetry independent mole-
cules, denoted A and B, showing no significant differences
in their geometrical parameters. Interestingly, both regio-
isomeric nucleosides in their crystal structures adopt con-
formations, which enable the formation of a three-center
intramolecular N–H/O hydrogen bond between the amino
group of the base and O10 and O50 from the ribose moiety
(Fig. 2). To form such a bond, the isomers must adopt differ-
ent sugar conformations: 1-riboadenine (12) adopts an enve-
lope C20-endo form, while 7-riboadenosine (7) occurs in
crystal as a C20-endo-C10-exo conformer.

3. Conclusion

The mechanism of ribosylation in the adenine series evi-
dently depends on reaction conditions. While application
of 1-halosugars in strongly acidic media favors the 3/9
pathway, the use of 1-O-acetylated sugars and Lewis acids
in the silyl approach results in either 7/9 or 1/9 glycosyl-
ation sequence. In the latter method, a comparison of the
data obtained in this work and those reported in the literature
allows us to formulate some general rules, which may be
useful in the synthesis of regioisomers of adenosine. The
use of Lewis acid catalysts like HgBr2

6 or SnCl4
7,8 results

in the formation of 7-(b-D-ribofuranosyl)adenine as
Scheme 4. A proposed mechanism for the 1/9 ribosylation pathway.
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Table 1. Comparison of the 13C NMR spectra of adenosine and its regioisomers (151 MHz, DMSO-d6, TMS)

Compounds C2 C4 C5 C6 C8 C10 C20 C30 C40 C50

Adenosine 152.42 149.06 119.38 156.19 139.96 87.92 73.44 70.70 85.93 61.71
3-(b-D-Ribofuranosyl)adenine 143.53 147.14 120.68 155.69 151.28 94.95 72.12 71.01 87.82 61.85
7-(b-D-Ribofuranosyl)adenine (7) 152.61 160.69 110.05 151.49 144.41 89.18 74.82 68.78 86.16 60.32
1-(b-D-Ribofuranosyl)adenine (12) 140.43 148.58 118.88 154.42 150.53 92.14 72.66 69.82 86.19 60.43
a kinetically controlled product, no matter whether the N6-
exocyclic amino group is protected or not. However, when
the Vorbr€uggen catalyst (TMSOTf) is applied, the presence
of N6-protection is crucial for the course of reaction: the
ribosylation of persilylated derivatives of adenine without
the N6-acyl protection leads to the formation of 7-(b-D-ribo-
furanosyl)adenine, while N6-acylated substrates are directly
ribosylated in the position N1. To our knowledge, this is the
first synthesis of the so far unknown 1-(b-D-ribofuranosyl)
adenine, and that compound can now be obtained in a reason-
able yield. The approach presented here should prove useful

Figure 1. Ortep drawings of (a) 12, molecule A, and (b) 7 at 50% probability
level with atom numbering. Intramolecular hydrogen bonds are shown as
dashed lines.
in the synthesis of related analogs of potential biological
activity and in the study of base-pairing properties on the
oligonucleotide level.

4. Experimental

4.1. General

3-(b-D-Ribofuranosyl)adenine for comparative study was
obtained according to Leonard and Laursen.2 N6-Benzoyl-
adenine (8b) was prepared according to the published proce-
dure.20 Melting points were determined on a Laboratory
Devices Mel-Temp II micromelting points apparatus and
are uncorrected. UV spectra were measured on a Beckman
DU-65 spectrophotometer. The optical rotations were mea-
sured with a Perkin–Elmer 243B polarimeter. The infrared
spectra were determined in KBr with a Bruker IFS
66v/s spectrophotometer. 1H (300 MHz) and 13C NMR
(75.5 MHz) spectra were recorded on a Varian Unity 300
FT NMR 300 MHz spectrometer with tetramethylsilane as
an internal standard, and chemical shifts are reported in
d-values (ppm). 2D 1H and 13C NMR (151 MHz) were
recorded on a Bruker Avance 600 MHz spectrometer. The
following NMR techniques were applied for structural
assignment of the obtained compounds: COSY, HMQC,
HMBC, TOCSY, and NOE. Mass spectra were taken on an
AMD-604 spectrometer using the LSIMS technique (Cs+,
12 keV; in NBA). Elemental analyses were performed on a
Perkin–Elmer 240 Elemental Analyzer. TLC was conducted

Figure 2. A superposition of the two isomers (12 and 7) in the conforma-
tions adopted in their crystal structures.
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on Merck silica gel F254 60 plates using the following solvent
systems (measured by volume): A, chloroform/methanol
(9:1); B, toluene/ethanol (4:1); C, isopropanol/concd
NH4OH/water (7:1:2). For preparative short-column chro-
matography Merck TLC gel H 60 was used.

4.2. Crystal data

The diffraction data were collected at 130 K with a Kuma-
CCD diffractometer, CrysAlis CCD, and CrysAlis RED.
Version 1.171. Oxford Diffraction, using graphite mono-
chromated Mo Ka radiation. The structures were solved
by direct methods with the program SHELXS-9721 and
refined by full-matrix least-squares method on F2 with
SHELXL-97.22

4.2.1. 7-(b-D-Ribofuranosyl)adenine 7 (CCDC 297135).
C10H13N5O4, orthorhombic, space group P21212,
a¼8.2006(7), b¼17.8347(14), c¼7.7064(7) Å, V¼
1346.04(19) Å3, Z¼4, dx¼1.575 g cm�3, T¼130 K. Data
were collected for a crystal with dimensions 0.2�
0.2�0.02 mm3. Final R indices for 1021 reflections with
I>2s(I) and 177 refined parameters are: R1¼0.0346,
wR2¼0.0765 (R1¼0.0442, wR2¼0.0799 for all 1177 data).

4.2.2. 1-(b-D-Ribofuranosyl)adenine 12 (CCDC 297134).
C10H13N5O4, monoclinic, space group P21, a¼6.7737(4),
b¼16.7201(8), c¼9.7134(4) Å, b¼90.895(4)�, V¼
1099.98(10) Å3, Z¼4, dx¼1.614 g cm�3, T¼130 K. Data
were collected for a crystal with dimensions 0.5�0.2�
0.2 mm3. Final R indices for 2232 reflections with I>2s(I)
and 369 refined parameters are: R1¼0.0240, wR2¼0.0620
(R1¼0.0251, wR2¼0.0620 for all 2314 data).

4.3. 7-(2,3,5-Tri-O-acetyl-b-D-ribofuranosyl)adenine (5)
and 9-(2,3,5-tri-O-acetyl-b-D-ribofuranosyl)adenine (6)

To a stirred suspension of adenine (1; 200 mg, 1.48 mmol) in
HMDS (6 mL) was added (NH4)2SO4 (10 mg, 0.087 mmol)
and the mixture was refluxed under argon for 2.5 h. The
resulting solution was concentrated to an oil, dissolved in
dry acetonitrile (6 mL), and treated with tetraacetylribose
(470 mg, 1.47 mmol) and TMSOTf (267 mL, 1.47 mmol).
After stirring at rt for 80 min, the reaction mixture was evapo-
rated to a white solid foam. The products were isolated by
SiO2 column chromatography in a gradient of CHCl3/
MeOH (from 95:5 to 9:1) to give (in order of elution) the
9-isomer 6 (31 mg, 5.3%); Rf 0.48(A), 0.32(B) and the 7-
isomer 5 (208 mg, 36%) as a solid foam: Rf 0.37(A),
0.10(B); lmax (MeOH) 245 (sh), 274 nm; 1H NMR (CDCl3):
2.04, 2.10, 2.16 (3s, 3�3H), 4.36 (m, 3H), 5.47 (dd, 1H, J¼
4.5, 6.4 Hz), 5.59 (t, 1H, J¼6.5 Hz), 5.70 (br s, 2H), 6.02
(d, 1H, J¼6.6 Hz), 8.14 (s, 1H), 8.54 (s, 1H); 13C NMR
(DMSO-d6): 20.11, 20.32, 20.39, 62.43, 68.74, 72.49,
79.65, 86.41, 110.19, 143.94, 151.30, 152.89, 160.43,
169.10, 169.48, 169.99; HRMS: calcd for C16H20N5O7

(M+H): m/z 394.1362, found: 394.1347.

4.4. 7-(b-D-Ribofuranosyl)adenine (7)

A solution of 5 (122 mg, 0.310 mmol) in methanol (4 mL)
was treated with 25% NH4OH (2 mL). After 30 min at rt
the solvent was evaporated to obtain a white solid, which
was crystallized from MeOH (60 mg, 72%): mp 207–
210 �C (lit. 211–2127 and 24623); Rf 0.57 (C; adenosine
0.65); [a]D

20 �93.6 (c 0.25, H2O; lit. �1007); lmax (MeOH)
245 (sh), 270 nm; nmax 3500–2600 (br), 3443, 3345, 3246,
1636, 1593, 1561, 1520, 1489, 1447, 1408, 1303, 1116, 1057,
990, 881 cm�1; 1H NMR (DMSO-d6): 3.68 (m, 2H), 3.99 (q,
1H, J¼5.0 Hz), 4.07 (q, 1H, J¼6.0 Hz), 4.12 (m, 1H), 5.31
(d, 1H, J¼4.2 Hz), 5.36 (t, 1H, J¼4.8 Hz), 5.62 (d, 1H,
J¼6.0 Hz), 5.82 (d, 1H, J¼7.2 Hz), 6.99 (s, 2H), 8.22 (s,
1H), 8.52 (s, 1H). Anal. calcd for C10H13N5O4 (267.25): C,
44.94; H, 4.90; N, 26.21. Found: C, 44.86; H, 4.79; N, 26.17.

4.5. N6-Isobutyryladenine (8a)

Adenine (6.7 g, 49.58 mmol) (vacuum dried) was stirred in
isobutyric anhydride (160 mL) at 70 �C (oil bath tempera-
ture) for 4 h. TLC analysis showed the presence of two prod-
ucts, mono- and disubstituted ones. The mixture was then
refluxed in absolute methanol (170 mL) until the disubsti-
tuted product was completely decomposed (2 h). The solvent
was evaporated, and the resulting syrup was crystallized from
ethanol. The product was recrystallized from boiling ethanol
to give 9.15 g of white crystals (90%): mp 231–233 �C; Rf

0.38(A), 0.23(B); lmax (MeOH) 281, 291 nm; 1H NMR
(DMSO-d6): 1.17 (d, 6H, J¼6.9 Hz), 2.92 (septet, 1H,
J¼6.9 Hz), 8.39 (s, 1H), 8.63 (s, 1H), 11.15 (s, 1H), 12.21
(s, 1H); HRMS: calcd for C9H12N5O (M+H): m/z
206.1041, found: 206.1032.

4.6. N6-Isobutyryl-9-(20,30,50-tri-O-acetyl-b-D-ribofura-
nosyl)adenine (9a), N6-isobutyryl-1-(2,3,5-tri-O-acetyl-
b-D-ribofuranosyl)adenine (10a), and N6-isobutyryl-1,9-
bis-(20,30,50-tri-O-acetyl-b-D-ribofuranosyl)adenine (11)

An anhydrous suspension of 8a (0.90 g, 4.38 mmol) and
1,2,3,5-tetra-O-acetyl-b-D-ribofuranose (1.79 g, 5.63 mmol)
in dry acetonitrile (20 mL) was washed with argon for
30 min, then BSA (1.64 g, 8.09 mmol) was added. The mix-
ture was stirred at 75 �C for 30 min until a clear solution was
obtained. TMSOTf (0.48 g, 2.11 mmol) was then added and
the mixture was stirred at 75 �C for 3 h. After cooling down to
rt the obtained solution was diluted with CH2Cl2 (180 mL)
and extracted with cold saturated solution of NaHCO3

(150 mL). The organic layer was dried over Na2SO4, evapo-
rated to a yellow solid foam and then chromatographed on
a SiO2 column in a CH3Cl/CH3CN gradient (from 2:1 to
1:1) to give (in order of elution): compound 11, an oil:
0.16 g, 5%; Rf 0.80(A), 0.50(B); [a]D

20 +20.7 (c 0.31,
MeOH); lmax (MeOH) 293 nm; nmax 3600–2850 (br), 1755,
1685, 1629, 1547, 1531, 1508, 1464, 1430, 1374, 1229
(br), 1097, 1047, 1017, 904, 757 cm�1; 1H NMR (CDCl3):
1.22, 1.24 (2d, 6H, J¼6.9 Hz), 2.08, 2.09, 2.10, 2.12, 2.14,
2.20 (6s, 6�3H), 2.75 (septet, 1H, J¼6.9 Hz), 4.41–4.45
(m, 6H), 5.33 (dd, 1H, J¼5.4, 7.8 Hz), 5.60 (m, 2H), 5.88
(t, 1H, J¼5.4 Hz), 6.03 (d, 1H, J¼5.4 Hz), 6.27 (d, 1H,
J¼2.4 Hz), 7.81 (s, 1H), 8.35 (s, 1H); 13C NMR (CDCl3):
18.97, 19.06, 20.21, 20.31, 20.35, 20.44, 20.49, 20.73, 37.41,
62.43, 62.76, 68.96, 69.88, 72.23, 72.42, 78.76, 79.54, 85.83,
90.04, 120.84, 139.87, 141.73, 143.35, 146.22, 169.13,
169.26, 169.40, 169.43, 170.23, 170.30, 187.60; HRMS:
calcd for C31H40N5O15 (M+H): m/z 722.2521, found:
722.2538; the 9-isomer 9a, an oil: 0.21 g, 10%; Rf 0.70(A),
0.46(B); lmax (MeOH) 272 nm; the 1-isomer 10a, a white
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solid: 0.66 g, 33%; mp 159–161 �C (40% EtOH); Rf 0.54(A),
0.45(B); [a]D

20 +86.5 (c 0.27, MeOH); lmax (MeOH) 313 nm;
nmax 3500–2850 (br), 1750, 1651, 1599, 1504, 1427, 1375,
1365, 1243, 1231, 1215, 1115, 1099, 1063, 1018 cm�1; 1H
NMR (CDCl3): 1.17 (d, 3H, J¼7.0 Hz), 1.19 (d, 3H,
J¼7.0 Hz), 2.06, 2.18, 2.24 (3s, 3�3H), 2.65 (septet, 1H,
J¼7.0 Hz), 4.42 (dd, 1H, J¼3.0, 12.6 Hz), 4.51–4.55 (m,
2H), 5.34 (dd, 1H, J¼4.8, 8.4 Hz), 5.63 (d, 1H, J¼4.8 Hz),
6.65 (s, 1H), 8.13 (s, 1H), 8.82 (s, 1H), 12.49 (br s, 1H);
13C NMR (CDCl3): 19.55, 19.84, 20.26, 20.30, 20.72,
39.51, 61.05, 67.67, 74.51, 78.86, 90.31, 114.27, 141.53,
142.17, 148.02, 157.05, 168.93, 169.20, 170.23, 188.87;
HRMS: calcd for C20H26N5O8 (M+H): m/z 464.1781, found:
464.1809. Anal. calcd for C20H25N5O8 (463.45): C, 51.83; H,
5.44; N, 15.11. Found: C, 51.75; H, 5.23; N, 15.01.

4.7. N6-Benzoyl-9-(20,30,50-tri-O-acetyl-b-D-ribofurano-
syl)adenine (9b) and N6-benzoyl-1-(2,3,5-tri-O-acetyl-b-
D-ribofuranosyl)adenine (10b)

A similar experimental procedure as described for synthesis
of 10a was applied in the N6-benzoyl series. Reaction
of 8b (0.60 g, 2.50 mmol), tetraacetylribose (0.955 g,
3.00 mmol), BSA (1.006 g, 4.90 mmol), and TMSOTf
(0.280 g, 1.30 mmol) was carried out at 60 �C for 3 h to
give, after chromatographic separation, the 9-isomer 9b, an
oil: 0.099 g, 8%; Rf 0.80(A), 0.50(B); lmax (MeOH) 232,
280 nm, and the 1-isomer 10b, an oil: 0.377 g, 30%; mp
202–205 �C (EtOH); Rf 0.62(A), 0.49(B); lmax (MeOH)
228, 332 nm; nmax 3600–2900 (br), 1749, 1745, 1641,
1599, 1557, 1500, 1487, 1423, 1373, 1315, 1287, 1230, 1118,
1095, 1058 cm�1; 1H NMR (CDCl3): 2.07, 2.08, 2.25 (3s,
3�3H), 4.41–4.60 (m, 3H), 5.38 (dd, 1H, J¼5.1, 8.1 Hz),
5.64 (dd, 1H, J¼2.1, 5.1 Hz), 6.70 (d, 1H, J¼2.1 Hz), 7.42
(m, 2H), 7.52 (m, 1H), 8.17 (s, 1H), 8.22 (m, 2H), 8.90 (s,
1H), 12.65 (br s, 1H); 13C NMR (CDCl3): 20.31, 20.41,
20.80, 61.26, 68.09, 74.90, 79.29, 89.93, 114.61, 128.03,
128.17, 129.75, 137.25, 141.95, 142.20, 148.81, 157.60,
168.88, 169.21, 170.24, 175.18; HRMS: calcd for
C23H24N5O8 (M+H): m/z 498.1625, found: 498.1655.

4.8. 1-(b-D-Ribofuranosyl)adenine (12)

A solution of 10a (0.222 g, 0.48 mmol) in saturated metha-
nolic ammonia (10 mL) was stirred at 25 �C for 24 h. The
solvent was evaporated to a white solid, which was stirred
in CHCl3/MeOH (1:1, 5 mL) for 2 h. The precipitate was fil-
tered off to give 0.120 g (93%) of 12. An analytical sample
was crystallized from water, mp>178 �C (decomp.); Rf

0.53 (C); [a]D
20 �23.5 (c 0.14, H2O); lmax (MeOH) 228,

275 nm; nmax 3550–2300 (br), 3407, 3339, 3189, 1679,
1623, 1561, 1557, 1476, 1450, 1358, 1310, 1117, 1071, 907,
863 cm�1; 1H NMR (D2O): 4.04 (dd, 1H, J¼3.6, 12.6 Hz),
4.07 (dd, 1H, J¼2.4, 12.6 Hz), 4.49 (dd, 1H, J¼3.6,
51 Hz), 4.79 (t, 1H, J¼6.0 Hz), 6.15 (d, 1H, J¼6.0 Hz),
8.21 (s, 1H), 8.60 (s, 1H). Anal. calcd for C10H13N5O4

(267.25): C, 44.94; H, 4.90; N, 26.21. Found: C, 44.74; H,
4.69; N, 26.15.

4.9. Transglycosylation reactions

4.9.1. N6-Isobutyryl-9-[(2-acetoxyethoxy)methyl]adenine
(13). An anhydrous solution of 10a (150 mg, 0.32 mmol),
2-acetoxyethyl acetoxymethyl ether14 (253 mL, 1.62 mmol),
and p-toluenesulfonic acid monohydrate (6.2 mg,
0.032 mmol) in chlorobenzene (7.5 mL) was refluxed for
4 h. The solvent was removed in vacuo and the residue was
subjected to SiO2 column chromatography in a CH3Cl/
CH3OH gradient (from 98:2 to 9:1) to yield 13 as an oil,
57 mg (55%); Rf 0.60(A), 0.34(B); lmax (MeOH) 273 nm;
nmax 3400–2800 (br), 3262, 1736, 1729, 1721, 1686, 1605,
1589, 1580, 1454, 1266, 1237, 1220, 1050, 761 cm�1; 1H
NMR (DMSO-d6): 1.13 (d, 6H, J¼6.9 Hz), 1.92 (s, 3H),
2.94 (septet, 1H, J¼6.9 Hz), 3.74 (m, 2H), 4.07 (m, 2H),
5.68 (s, 2H), 8.61 (s, 1H), 8.68 (s, 1H), 10.67 (s, 1H);
HRMS: calcd for C14H20N5O4 (M+H): m/z 322.1515, found:
322.1510.

4.9.2. Isomerization of 5 to 6. A suspension of protected
7-isomer 5 (4.2 mg, 0.01 mmol) and p-toluenesulfonic acid
monohydrate (0.4 mg, 0.002 mmol) in chlorobenzene
(0.4 mL) was stirred at 150 �C for 2.5 h to give a product
identical with an authentic sample of 6 (>90%; TLC, 1H
NMR).

4.9.3. Isomerization of 10a to 9a. A sample of 10a (6.0 mg,
0.013 mmol) was stirred with p-toluenesulfonic acid
(0.25 mg, 0.0013 mmol) in chlorobenzene (1 mL) at 60 �C
for 2 h. TLC analysis showed the formation of 9a (ca.
90%), and traces of 8a.

4.9.4. Decomposition of 11. A sample of 1,9-bis-ribofura-
nosyl derivative 11 (90.0 mg, 0.12 mmol) was refluxed
with p-toluenesulfonic acid (2.2 mg, 0.012 mmol) in chloro-
benzene (5 mL) for 10 min. After this time TLC analysis
showed a mixture of 9a and 10a in a ratio 6:1, respectively.
The structure of products was confirmed after their chroma-
tographic separation (TLC, 1H NMR, UV).
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Abstract—5-Substituted dipyrromethanes were synthesized by the reaction of N-tosyl imines with excess pyrrole in the presence of metal
triflates. Tripyrromethane and other oligomeric side products were not observed. High yields of 5-substituted dipyrromethanes were obtained
for electron donating and withdrawing substituents by performing the reaction at two different temperatures. The new reaction procedure is
simple and anhydrous conditions are not required.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

5-Substituted dipyrromethanes are important precursors
for the synthesis of meso-substituted porphyrins, corroles,
expanded and reduced porphyrins and related compounds
such as dipyrrins, calixpyrroles and chlorins.1 The first
one-flask synthesis of dipyrromethanes was reported in
1994.2 In the past decade, a number of methods have then
been developed for the synthesis and purification of dipyrro-
methanes.3 Almost all the methods consist of the condensa-
tion of an aldehyde and pyrrole in the presence of various
acids such as BF3$etherate, trifluoroacetic acid (TFA),
propionic acid and p-toluenesulfonic acid. These studies
mostly afford moderate yields of meso-substituted dipyrro-
methanes. The yields are reduced due to the formation of
oligomeric products, which make the purification of the
dipyrromethanes from the reaction medium difficult.

Metal triflate catalyzed reactions are currently of great inter-
est in organic chemistry. They have been used as water-
stable and reuseable Lewis acids in several carbon–carbon
bond forming reactions such as aldol, Michael, Diels–Alder
and Friedel–Crafts acylation and alkylations.4 Recently, we
reported the metal triflate catalyzed addition of pyrroles to
a,b-unsaturated esters.5 We also examined the reactions of
pyrrole with N-tosyl imines in the presence of catalytic
amounts of metal triflates to obtain pyrrole-substituted sul-
fonamides.6 In connection with this study, we report here
a novel and an efficient method for preparing 5-substituted
dipyrromethanes from the reaction of N-tosyl imines and

Keywords: Dipyrromethanes; Metal triflate; N-Tosyl imine; Pyrrole deriva-
tives; Lewis acid catalysis.
* Corresponding author. Tel.: +90 312 297 7962; fax: +90 312 299 2163;

e-mail: canan@hacettepe.edu.tr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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excess pyrrole by using catalytic amounts of metal triflate
(Scheme 1).
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R= H, 4-CH3O, 2-CH3O, 4-CH3, 2-OH,

4-NO2, 4-CF3, 4-F, 4-Cl, 4-Br

Scheme 1.

2. Results and discussion

Equimolar concentrations of pyrrole (1) and N-benzylidene-
4-methylbenzenesulfonamide (2a) undergo a Cu(OTf)2 cat-
alyzed regioselective addition reaction in THF at rt to afford
4-methyl-N-(phenyl(1H-pyrrol-2-yl)methyl)benzenesulfon-
amide (4a). Increasing the molar ratio of pyrrole, to N-tosyl
imine 2a, to 2:1 gave 4a in higher yield with the formation
of 5-phenyldipyrromethane (3a) as a minor product.6 After
this examination, we focused on obtaining the 5-substituted
dipyrromethane as the major product from the reaction of
pyrrole and N-benzylidene-4-methylbenzenesulfonamide
(2a). We performed the reaction of pyrrole with 2a by using
different pyrrole/N-tosyl imine ratios in the presence of
copper triflate (10 mol %) at rt. Reactions with 10 and
20 equiv of pyrrole were carried out in THF, monitored with
TLC and completed after 6 h, affording 3a/4a with 34/37
and 40/32% yields, respectively (Scheme 2). When the reac-
tion was performed with 40 equiv of pyrrole without solvent,

mailto:canan@hacettepe.edu.tr
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dipyrromethane was formed as the major product in 55%
yield. Increasing the pyrrole equivalent did not obviously
affect the yield of 3a.

N
H

+ H

N
Ts

10% M(OTf)x

NH HN

+

1 2a 3a 4a

N
H HN Ts

Scheme 2.

To investigate the effects of metal triflates, the reactions of
pyrrole and N-benzylidene-4-methylbenzenesulfonamide
(2a) were carried out in the presence of different metal tri-
flates with excess pyrrole (40 equiv) at rt. Among all the
metal triflates tested, Gd(OTf)3 and Cu(OTf)2 gave the high-
est yields of 5-phenyldipyrromethane (3a), 69 and 55%,
respectively (Table 1).

We continued to study the effect of substituents on the phenyl
ring of the N-tosyl imines using Cu(OTf)2 and Gd(OTf)3 on
the synthesis of 5-substituted dipyrromethanes. Reactions of
N-tosyl imines (2a–j) and pyrrole with Gd(OTf)3 catalyst
gave 2-alkylated pyrrole sulfonamides (4a–j) in 10–85%
yields and 5-substituted dipyrromethanes (3a–j) in 5–90%
yields (Table 2). Similar results were obtained when
Cu(OTf)2 was used as the catalyst at rt; the corresponding
pyrrole derivatives were obtained in 7–86% yields and dipyr-
romethanes in 5–85% yields. For both catalysts, formation of
the products 3 and 4 is very sensitive to the nature of the sub-
stituents on N-tosyl imine. When the phenyl ring bears an
electron donating substituent such as a methyl, hydroxy or
methoxy, dipyrromethanes 3 are obtained in high yields
(Table 2, entries 2–5). The reactions with electron withdraw-
ing groups such as nitro, trifluoromethyl or halogens on the
phenyl ring gave 5-substituted dipyrromethanes in lower
yields at rt (Table 2, entries 6–10).

To improve the yields of dipyrromethane products having
electron withdrawing substituents, reactions were carried
out at 100 �C. It was observed that at high temperatures
the yields of dipyrromethane products with electron with-
drawing substituents and halogens increase dramatically
(Table 2, entries 6–10). Dipyrromethanes with strongly elec-
tron withdrawing groups (nitro, trifluoromethyl) and halo-
gens were synthesized in 68–79% yields with Gd(OTf)3

and in 53–85% yields with Cu(OTf)2. Despite this increase
for electron withdrawing groups at 100 �C, yields for elec-
tron donating groups are lower. With this reaction protocol,
we obtained high yields of dipyrromethanes for both types of

Table 1. Effects of metal triflates on the synthesis of dipyrromethane 3aa

Entry Catalyst Yield (%)b 3a/4a

1 Cu(OTf)2 55/16
2 Gd(OTf)3 69/20
3 Yb(OTf)3 52/38
4 Y(OTf)3 45/43
5 La(OTf)3 34/53
6 Zn(OTf)2 23/60
7 Nd(OTf)3 14/72

a Reactions were carried out in excess pyrrole (40 equiv) as solvent at rt.
b Yield refers to pure product after column chromatography.
substituents only by performing the reaction at two different
temperatures.

Structures of dipyrromethanes 3a–d, f, h–j were confirmed
by comparing their NMR spectra and melting points with
those reported in literature.2,7 Structures of 3e, g and pyrrole
derivatives 4a–j were identified by 1H NMR, 13C NMR and
elemental analysis. The position of the substituent was as-
signed by COSY spectra and by comparison of the 1H
NMR spectra with the known 2-alkylated pyrroles.8

The following reaction mechanism is proposed for the metal
triflate catalyzed reaction of N-tosyl imine with pyrrole
(Scheme 3). In the first step, N-tosyl imine is activated by
the metal triflate. The addition of pyrrole to the activated im-
ine complex affords structure 4a through the intermediate 5.
Formation of dipyrromethane could be explained by the
addition of a second pyrrole to the intermediate 6, which is
generated by the elimination of sulfonamide from intermedi-
ate 5 or compound 4a. Structures like intermediate 6 are pro-
posed by other researchers for the reaction of indole with
imines, aldehydes and enones.9 To support this proposed
mechanism, the isolated product 4a was reacted with excess
pyrrole in the presence of metal triflate. Dipyrromethane was
obtained as the main product after 6 h under the same condi-
tions and p-toluenesulfonamide was isolated. The same reac-
tion was performed without using the metal triflate and
dipyrromethane formation was not observed. This examina-
tion shows that the metal triflate has a crucial role in the
formation of dipyrromethane from 4a.

3. Conclusion

In conclusion, a new and attractive synthetic method has
been developed for the preparation of 5-substituted dipyrro-
methanes by the reaction of N-tosyl imine and pyrrole in the

Table 2. Synthesis of 5-substituted dipyrromethanes by the reaction of
pyrrole and different N-tosyl iminesa

+ H

N
Ts

10% M(OTf)X

NH HN

+

1 2a-j 3a-j 4a-j

N
H HN Ts

N
H

R
R

R

Entry R Catalyst Gd(OTf)3 Catalyst Cu(OTf)2 Compounds

Yield (%)b 3/4 Yield (%)b 3/4

rt 100 �C rt 100 �C

1 H 69/20 65/17 55/16 48/10 3a/4a
2 4-CH3O 83/10 64/15 85/8 45/19 3b/4b
3 2-CH3O 71/17 61/21 55/20 48/35 3c/4c
4 4-CH3 83/10 69/9 80/7 35/11 3d/4d
5 2-OH 90/— 44/— 77/— 27/— 3e/4ec

6 4-NO2 5/85 79/8 7/78 72/9 3f/4f
7 4-CF3 11/82 68/13 5/86 85/6 3g/4g
8 4-F 40/50 70/14 38/45 53/32 3h/4h
9 4-Cl 44/46 71/13 40/55 62/25 3i/4i
10 4-Br 20/71 74/12 38/53 74/14 3j/4j

a Reactions were carried out in excess pyrrole (40 equiv) as solvent.
b Yield refers to pure product after column chromatography.
c Addition product decomposed and could not be isolated by column chro-

matography.
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presence of metal triflates. Tripyrromethane or any other
oligomeric side products were not observed. The reaction
procedure is simple and anhydrous conditions are not re-
quired. An advantage of this method is that high yields of
5-substituted dipyrromethanes with electron donating or
withdrawing substituents can be obtained selectively only
by tuning the reaction temperature.

4. Experimental

4.1. General

Commercially available reagents and solvents were used
without further purification. 1H NMR (400 MHz) and 13C
NMR (100 MHz) spectra were recorded using SiMe4 as an
internal reference with Bruker Ultrashield FT NMR spec-
trometer. IR spectra were determined on an Unicam Mattson
1000 FT IR spectrometer. Melting points were recorded on
Gallenkamp melting-point apparatus and are uncorrected.
Thin-layer chromatography was performed with 60F silica
gel plates and flash column chromatography by use of silica
gel 60 F254 (230–400 mesh). The spots were visualized with
UV light (l¼254 nm). N-Tosyl imines (2a–j) are synthe-
sized in high yields by the reaction of p-toluenesulfonamide
and aldehydes in the presence of p-toluenesulfonic acid.

4.2. Synthesis of dipyrromethanes (3) and 2-substituted
pyrrole sulfonamides (4)

N-Tosyl imine (1 mmol) was dissolved in excess pyrrole
(40 mmol) and then metal triflate (0.1 mmol) was added to
the reaction mixture at the temperature indicated in Table
2. The reaction was monitored with TLC and completed af-
ter 6 h. Metal triflate was removed from the reaction medium
by subjecting the mixture to a short flash silica gel chroma-
tography using ethyl acetate as an eluent. The eluent was re-
moved under reduced pressure and the residue was purified
by flash silica gel chromatography.

4.2.1. 5-Phenyldipyrromethane (3a).7a Pale yellow crys-
tals; mp: 100–101 �C, lit.: 100–101 �C; Rf 0.60 (1:3
EtOAc/hexane); IR (KBr) 3449, 2951, 1630, 1510, 1410,
1293, 1225, 1048, 760, 703, 607 cm�1; 1H NMR
(400 MHz, CDCl3): d 5.49 (s, 1H, mesoH), 5.92 (br s, 2H,
2C3-H), 6.14 (dd, J 2.8, 5.9, 2H, 2C4-H), 6.68 (dd, J 2.6,
4.2, 2H, 2C5-H), 7.22–7.35 (m, 5H, Ar-H), 7.88 (br s, 2H,
2N-H); 13C NMR (100 MHz, CDCl3): d 44.10, 107.45,
108.75, 117.12, 127.03, 128.51, 128.68, 132.36, 142.23.

4.2.2. 5-(4-Methoxyphenyl)dipyrromethane (3b).7a Pale
yellow powder; mp: 98–99 �C, lit.: 99 �C; Rf 0.47 (1:3
EtOAc/hexane); IR (KBr) 3405, 2964, 2936, 1616, 1507,
1457, 1299, 1245, 1175, 1103, 1027, 965, 838, 774, 720,
554 cm�1; 1H NMR (400 MHz, CDCl3): d 3.82 (s, 3H,
OCH3), 5.42 (s, 1H, mesoH), 5.90–5.92 (m, 2H, 2C3-H),
6.14 (dd, J 2.8, 6.0, 2H, 2C4-H), 6.65–6.67 (m, 2H, 2C5-H),
6.85 (d, J 8.6, 2H, Ar-H), 7.14 (d, J 8.6, 2H, Ar-H), 7.82 (br
s, 2H, 2N-H); 13C NMR (100 MHz): d 43.21, 55.15, 107.27,
108.67, 114.03, 117.02, 129.44, 132.76, 134.29, 158.61.

4.2.3. 5-(2-Methoxyphenyl)dipyrromethane (3c).7a Pale
yellow powder; mp: 114–115 �C, lit.: 115 �C; Rf 0.65 (1:3
EtOAc/hexane); IR (KBr) 3425, 1636, 1485, 1242, 1090,
1023, 966, 715, 555 cm�1; 1H NMR (400 MHz, CDCl3):
d 3.83 (s, 3H, OCH3), 5.82 (s, 1H, mesoH), 5.91 (br s, 2H,
2C3-H), 6.15 (d, J 2.5, 2H, 2C4-H), 6.63 (d, J 1.4,
2H, 2C5-H), 6.94–6.97 (m, 2H, Ar-H), 7.12 (d, J 6.8, 1H,
Ar-H), 7.28 (t, J 7.8, 1H, Ar-H), 7.97 (br s, 2H, 2N-H);
13C NMR (100 MHz, CDCl3): d 37.68, 55.74, 107.10,
108.70, 111.24, 116.67, 121.04, 128.07, 129.60, 131.14,
132.47, 156.73.

4.2.4. 5-(4-Methylphenyl)dipyrromethane (3d).7b Pale
yellow crystals; mp: 110–111 �C, lit.: 110–111 �C; Rf 0.65
(1:3 EtOAc/hexane); IR (KBr) 3417, 2356, 1635, 1508,
1420, 1254, 1089, 1025, 964, 909, 790, 742, 509 cm�1;
1H NMR (400 MHz, CDCl3): d 2.37 (s, 3H, CH3), 5.44
(s, 1H, mesoH), 5.91 (br s, 2H, 2C3-H), 6.13 (dd, J 2.8,
5.9, 2H, 2C4-H), 6.66 (dd, J 2.6, 4.2, 2H, 2C5-H), 7.10–
7.15 (m, 4H, Ar-H), 7.85 (br s, 2H, 2N-H); 13C NMR
(100 MHz, CDCl3): d 21.18, 43.72, 107.32, 108.74,
116.99, 128.42, 129.38, 132.57, 136.42, 139.25.

4.2.5. 5-(2-Hydroxyphenyl)dipyrromethane (3e). Light
brown oil; Rf 0.32 (1:3 EtOAc/hexane); IR (KBr) 3418,
2072, 1635, 1493, 1451, 1330, 1255, 1085, 1023, 909,
790, 741, 529 cm�1; 1H NMR (400 MHz, CDCl3): d 5.17
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(br s, 1H, OH), 5.53 (s, 1H, mesoH), 6.01 (br s, 2H, 2C3-H),
6.16 (dd, J 2.8, 5.9, 2H, 2C4-H), 6.70 (dd, J 2.6, 4.1, 2H,
2C5-H), 6.87–6.95 (m, 2H, Ar-H), 7.08–7.10 (m, 1H, Ar-
H), 7.18–7.22 (m, 1H, Ar-H), 8.14 (br s, 2H, 2N-H); 13C
NMR (100 MHz, CDCl3): d 40.59, 107.22, 108.85, 117.89,
118.00, 121.63, 128.52, 128.81, 130.19, 130.78, 153.87.
Anal. Calcd for C15H14N2O: C, 75.61; H, 5.92; N, 11.76.
Found: C, 75.48; H, 6.03; N, 11.58.

4.2.6. 5-(4-Nitrophenyl)dipyrromethane (3f).7a Yellow
powder; mp: 159–160 �C, lit.: 159–160 �C; Rf 0.48 (1:3
EtOAc/hexane); IR (KBr) 3394, 3359, 3101, 1595, 1512,
1348, 1114, 1027, 808, 735, 660, 568 cm�1; 1H NMR
(400 MHz, CDCl3): d 5.59 (s, 1H, mesoH), 5.88 (br s, 2H,
2C3-H), 6.18 (dd, J 2.8, 6.0, 2H, 2C4-H), 6.75 (dd, J 2.6,
4.2, 2H, 2C5-H), 7.39 (d, J 8.6, 2H, Ar-H), 7.98 (br s, 2H,
2N-H), 8.18 (d, J 8.8, 2H, Ar-H); 13C NMR (100 MHz,
CDCl3): d 43.87, 107.92, 108.95, 117.94, 123.80, 129.25,
130.76, 147.02, 149.66.

4.2.7. 5-(4-Trifluoromethylphenyl)dipyrromethane (3g).
Yellow oil; Rf 0.47 (1:3 EtOAc/hexane); IR (KBr) 3448,
3401, 2980, 1618, 1416, 1326, 1164, 1124, 1067, 1019,
775, 722 cm�1; 1H NMR (400 MHz, CDCl3): d 5.51 (s,
1H, mesoH), 5.91 (br s, 2H, 2C3-H), 6.20 (dd, J 2.8, 6.0,
2H, 2C4-H), 6.67–6.69 (m, 2H, 2C5-H), 7.35 (d, J 8.3, 2H,
Ar-H), 7.63 (d, J 8.1, 2H, Ar-H), 7.82 (br s, 2H, 2N-H);
13C NMR (100 MHz, CDCl3): d 43.78, 107.84, 108.82,
117.66, 124.16 (q, 1JC–F 270.3), 125.54 (q, 3JC–F 3.7),
128.75, 129.29 (q, 2JC–F 32.2), 131.50, 146.28. Anal. Calcd
for C16H13F3N2: C, 66.20; H, 4.51; N, 9.65. Found: C, 66.07;
H, 4.70; N, 9.59.

4.2.8. 5-(4-Fluorophenyl)dipyrromethane (3h).7a Light
brown crystals; mp: 80–81 �C, lit.: 81 �C; Rf 0.53 (1:3
EtOAc/hexane); IR (KBr) 3410, 2928, 1610, 1498, 1451,
1285, 1175, 1103, 960, 764, 554 cm�1; 1H NMR
(400 MHz, CDCl3): d 5.45 (s, 1H, mesoH), 5.89 (br s,
2H, 2C3-H), 6.16 (dd, J 2.8, 5.8, 2H, 2C4-H), 6.66 (br s,
2H, 2C5-H), 7.00–7.05 (m, 2H, Ar-H), 7.16–7.20 (m, 2H,
Ar-H), 7.81 (br s, 2H, 2N-H); 13C NMR (100 MHz,
CDCl3): d 43.28, 107.55, 108.79, 115.42 (d, 2JC–F 21.3),
117.34, 129.92 (d, 3JC–F 7.9), 132.24, 137.96 (d, 4JC–F

3.2), 161.85 (d, 1JC–F 244.5).

4.2.9. 5-(4-Chlorophenyl)dipyrromethane (3i).7b Pale
yellow powder; mp: 112–113 �C, lit.: 112 �C; Rf 0.58 (1:3
EtOAc/hexane); IR (KBr) 3382, 2958, 2923, 2861, 1641,
1485, 1405, 1255, 1087, 1022, 767, 720, 550, 508 cm�1;
1H NMR (400 MHz, CDCl3): d 5.42 (s, 1H, mesoH), 5.90
(br s, 2H, 2C3-H), 6.17 (dd, J 2.8, 5.8, 2H, 2C4-H), 6.66
(dd, J 2.6, 4.2, 2H, 2C5-H), 7.15 (d, J 8.4, 2H, Ar-H), 7.31
(d, J 8.4, 2H, Ar-H), 7.80 (br s, 2H, 2N-H); 13C NMR
(100 MHz, CDCl3): d 43.35, 107.61, 108.75, 117.42,
128.70, 129.74, 131.88, 132.81, 140.69.

4.2.10. 5-(4-Bromophenyl)dipyrromethane (3j).2 Pale
yellow powder; mp: 122–123 �C, lit.: 125–125.5 �C; Rf

0.59 (1:3 EtOAc/hexane); IR (KBr) 3374, 3098, 2957,
2920, 2861, 1707, 1481, 1400, 1083, 1021, 765, 720, 643,
544, 503 cm�1; 1H NMR (400 MHz, CDCl3): d 5.41 (s,
1H, mesoH), 5.90 (br s, 2H, 2C3-H), 6.16 (dd, J 2.8, 5.9,
2H, 2C4-H), 6.66 (dd, J 2.6, 4.2, 2H, 2C5-H), 7.10 (d,
J 8.4, 2H, Ar-H), 7.46 (d, J 8.4, 2H, Ar-H), 7.80 (br s, 2H,
2N-H); 13C NMR (100 MHz, CDCl3): d 43.50, 107.65,
108.83, 117.44, 120.95, 130.17, 131.71, 131.77, 141.27.

4.2.11. 4-Methyl-N-(phenyl(1H-pyrrol-2-yl)methyl)-
benzenesulfonamide (4a). White powder; mp: 132–
133 �C; Rf 0.40 (1:3 EtOAc/hexane); IR (KBr): 3458,
2085, 1633, 1390, 1282, 1136, 1080, 1021, 689, 605,
531 cm�1; 1H NMR (400 MHz, CDCl3): d 2.38 (s, 3H,
CH3), 5.57–5.60 (m, 2H, C3-H, CH), 5.85 (d, J 9.9, 1H,
SO2NH), 5.97 (dd, J 2.8, 6.0, 1H, C4-H), 6.65 (dd, J 2.5,
4.0, 1H, C5-H), 7.09–7.20 (m, 7H, Ar-H), 7.53 (d, J 8.3,
2H, Ar-H), 8.76 (br s, 1H, NH); 13C NMR (100 MHz,
CDCl3): d 21.49, 55.78, 108.20, 118.57, 127.16, 127.38,
127.57, 128.35, 129.05, 129.29, 130.53, 137.47, 138.89,
142.87. Anal. Calcd for C18H18N2O2S: C, 66.23; H, 5.56;
N, 8.58; S, 9.82. Found: C, 66.12; H, 5.63; N, 8.40; S, 9.73.

4.2.12. N-((4-Methoxyphenyl)(1H-pyrrol-2-yl)methyl)-4-
methylbenzenesulfonamide (4b). Colourless viscous oil; Rf

0.30 (1:3 EtOAc/hexane); IR (KBr): 3516, 2072, 1636, 1507,
1243, 1169, 1027, 762, 715, 556 cm�1; 1H NMR (400 MHz,
CDCl3): d 2.40 (s, 3H, CH3), 3.77 (s, 3H, OCH3), 5.50 (d,
J 8.1, 1H, CH), 5.57–5.59 (m, 2H, SO2NH, C3-H), 5.98
(dd, J 2.7, 6.0, 1H, C4-H), 6.67 (br s, 1H, C5-H), 6.70 (d,
J 8.7, 2H, Ar-H), 7.02 (d, J 8.7, 2H, Ar-H), 7.14 (d, J 8.2,
2H, Ar-H), 7.55 (d, J 8.3, 2H, Ar-H), 7.84 (d, J 8.4, 2H,
Ar-H), 8.72 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3):
d 21.55, 55.09, 55.53, 108.08, 108.19, 113.79, 118.51,
127.25, 128.04, 129.03, 130.90, 131.06, 137.54, 142.88,
159.19. Anal. Calcd for C19H20N2O3S: C, 64.02; H, 5.66;
N, 7.86; S, 9.00. Found: C, 64.25; H, 5.63; N, 7.88; S, 9.08.

4.2.13. N-((2-Methoxyphenyl)(1H-pyrrol-2-yl)methyl)-4-
methylbenzenesulfonamide (4c). Light brown powder; mp:
132–133 �C; Rf 0.34 (1:3 EtOAc/hexane); IR (KBr): 3440,
2954, 2835, 1638, 1491, 1453, 1328, 1247, 1156, 1092,
1023, 909, 790, 743, 664, 549 cm�1; 1H NMR (400 MHz,
CDCl3): d 2.37 (s, 3H, CH3), 3.70 (s, 3H, OCH3), 5.51 (br
s, 1H, C3-H), 5.64 (d, J 9.3, 1H, CH), 5.90 (d, J 9.1, 1H,
SO2NH), 5.97 (dd, J 2.8, 5.8, 1H, C4-H), 6.70 (dd, J 2.5,
4.1, 1H, C5-H), 6.73 (d, J 8.3, 1H, Ar-H), 6.81 (t, J 7.4,
1H, Ar-H), 7.00 (dd, J 1.6, 7.5, 1H, Ar-H), 7.09 (d, J 8.2,
2H, Ar-H), 7.16–7.21 (m, 1H, Ar-H), 7.55 (d, J 8.2, 2H,
Ar-H), 8.72 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3):
d 21.55, 53.85, 55.45, 107.04, 108.26, 111.21, 118.01,
120.87, 126.82, 127.22, 129.09, 129.60, 130.55, 137.86,
142.55, 156.76. Anal. Calcd for C19H20N2O3S: C, 64.02;
H, 5.66; N, 7.86; S, 9.00. Found: C, 64.11; H, 5.81; N,
7.82; S, 8.75.

4.2.14. N-((1H-Pyrrol-2-yl)(p-tolyl)methyl)-4-methyl-
benzenesulfonamide (4d). Light brown powder; mp: 96–
97 �C; Rf 0.44 (1:3 EtOAc/hexane); IR (KBr): 3426, 2963,
2924, 2866, 2104, 1636, 1509, 1426, 1321, 1262, 1154,
1091, 1026, 910, 790, 722, 663, 563 cm�1; 1H NMR
(400 MHz, CDCl3): d 2.34 (s, 3H, CH3), 2.43 (s, 3H,
SO2Ph-CH3), 5.52 (d, J 8.2, 1H, CH), 5.58 (br s, 1H,
C3-H), 5.62 (d, J 8.0, 1H, SO2NH), 5.98 (dd, J 2.8, 5.7,
1H, C4-H), 6.66 (br s, 1H, C5-H), 7.00–7.02 (m, 4H,
Ar-H), 7.13 (d, J 8.1, 2H, Ar-H), 7.55 (d, J 8.2, 2H, Ar-H),
8.62 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3):
d 21.15, 21.53, 55.64, 108.13, 108.17, 118.51, 127.24,
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127.37, 129.06, 129.31, 130.78, 135.98, 137.27, 137.55,
142.83. Anal. Calcd for C19H20N2O2S: C, 67.03; H,
5.92; N, 8.23; S, 9.42. Found: C, 66.90; H, 5.95; N, 8.20;
S, 9.37.

4.2.15. 4-Methyl-N-((4-nitrophenyl)(1H-pyrrol-2-yl)-
methyl)benzenesulfonamide (4f). Light brown powder;
mp: 153–154 �C; Rf 0.34 (1:3 EtOAc/hexane); IR (KBr):
3419, 1716, 1636, 1512, 1412, 1337, 1255, 1150, 1089,
1014, 909, 791, 741, 688, 549 cm�1; 1H NMR (400 MHz,
CDCl3): d 2.43 (s, 3H, CH3), 5.29 (br s, 1H, SO2NH), 5.52
(br s, 1H, C3-H), 5.70 (br s, 1H, CH), 6.02 (dd, J 2.8, 6.0,
1H, C4-H), 6.76 (dd, J 2.6, 4.0, 1H, C5-H), 7.20 (d, J 8.0,
2H, Ar-H), 7.37 (d, J 8.6, 2H, Ar-H), 7.60 (d, J 8.3, 2H,
Ar-H), 8.10 (d, J 8.7, 2H, Ar-H), 8.56 (br s, 1H, NH); 13C
NMR (100 MHz, CDCl3): d 20.93, 55.06, 108.69, 119.38,
123.54, 127.15, 128.16, 128.99, 129.56, 134.98, 137.06,
143.78, 145.64. Anal. Calcd for C18H17N3O4S: C, 58.21;
H, 4.61; N, 11.31; S, 8.63. Found: C, 58.00; H, 4.68; N,
11.38; S, 8.51.

4.2.16. N-((1H-Pyrrol-2-yl)(4-(trifluoromethyl)phenyl)-
methyl)-4-methylbenzenesulfonamide (4g). White pow-
der; mp: 113–114 �C; Rf 0.38 (1:3 EtOAc/hexane); IR
(KBr): 3382, 3272, 3107, 3061, 2926, 2867, 1918, 1802,
1612, 1489, 1422, 1325, 1160, 1125, 1063, 1026, 915,
850, 792, 732, 665, 660, 555 cm�1; 1H NMR (400 MHz,
CDCl3): d 2.34 (s, 3H, CH3), 5.55 (br s, 1H, C3-H), 5.69
(d, J 8.6, 1H, CH), 6.00–6.03 (m, 2H, C4-H, SO2NH), 6.69
(br s, 1H, C5-H), 7.07 (d, J 8.1, 2H, Ar-H), 7.24 (d, J 8.1,
2H, Ar-H), 7.39 (d, J 8.2, 2H, Ar-H), 7.47 (d, J 8.2, 2H,
Ar-H), 8.86 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3):
d 21.32, 55.66, 108.36, 108.61, 119.15, 125.17 (q, 3JC–F

3.6), 127.05, 127.91, 129.39, 129.49, 129.90 (q, 2JC–F

32.2), 137.01, 142.49, 143.46. Anal. Calcd for
C19H17F3N2O2S: C, 57.86; H, 4.34; N, 7.10; S, 8.13. Found:
C, 57.60; H, 4.32; N, 7.13; S, 7.99.

4.2.17. N-((4-Fluorophenyl)(1H-pyrrol-2-yl)methyl)-4-
methylbenzenesulfonamide (4h). Colourless viscous oil;
Rf 0.37 (1:3 EtOAc/hexane); IR (KBr): 3423, 2978, 2922,
2870, 1640, 1505, 1429, 1322, 1223, 1154, 1092, 1029,
915, 844, 774, 722, 664, 542 cm�1; 1H NMR (400 MHz,
CDCl3): d 2.45 (s, 3H, CH3), 5.54 (br s, 1H, C3-H), 5.57
(d, J 8.4, 1H, CH), 5.86 (d, J 8.4, 1H, SO2NH), 5.98 (dd,
J 2.7, 5.9, 1H, C4-H), 6.67 (dd, J 2.6, 4.1, 1H, C5-H), 6.84
(t, J 8.6, 2H, Ar-H), 7.07–7.13 (m, 4H, Ar-H), 7.52 (d,
J 8.3, 2H, Ar-H), 8.77 (br s, 1H, NH); 13C NMR
(100 MHz, CDCl3): d 21.50, 55.27, 108.25, 115.21 (d,
2JC–F 21.4), 118.81, 127.15, 129.10 (d, 3JC–F 8.1), 129.37,
130.31, 134.58 (d, 4JC–F 3.1), 137.35, 143.15, 162.21 (d,
1JC–F 245.7). Anal. Calcd for C18H17FN2O2S: C, 62.77;
H, 4.98; N, 8.13; S, 9.31. Found: C, 62.40; H, 5.01; N,
8.05; S, 9.19.

4.2.18. N-((4-Chlorophenyl)(1H-pyrrol-2-yl)methyl)-4-
methylbenzenesulfonamide (4i). Brown powder; mp:
115–116 �C; Rf 0.43 (1:3 EtOAc/hexane); IR (KBr): 3448,
3405, 2965, 2922, 2863, 1636, 1332, 1155, 1087, 1022,
805, 721, 662, 561 cm�1; 1H NMR (400 MHz, CDCl3):
d 2.40 (s, 3H, CH3), 5.54–5.57 (m, 2H, C3-H, CH), 5.88
(d, J 8.5, 1H, SO2NH), 5.98 (dd, J 2.7, 6.0, 1H, C4-H),
6.65–6.66 (m, 1H, C5-H), 7.05 (d, J 8.5, 2H, Ar-H),
7.11–7.13 (m, 4H, Ar-H), 7.49 (d, J 8.3, 2H, Ar-H), 8.79
(br s, 1H, NH); 13C NMR (100 MHz, CDCl3): d 21.53,
55.34, 108.27, 108.40, 118.91, 127.13, 128.44, 128.89,
129.40, 129.92, 133.60, 137.26, 137.32, 143.23. Anal. Calcd
for C18H17ClN2O2S: C, 59.91; H, 4.75; N, 7.76; S, 8.89.
Found: C, 59.67; H, 4.70; N, 7.82; S, 8.78.

4.2.19. N-((4-Bromophenyl)(1H-pyrrol-2-yl)methyl)-4-
methylbenzenesulfonamide (4j). Brown powder; mp:
116–117 �C; Rf 0.42 (1:3 EtOAc/hexane); IR (KBr): 3388,
3275, 2961, 2921, 2862, 2756, 1691, 1596, 1484, 1432,
1323, 1154, 1088, 1025, 807, 663, 559 cm�1; 1H NMR
(400 MHz, CDCl3): d 2.40 (s, 3H, CH3), 5.55–5.57 (m,
2H, C3-H, CH), 5.97–6.00 (m, 2H, SO2NH, C4-H) 6.66
(dd, J 2.5, 4.0, 1H, C5-H), 6.98 (d, J 8.4, 2H, Ar-H), 7.10
(d, J 8.1, 2H, Ar-H), 7.26 (d, J 8.4, 2H, Ar-H), 7.47 (d,
J 8.3, 2H, Ar-H), 8.83 (br s, 1H, NH); 13C NMR
(100 MHz, CDCl3): d 21.55, 55.42, 108.27, 108.43, 118.94,
121.70, 127.11, 129.24, 129.41, 129.79, 131.38, 137.20,
137.77, 143.26. Anal. Calcd for C18H17BrN2O2S: C, 53.34;
H, 4.23; N, 6.91; S, 7.91. Found: C, 53.67; H, 4.31;
N, 6.84; S, 7.98.
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Abstract—A DMAP catalyzed tandem addition–cyclization–dehydration sequence involving dimethyl acetylenedicarboxylate and
b-ketoesters leading to polysubstituted benzene/biaryl derivatives is presented.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Benzene derivatives are uniquely important in organic chem-
istry. Not surprisingly therefore, the quest to develop efficient
and versatile methods for the synthesis of substituted benz-
enes1,2 has been a perennial theme in organic synthesis.
The venerable Friedel–Crafts reaction3 and the ortho-metal-
lation strategy4 can be used for introducing substituents into
the benzene ring. The Reppe reaction,5 the Vollhardt proto-
col,6 the Diels–Alder strategy, and the Bergman cyclization7

hold much promise for the synthesis of substituted benzenes.
Biaryls are important as they constitute the core unit in many
of the natural and synthetic compounds endowed with useful
biological properties.8 They are also useful as components in
new organic materials like electroluminescent conjugated
polymers,9 semiconductors, and liquid crystals.10 The Ull-
mann reaction,11 the nucleophilic substitution reaction using
organometallic aryls and activated arenes with electron
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.031
withdrawing substituents,12 the intramolecular transfer of
aryl groups by a radical mechanism,13 coupling reaction of
various phenolic and non-phenolic aromatics by oxidation
with di-tert-butyl peroxide (DTBP) or LTA14 and nucleo-
philic addition of aryl organometallics to arynes15 are good
routes to biaryls.

In the course of our recent studies on the chemistry of
zwitterionic species,16 it was shown that interception of the
zwitterion 3 with cyclobutene-1,2-diones provided selective
access to either cyclopentenedione derivatives or hexa
substituted benzene derivatives17 depending on the amount
of pyridine used (Scheme 1).

In the context of this interesting observation, it was surmised
that the tandem addition of an enolate, generated from b-
ketoesters by pyridine, to two molecules of acetylenic ester,
if experimentally feasible, would generate a species, which
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Scheme 1. Pyridine catalyzed reaction of DMAD with cyclobutene-1,2-diones.
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can transform into a hexatriene system well-disposed to un-
dergo electrocyclization to afford a dihydrobenzene deriva-
tive, and the latter would undergo dehydration to deliver
polysubstituted benzenes. The results of our studies validat-
ing the concept outlined above, leading to an unprecedented
biaryl synthesis form the subject of this paper.

2. Results and discussion

In the first instance, a solution of ethyl benzoyl acetate 7a
and dimethyl acetylenedicarboxylate (DMAD) 2 in DME
was treated with 20 mol % pyridine at room temperature.
The reaction afforded the fully substituted benzene deriva-
tive 8a albeit in 30% yield (Scheme 2).

O

OR2

O

R1

CO2Me

CO2Me

MeO2C
CO2Me

CO2Me

CO2Me

R1 OR2O

+

7a,b
2 8a,b

Pyridine (20 mol%)

DME, Ar, rt, 10 h

R1 = H, R2 = Ethyl         8a (30%)
R1 = H, R2 = n-Butyl      8b (31%)

Scheme 2. Pyridine catalyzed reaction of DMAD with b-ketoesters.

The enolate formation and subsequent annulation were in-
vestigated with different bases, and dimethyl aminopyridine
(DMAP) was found to be the best catalyst for the transforma-
tion to biaryls; DABCO also gives comparable results, as
summarized in Table 1.

An illustrative example is the reaction of methyl-4-tert-butyl
benzoyl acetate 7c and DMAD in dry DME with 25 mol %
of DMAP at room temperature under an argon atmosphere
for 3 h affording the biphenyl derivative 8c as a colorless
crystalline solid in 90% yield (Scheme 3).

O
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O CO2Me

CO2Me

MeO2C
CO2Me

CO2Me

CO2Me
CO2Me

+
DMAP, DME
3 h, rt, 90%

7c 2 8c

Scheme 3. DMAP catalyzed reaction of DMAD with b-ketoesters.

Table 1. Optimization of reaction conditions

Ph

O

OEt

O
CO2Me

CO2Me

MeO2C
CO2Me

CO2Me

CO2MePh

OEtO

+

7a 2 8a

25 mol% base
DME, rt

Entry Base Time (h) DMAD (equiv) Yield (%)

1 Pyridine 12 1 23
2 Pyridine 12 2.5 30
3 DABCO 3 2.5 90
4 DMAP 3 2.5 93
5 PPh3 12 2.5 0
6 DBU 12 2.5 0
7 NaOMe 12 2.5 <10
8 NaH 12 2.5 <10
The product was characterized on the basis of spectroscopic
data. In the IR spectrum, the ester carbonyl appeared at
1745 cm�1. In the 1H NMR spectrum, the carbomethoxy pro-
tons resonated at d 3.89, 3.86, and 3.48. The ester carbonyls
were discernible at d 166.6, 166.0, and 165.5 in the 13C NMR
spectrum. Finally, the structure was unequivocally estab-
lished by single crystal X-ray analysis (Fig. 1).18

The reaction was found to be general with various substituted
b-ketoesters giving the substituted biaryls in excellent yields.
The results are summarized in Table 2.

Mechanistically, the reaction can be interpreted as follows.
The enolate generated by the deprotonation of b-ketoester
adds to two molecules of DMAD in tandem, to furnish the

Figure 1. Single crystal X-ray structure of 8c.

Table 2. DMAP catalyzed reaction of DMAD with various b-ketoesters

CO2Me

CO2Me

MeO2C
CO2Me

CO2Me

CO2Me

R1 OR2O

DMAP (25 mol%)
DME, Ar, rt

76-93%

+

O

R1

OR2

O

Entry R1 R2 Product Yield (%)

1 H Ethyl 8a 93
2 H n-Butyl 8b 86
3 Br Methyl 8d 91
4 Br n-Butyl 8e 85
5 F n-Butyl 8f 86
6 F Methyl 8g 88
7 CN Methyl 8h 76
8 Ph Methyl 8i 81
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Scheme 4. Mechanistic rationalization.
vinyl anion 9. Conceivably, this intermediate can transform
into the product via two pathways. In path I, 9 undergo intra-
molecular addition of the vinylic anion to the benzoyl car-
bonyl followed by dehydration to afford 8a. In pathway II,
the enolate 10 generated from 9 by 1,5-proton transfer can
undergo 6p-electrocyclization followed by dehydration to
deliver 8a (Scheme 4).

Thienyl substituted b-ketoester on treatment with DMAD in
the presence of 25 mol % of DMAP also afforded the fully
substituted benzene derivative in good yield (Scheme 5).

O

OEt

O

S

CO2Me

CO2Me

MeO2C
CO2Me

CO2Me

CO2Me

OEtO
S

+
DMAP (25 mol%)
DME, 3 h, rt, Ar

8j7j

60 %

Scheme 5. Synthesis of fully substituted benzene derivative.

3. Conclusion

In conclusion, a new and an efficient protocol for the one pot
synthesis of polysubstituted benzene/biaryl derivatives has
been uncovered. The experimental simplicity and metal-
free conditions of the synthesis are especially noteworthy.

4. Experimental

4.1. General

All reactions were conducted in oven-dried glassware sealed
with rubber septa under a positive pressure of deoxygenated
argon from a manifold. Solvents used for the experiments
were distilled or dried as specified. Dimethyl acetylenedicarbox-
ylate (DMAD), DMAP, and ethyl benzoyl acetate were
purchased from Aldrich and used as received. The b-keto-
esters used for our study are prepared from a known proce-
dure.19 All other reagents were purchased from local
suppliers and used without purification. All reactions were
monitored by TLC; visualization was effected with UV
and/or by developing in iodine. Chromatography refers to
open column chromatography on silica gel (100–200
mesh). Melting points were recorded on a B€uchi melting
point apparatus and are uncorrected. NMR spectra were re-
corded at 300 (1H) and 75 (13C) MHz on a Br€ucker DPX-
300 MHz. Chemical shifts are reported in d (ppm) relative
to TMS (1H) or CDCl3 (13C) as internal standards. IR spectra
were recorded on Bomem MB series FT-IR spectrometer;
absorbencies are reported in cm�1. High-resolution mass
spectra were obtained using Autospec M mass spectrometer.
Elemental analyses were performed on a Perkin Elmer-2400
elemental analyzer.

4.2. General procedure for the synthesis of fully
substituted benzene derivatives

To a stirred solution of b-ketoester (0.43 mmol) in anhy-
drous DME (10 mL) under an argon atmosphere was added
DMAD (152 mg, 1.07 mmol) followed by DMAP (13 mg,
0.11 mmol). The reaction mixture was stirred at room tem-
perature for 3 h. The solvent was removed under reduced
pressure, residue on silica gel column chromatography using
70:30 petroleum ether–ethyl acetate as eluent, to afford the
respective product.

4.2.1. Compound 8a. Yield (221 mg, 93%). Colorless crys-
talline solid, mp 124–125 �C. IR (KBr) nmax: 2955, 1738,
1571, 1443, 1412, 1328, 1251, 1219, 1096, 999 cm�1. 1H
NMR (CDCl3): d 7.38–7.19 (m, 5H), 3.98–3.94 (m, 2H),
3.90 (s, 3H), 3.87 (s, 6H), 3.48 (s, 3H), 0.90 (uneven triplet,
3H, J1¼7.2 Hz, J2¼6.9 Hz). 13C NMR (CDCl3): d 166.2,
165.8, 165.7, 165.3, 165.2, 140.3, 136.6, 136.4, 135.9,
132.1, 131.4, 131.1, 128.4, 128.2, 127.9, 127.6, 66.9, 64.4,
61.7, 53.4, 52.9, 52.3. HRMS (EI): m/z calcd for
C23H22O10: 458.1213, found: 458.1238.

4.2.2. Compound 8b. Yield (153 mg, 86%). Colorless crys-
talline solid, mp 106–107 �C. IR (KBr) nmax: 2959, 1748,
1738, 1439, 1346, 1243, 1218, 1135, 1094, 996 cm�1. 1H
NMR (CDCl3): d 7.33–7.21 (m, 5H), 3.89 (s, 3H), 3.86 (s,
6H), 3.48 (s, 3H), 1.24 (uneven triplet, 2H, J1¼
5.7 Hz, J2¼6.9 Hz), 1.13–1.06 (m, 2H), 0.85–0.77 (m, 5H).
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13C NMR (CDCl3): d 166.4, 166.1, 166.0, 165.5, 165.3,
140.3, 136.3, 136.6, 136.0, 132.2, 131.5, 130.2, 128.5,
128.3, 128.1, 65.6, 53.1, 52.6, 52.4, 51.8, 39.2, 30.3, 18.8.
HRMS (EI): m/z calcd for C25H26O10: 486.1526, found:
486.1468.

4.2.3. Compound 8c. Yield (192 mg, 90%). Colorless crys-
talline solid, mp 170 �C. IR (KBr) nmax: 1745, 1610, 1568,
1512, 1442, 1352, 1251, 1182, 983 cm�1. 1H NMR
(CDCl3): d 7.39 (d, 2H, J¼5.4 Hz), 7.11 (d, 2H, J¼8.4 Hz),
3.89 (s, 3H), 3.86 (s, 6H), 3.48 (s, 6H), 1.33 (s, 9H). 13C
NMR (CDCl3): d 166.6, 166.0, 165.5, 151.6, 140.7, 136.8,
132.9, 131.3, 128.0, 125.1, 53.2, 53.1, 52.4, 34.7, 31.3.
HRMS (FAB): m/z calcd (M+) for C26H28O10: 500.17, found:
500.36. The crystal structure for compound 8c has been
deposited at the Cambridge Crystallographic Data Center
and allocated the reference no. CCDC 295899.

4.2.4. Compound 8d. Yield (184 mg, 91%). Colorless crys-
talline solid, mp 148–150 �C. IR (KBr) nmax: 2953, 1742,
1732, 1542, 1440, 1221, 1001, 999 cm�1. 1H NMR
(CDCl3): d 7.52 (d, 2H, J¼8.4 Hz), 7.08 (d, 2H, J¼8.1 Hz),
3.90 (s, 6H), 3.87 (s, 3H), 3.54 (s, 6H). 13C NMR (CDCl3):
d 166.1, 165.8, 165.1, 139.2, 136.5, 134.7, 132.8, 131.4,
131.3, 130.0, 123.2, 53.3, 53.2, 52.7. Elemental analysis:
Calcd for C22H19BrO10, C, 50.50; H, 3.66. Found C, 50.82;
H, 3.65.

4.2.5. Compound 8e. Yield (163 mg, 85%). Colorless crys-
talline solid, mp 123–125 �C. IR (KBr) nmax: 2958, 1747,
1737, 1542, 1523, 1503, 1221, 1048, 990 cm�1. 1H NMR
(CDCl3): d 7.52 (d, 2H, J¼8.4 Hz), 7.09 (d, 2H, J¼
8.4 Hz), 3.92 (uneven triplet, 2H, J1¼6.6 Hz, J2¼9.0 Hz),
3.87 (s, 9H), 3.54 (s, 3H), 1.35–1.26 (m, 2H), 1.18–1.08
(m, 2H), 0.81 (uneven triplet, 3H, J1¼7.2 Hz, J2¼6.6 Hz).
13C NMR (CDCl3): d 166.1, 166.1, 165.8, 165.2, 139.0,
134.9, 131.4, 130.1, 123.2, 65.9, 53.2, 53.2, 53.1, 52.6,
30.1, 18.8. HRMS (FAB): For C25H25BrO10: calcd
(M+Na+): 587.0529, found: 587.2785.

4.2.6. Compound 8f. Yield (190 mg, 86%). Colorless crys-
talline solid, mp 127–129 �C. IR (KBr) nmax: 2958, 1747,
1732, 1537, 1513, 1455, 1216, 1102, 990 cm�1. 1H NMR
(CDCl3): d 7.23–7.18 (m, 2H), 7.11–7.05 (m, 2H), 3.92
(uneven triplet, 2H, J1¼6.9 Hz, J2¼6.6 Hz), 3.87 (s, 3H),
3.83 (s, 6H), 3.53 (s, 3H), 1.37–1.26 (m, 2H), 1.19–1.10
(m, 2H), 0.82 (uneven triplet, 3H, J1¼7.2 Hz, J2¼7.5 Hz).
13C NMR (CDCl3): d 166.2, 165.9, 165.2, 164.5, 161.2
(aromatic carbon attached to fluorine), 136.8, 132.9, 132.6,
131.8, 131.8, 131.4, 131.2, 115.9, 115.4, 107.6, 105.4,
65.8, 53.4, 53.2, 53.2, 53.1, 30.4, 30.2, 18.8. HRMS
(FAB): m/z calcd for C25H25FO10: (M+): 504.1432, found:
504.3005.

4.2.7. Compound 8g. Yield (200 mg, 88%). Colorless crys-
talline solid, mp 136–138 �C. IR (KBr) nmax: 2958, 1742,
1737, 1542, 1513, 1450, 1226, 1052, 980 cm�1. 1H NMR
(CDCl3): d 7.21–7.05 (m, 4H), 3.90 (s, 3H), 3.87 (s, 6H),
3.53 (s, 6H). 13C NMR (CDCl3): d 166.2, 165.8, 165.2,
164.4, 161.1 (aromatic carbon attached to fluorine), 139.3,
136.8, 132.6, 131.6, 131.3, 130.2, 115.5, 115.2, 53.2, 53.1,
52.6. HRMS (EI): m/z calcd for C22H19FO10: 462.0962,
found: 462.0965.
4.2.8. Compound 8h. Yield (174 mg, 76%). Colorless crys-
talline solid, mp 144–146 �C. IR (KBr) nmax: 2229, 1736,
1606, 1504, 1444, 1352, 1328, 1236, 1180, 930 cm�1. 1H
NMR (CDCl3): d 7.71 (d, 2H, J¼8.1 Hz), 7.34 (d, 2H,
J¼8.4 Hz), 3.91 (s, 3H), 3.88 (s, 6H), 3.54 (s, 6H). 13C
NMR (CDCl3): d 165.5, 165.4, 164.7, 140.5, 138.5, 135.9,
131.7, 131.4, 131.4, 130.2, 129.2, 112.7, 53.6, 53.2, 53.1.
HRMS (EI): m/z calcd for C23H19NO10: 469.1009, found:
469.1043.

4.2.9. Compound 8i. Yield (165 mg, 81%). Colorless crys-
talline solid, mp 184–186 �C. IR (KBr) nmax: 1739, 1606,
1442, 1330, 1255, 1220, 1184, 983 cm�1. 1H NMR
(CDCl3): d 7.65–7.61 (m, 4H), 7.45 (uneven triplet, 2H, J1¼
7.08 Hz, J2¼7.62 Hz), 7.43 (d, 2H, J¼8.0 Hz), 7.34 (d, 1H,
J¼7.2 Hz), 3.86 (s, 9H), 3.52 (s, 6H). 13C NMR (CDCl3):
d 166.5, 166.0, 165.4, 141.3, 140.3, 140.1, 136.7, 134.8,
132.4, 131.5, 130.2, 128.9, 128.0, 127.8, 126.8, 53.3, 53.2,
52.9. HRMS (EI): m/z calcd for C28H24O10: 520.1369,
found: 520.1105.

4.2.10. Compound 8j. Yield (143 mg, 60%). Colorless crys-
talline solid, mp 113–115 �C. IR (KBr) nmax: 1739, 1722,
1571, 1448, 1359, 1321, 1259, 1180, 900 cm�1. 1H NMR
(CDCl3): d 7.41 (d, 1H, J¼5.1 Hz), 7.06–7.01 (m, 2H), 4.06
(q, 2H, J1¼J2¼7.2 Hz), 3.89 (s, 3H), 3.87 (s, 6H), 3.51 (s,
3H), 1.05 (uneven triplet, 3H, J1¼6.9 Hz, J2¼7.2 Hz). 13C
NMR (CDCl3): d 166.2, 165.7, 165.6, 165.1, 165.1, 137.7,
131.1, 129.1, 127.6, 127.01, 62.0, 53.2, 53.2, 53.1, 52.7,
13.6. HRMS (EI): m/z calcd for C21H20O10S: 464.0777,
found: 464.0790.
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Abstract—In this paper, we describe the design and synthesis of a novel hybrid foldamer, derived from a conformationally constrained
aliphatic–aromatic amino acid conjugate that adopts a well-defined, compact, three-dimensional structure, governed by a combined
conformational restriction imposed by the individual amino acids from which the foldamer is composed. Conformational investigations
confirmed the prevalence of a unique doubly bent conformation for the foldamer, in both solid and solution states, as evidenced from single
crystal X-ray and 2D NOESY studies, respectively. The findings suggest that constrained aliphatic–aromatic amino acid conjugates offer new
avenues for the de novo design of hybrid foldamers with distinctive structural architectures. Furthermore, the de novo design strategy
disclosed herein has the potential for significantly augmenting the ‘tool-box’ of the modern day peptidomimetic chemist, as well as providing
a novel approach to the field of rational design.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Foldamers1 as a class of conformationally ordered synthetic
oligomers have been ushered into prominence primarily due
to their enormous potential for the creation of unnatural
oligomers that adopt discrete tertiary structures, just as
biopolymers. The compact conformational features and their
adjustable lengths mean that these synthetic oligomers may
provide excellent starting points for the elaboration of
protein mimics that might be difficult to design based on
small-molecule scaffolds. Extensive investigations by sev-
eral groups have resulted in the generation of a myriad of
such synthetic oligomers with diverse backbone structures,
conformations,2 and functions.3 Of late, increasing attention
is being devoted to the design and development of hybrid
foldamers with a view to expanding the conformational
space available for foldamer design.4–6 Of particular interest
are a,b-hybrid peptides, reported by Gellman’s group,4

composed of alternately changing a- and b-amino acid
constituents. NMR studies provided convincing hints for
the formation of special helix types in this novel foldamer
class.

Keywords: Foldamer; Amino acids; Peptidomimetics; Conformation.
* Corresponding author. Tel.: +91 20 25902082; fax: +91 20 25893153;

e-mail: gj.sanjayan@ncl.res.in
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.032
2. Design principles

In an effort to augment the repertoire of conformational
space available for foldamer design, we set out to generate
novel foldamers, which contain conformationally con-
strained a-amino acid–aromatic amino acid-conjugated
building blocks as subunits. In this article, we describe the
design, synthesis, and conformational studies of a novel
hybrid foldamer 3, derived from regularly repeating
a-aminoisobutyric acid (Aib) and 3-amino-4,6-dimethoxy-
benzoic acid (Adb) residues (Aib-Adb motif). We designed
the Aib-Adb motif-based foldamer 3 anticipating that the
corresponding oligomers would adopt a well-defined, com-
pact, three-dimensional structure, governed by a combined
conformational restriction imposed by both Aib and Adb
residues (highlighted in blue and red bold bonds in 3,
Scheme 1). The achiral Aib residue is known to play a key
role7 in the conformational restriction of polypeptides due
to its overwhelmingly constrained phi (f�60�) and psi
(c�30�), while the backbone-rigidified aromatic amino
acid residue Adb8 is known to induce a crescent conforma-
tion in its oligomers via localized five- and six-membered
ring hydrogen bonding interactions. Thus, we reasoned
that hetero-oligomers made of Aib-Adb repeat motif should
also display conformational rigidity. Structural studies (vide
infra) indeed showed that the Aib-Adb dimer 3 folds into
a well-defined, compact, three-dimensional structure, as evi-
denced from single crystal X-ray and 2D NOESY studies.

mailto:gj.sanjayan@ncl.res.in
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Most astonishingly, the crystal structure analysis revealed
a fascinating arrangement of water clusters, in the crystal
lattice, held by the backbone amide groups of the foldamer
with a peculiar architecture. It is noteworthy that the under-
standing of three-dimensional structures of water clusters
has profound implications in several areas ranging from
water-mediated molecular self-assembly9 to protein struc-
ture and function.10 Furthermore, exploration of conforma-
tionally ordered synthetic oligomers that interact with
water molecules may enable better understanding of the
much debated issue of water interaction with Anti Freeze
Proteins (AFPs) and Anti Freeze Glyco Proteins (AFGPs).11

Scheme 1. Synthesis of 3: Reagents and conditions: (i) Boc-Aib-OH,
DIPEA, TBTU, MeCN, rt, 6 h; (ii) dry HCl (gas), dioxane, rt, 5 min; (iii)
2 N LiOH, MeOH, rt, 12 h; (iv) DIPEA, TBTU, MeCN, rt, 8 h; (v) metha-
nolic MeNH2, 48 h, rt. Note: for aiding quick identification, the conforma-
tional restriction imposed by both Aib and Adb residues in 3 is highlighted
in blue and red bold bonds, respectively.

3. Results and discussion

The Aib-Adb motif-based foldamer 3 was assembled from
Boc-Aib-Adb-OMe building block 2a, which in turn was
synthesized by coupling the protected amino acids Aib and
Adb using TBTU as a coupling agent (Scheme 1). However,
attempts to synthesize higher oligomers using this ‘segment
doubling strategy’ were unsuccessful, due to the formation
of intractable mixture of products under various conditions.

The foldamer 3 crystallized from acetonitrile/water (90:10)
in triclinic space group P-1. The unit cell contained two
foldamers and 14 water molecules (Fig. 1).

Investigation of the crystal structure revealed that the intrin-
sically constrained Aib residues imposed a significant twist
on the foldamer backbone, as expected, with f and c torsion
angles close to 60 and 30�, respectively, forcing the foldamer
backbone to adopt a doubly bent conformation. It is interest-
ing to compare the conformational propensities of the homo-
oligomers made of the individual amino acids (Aib and Adb)
and their hybrid oligomer 3. Whereas the homo-oligomers of
Aib and Adb have been reported to adopt 310-helical12 and
crescent architectures,8 respectively, the hybrid foldamer
3, containing alternately changing Aib and Adb residues,
shows an entirely different structural architecture, a fact
that clearly attests the importance of hybrid foldamer strat-
egy4 for augmenting the conformational space available
for novel foldamer design.

Investigation of the crystal structure of 3 revealed the
presence of water molecules embedded in the crystal lattice.
A detailed analysis of the arrangement of water molecules
revealed highly interesting features (Fig. 2).

There are mainly two types of water molecules discernible in
the crystal lattice: the first type (colored red) forms a poly-
meric chain of water clusters and the second type (colored
orange) bridges adjacent foldamer molecules as well as con-
nects the foldamer to the water clusters, eventually forming
a complex three-dimensional hydrogen bonded network. All
the backbone carbonyl oxygens of the foldamer are involved
in strong hydrogen bonding interactions with water mole-
cules (O/O<3.0 Å).13 However, only the Aib amide NHs
(N3H and N5H) partake in interactions with water mole-
cules, leaving the Adb amide NHs (N2H and N4H) and the
methyl amide NH (N1H) to be satisfied with S(5)- and
S(6)-type14 hydrogen bonding interactions, respectively.

Figure 1. Crystal structure of the Aib-Adb motif-based foldamer 3. Water
molecules in the unit cell are represented in spheres, for aiding quick iden-
tification. Color coding: C green, H gray, N blue, O red.

Figure 2. Crystal structure of Aib-Adb motif-based foldamer 3 showing
interaction of the foldamer backbone with water molecules.
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The water molecules, in pairs (colored orange), that bridge
the backbone carbonyls of the adjacent residues donate
two hydrogen bonds to the backbone carbonyl oxygens of
the foldamer forming 12-membered ring hydrogen bonded
network. Further, these water pairs accept hydrogen bonds
(one each) from the Aib NHs of the adjacent foldamers.
The backbone carbonyls O1 and O10 keep the parallel
running water chains in place by hydrogen bonding with
the water molecule (O14W) that is part of the centrosymmet-
ric six-membered water cluster. Interestingly, the same water
molecule (O14W) helps in building the hydrogen bonded
three-dimensional network by donating a hydrogen bond
to the carbonyl oxygens (O1 and O10) of another foldamer.

The infinite chain of water clusters has alternate four- and
six-membered rings (oxygen atoms) sharing one edge. The
oxygen atoms of the water molecules in four-membered
rings assume square planar structure and the six-membered
rings display a centrosymmetric chair conformation. The
infinite chains of water clusters are held together by strong
Ow–H/Ow hydrogen bonding interactions (Ow/
Ow¼2.73–2.85 Å).13 The supramolecular chains of water
clusters are aligned parallel to each other (Fig. 3).

The folded structure is organized by the backbone H-bonds
in solution state, as evidenced from the FTIR spectroscopy,
a sensitive tool that is easily applicable for the detection of
vibrational modes influenced by the presence of the
H-bonds. In the N–H stretch region of 3, the free N–H vibra-
tion, presumably due to the N-terminal Boc amide NH,
appears as a weak signal at 3419 cm�1, while intramolecular
H-bonded N–H stretches give rise to a broad band in the
region 3388 cm�1. Another important source of information
in IR spectra is the amide carbonyl region (1600–
1700 cm�1). The band at 1647 cm�1 can be ascribed to the
H-bonded carbonyl in the backbone. Weaker H-bonds result
in a slightly increased frequency. The band at 1683 cm�1

could be assigned to the N-terminal Boc carbonyl that is
not taking part in intramolecular H-bonding.

Solution-state NMR studies (500 MHz) of the foldamer 3 in
CDCl3 strongly suggested the prevalence of a doubly bent
conformation in solution state, similar to the one observed
in the solid state, although the existence of water clusters

Figure 3. A view of the arrangement of polymeric chain of water clusters in
the crystal lattice of 3. For clarity, the polymeric chains of water clusters are
represented in spheres and the foldamers in lines. Color coding: C green,
H gray, N blue, O red.
in solution state could not be verified. One of the most
characteristic NOE interactions that can be anticipated for
a doubly bent conformation for 3, as observed in the solid
state, would be the NH versus NH dipolar couplings of the
amide NHs of the adjacent Aib-Adb residues. Analysis of
the 2D NOESY data (500 MHz, CDCl3) indeed revealed
the existence of NH versus NH dipolar couplings of the
adjacent Aib-Adb residues (NH1/NH2 and NH3/NH4) as
anticipated (Fig. 4). Furthermore, the characteristic NOE
interactions between amide NH and the adjacent O-aryloxy-
methyls in 3 (NH2/OMe1, NH3/OMe2, NH4/OMe3,
and NH5/OMe4) also strongly suggest their syn orienta-
tion, thereby making space for the S(5) and S(6)14 type
hydrogen bonded arrangement, a common feature in
O-alkoxy arylamides.8

4. Summary

In summary, we have designed and synthesized a novel con-
strained aliphatic–aromatic conjugated hybrid foldamer that
adopts a well-defined, compact, three-dimensional architec-
ture,16 governed by a combined conformational restriction
imposed by the individual amino acids from which it is com-
posed. Conformational investigations confirmed the preva-
lence of a unique doubly bent conformation for 3, in both
solid and solution states, as evidenced from single crystal
X-ray and 2D NOESY studies, respectively. The findings
suggest that constrained aliphatic–aromatic amino acid
conjugates offer new avenues for the de novo design of
foldamers with distinctive structural architectures. The
most striking feature of the present de novo designed
foldamer is its remarkable ability to stabilize supramolecular
polymeric chain of water clusters held together by strong
hydrogen bonding interactions. We are currently probing
the possibility of water cluster formation in related fol-
damers, as well as investigating the influence of substitution
pattern in the aromatic nuclei on the structural architecture
of the corresponding hybrid foldamer.

5. Experimental

5.1. General

Unless otherwise stated, all the chemicals and reagents were
obtained commercially. Acetonitrile was dried by distilling
over calcium hydride and kept it over 4 Å molecular sieves,
prior to use. Chromatography was done on pre-coated silica
gel plates (kieselgel 60F254, Merck). Column chromato-
graphic purifications were done with 100–200 mesh silica
gel. NMR spectra were recorded in CDCl3 on Ac
200 MHz or DRX-500 MHz Bruker NMR spectrometers.
All chemical shifts are reported in d ppm downfield to
TMS and peak multiplicities are reported as singlet (s),
doublet (d), quartet (q), broad (br), broad singlet (br s) and
multiplet (m). Elemental analyses were performed on an
Elmentar-Vario-EL (Heraeus Company Ltd, Germany). IR
spectra were recorded in Nujol or CHCl3 using a Shimadzu
FTIR-8400 spectrophotometer. Melting points were deter-
mined on a Buchi Melting Point B 540. MALDI-TOF
mass spectra were obtained from Voyager-PE, Voyager
DEPRO, and Voyager-DE STR Models. Single crystal



10144 D. Srinivas et al. / Tetrahedron 62 (2006) 10141–10146
Figure 4. Partial 2D NOESY spectra of 3 (500 MHz, CDCl3) showing characteristic NH1/NH2 and NH3/NH4 interactions (see also Supplementary data).
For aiding interpretation of the 2D data, crystal structure of 315 with selected labeled atoms is also shown.
X-ray data were collected on a Bruker SMART APEX
CCD Area diffractometer with graphite monochromatized
(Mo Ka¼0.71073 Å) radiation at room temperature. All
the data were corrected for Lorentzian, polarization, and
absorption effects using Bruker’s SAINT and SADABS
programs. SHELX-97 was used for structure solution and
full matrix least squares refinement on F2. Hydrogen atoms
were included in the refinement as per the riding model.

5.1.1. 5-(2-tert-Butoxycarbonylamino-2-methyl-propio-
nylamino)-2,4-dimethoxy-benzoic acid methyl ester 2a.
To an ice-cold stirred solution of the acid Boc-Aib-OH
(5.70 g, 28.0 mmol, 1 equiv) and the aromatic amine 1
(5.33 g, 25.3 mmol, 0.9 equiv) in dry acetonitrile (30 mL)
was added DIPEA (7.53 mL, 42.1 mmol, 1.5 equiv)
followed by TBTU (12.61 g, 39.3 mmol, 1.4 equiv). The
resulting mixture was stirred for 6 h at room temperature.
The solvent was stripped off under reduced pressure and
the residue was diluted with dichloromethane and washed
sequentially with potassium hydrogen sulfate solution,
saturated sodium bicarbonate, and water. Drying and con-
centration of the DCM extract under reduced pressure
gave the crude product, which on column chromatography
(50% EtOAc/Hexane) afforded the desired pure product 2a
(8 g, 72%). Mp 145 �C; IR (CHCl3) n (cm�1): 3020, 1712,
1531, 1463, 1215, 754; 1H NMR (500 MHz, CDCl3):
d 8.81 (s, 1H), 8.58 (br s, 1H), 6.44 (s, 1H), 5.02 (br s,
1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.78 (s, 3H), 1.52 (s, 6H),
1.38 (s, 9H); 13C NMR (125 MHz, CDCl3): d 172.4, 165.5,
157.8, 154.5, 152.6, 123.1, 120.4, 111.3, 95.5, 57.6, 56.4,
55.8, 51.5, 28.1, 25.7; MALDI-TOF Mass: 435.34 (M+K).
Anal. Calcd for C19H28N2O7: C, 57.57; H, 7.07; N, 7.07.
Found: C, 57.37; H, 7.03; N, 6.99.

5.1.2. 5-(2-Amino-2-methyl-propionylamino)-2,4-di-
methoxy-benzoic acid methyl ester hydrochloride 2b.
To an ice-cold stirred solution of the compound 2a (0.5 g,
1.3 mmol) in dry dioxane (10 ml) was bubbled dry HCl
gas for 5 min. Then dry ether (15 mL) was added to the
reaction mixture, when the amine hydrochloride (2b) precip-
itated out as a white solid (0.37 g, 87%). The solid was
filtered, washed with dry ether, dried, and used for the next
reaction, without further purification.

5.1.3. 5-(2-tert-Butoxycarbonylamino-2-methyl-propio-
nylamino)-2,4-dimethoxy-benzoic acid 2c. To a solution
of compound 2a (2.2 g, 5.6 mmol, 1 equiv) in methanol
(15 mL) was added 2 M LiOH solution (11.08 mL,
22.2 mmol, 4 equiv). The reaction mixture was stirred at
room temperature overnight. The reaction mixture was
evaporated to dryness and diluted with distilled water, and
acidified with saturated potassium hydrogen sulfate. Then
the aqueous layer was extracted with ethyl acetate
(2�100 mL). The combined organic extracts were washed
with brine. Drying and concentration of the organic layer,
under reduced pressure, yielded the desired product 2c
(2.0 g, 94%), which was used for the next reaction, without
further purification.
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5.1.4. 1-(5-(1-(2,4-Dimethoxy-5-methylcarbonyl-
phenylcarbamoyl)-1-methyl-ethylcarbamoyl)-2,4-di-
methoxy-phenylcarbamoyl)-1-methyl-ethyl)-carbamic
acid tert-butyl ester 3. To an ice-cold stirred solution of the
acid 2c (2.0 g, 5.2 mmol, 1 equiv) and amine 2b (1.73 g,
5.23 mmol, 1 equiv) in dry acetonitrile (20 mL) was added
DIPEA (2.3 mL, 13.0 mmol, 2.5 equiv) followed by TBTU
(2.35 g, 7.3 mmol, 1.4 equiv). The resulting reaction mix-
ture was stirred overnight at room temperature. The solvent
was stripped off under reduced pressure; the residue was dis-
solved in dichloromethane (100 mL) and washed sequen-
tially with potassium hydrogen sulfate solution, saturated
sodium bicarbonate, and water. Drying and concentration
in vacuum yielded the crude ester, which was directly used
for the next amidation reaction, without further purification.
The crude ester was taken in an RB flask containing satu-
rated methanolic methylamine solution (25 mL) and stirred
at room temperature for two days. The solvent was removed
under reduced pressure, and the crude product was purified
by column chromatography (5% methanol/ethyl acetate, Rf

0.4) to yield pure 3 (2.0 g, 69%), which could be crystallized
from acetonitrile/water (90:10). Mp 212 �C; IR (CHCl3)
n (cm�1): 3419, 3388, 3018, 1683, 1647, 1610, 1517,
1215, 758; 1H NMR (500 MHz, CDCl3): d 8.99 (s, 1H),
8.89 (s, 1H), 8.76 (s, 1H), 8.44 (br s, 1H), 8.26 (s, 1H), 7.53
(s, 1H), 6.46 (s, 1H), 6.38 (s, 1H), 5.07 (br s, 1H), 3.95 (s,
3H), 3.88 (s, 3H), 3.87 (s, 3H), 3.84 (s, 3H), 2.93 (d, 3H,
J¼4.8 Hz), 1.70 (s, 6H), 1.52 (s, 6H), 1.40 (s, 9H); 13C
NMR (125 MHz, CDCl3): d 172.5, 172.1, 165.7, 164.7,
154.6, 152.8, 152.4, 124.6, 124.0, 121.2, 121.1, 114.1,
113.8, 94.9, 94.8, 58.3, 57.5, 56.4, 56.2, 55.9, 28.1, 26.4,
25.5; MALDI-TOF Mass: 681.95 (M+Na). Anal. Calcd for
C32H45N5O10: C, 58.27; H, 6.82; N, 10.62. Found: C,
58.15; H, 6.80; N, 10.59.

5.1.5. Crystal data for 3 C32H45N5O10$7H2O. M¼785.84.
Colorless crystal, approximate size 0.56�0.27�0.05 mm,
multi scan data acquisition, q range¼2.12–25.00�, triclinic,
space group P-1, a¼6.893 (15), b¼15.55 (3), c¼20.21
(4) Å, a¼110.27 (5)�, b¼93.77 (5)�, g¼93.37 (5)�, V¼
2019 (8) Å3, Z¼2, rcalcd¼1.292 gcm�1, T¼297 (2), m (Mo
Ka)¼0.105 mm�1, 7052 reflections measured, 4044 unique
[I>2s(I)] reflections, 575 refined parameters, R value
0.0551, wR2¼0.1244 (all data R¼0.0916, wR2¼0.01372).
Crystallographic data of 3 have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-289024. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK.
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Abstract—It was shown for the first time that reactions of C60 halides with aliphatic amines provide a facile route for the synthesis of amino-
fullerenes, valuable precursors for water-soluble cationic fullerene derivatives. Particularly, chlorofullerene C60Cl6 and N-substituted piper-
azines were investigated in this work. It was shown that substitution of chlorine atoms in C60Cl6 by amine groups is accompanied by partial
elimination of addends from the fullerene cage that yields mixtures of di-, tetra- and, hexaaminofullerenes as the final products. Separation of
these mixtures by column chromatography resulted in isolation of pure 1,4-diaminofullerenes; this procedure gives much higher and more
reproducible yields of these compounds than direct oxidative photoaddition of secondary amines to C60. ESI mass spectrometry and NMR
spectroscopy data showed that hexaaminofullerene isomers are major components in inseparable mixtures of polyaddition products. Poly-
aminofullerenes were found to be readily soluble in aqueous acids; these solutions are unstable because of a facile substitution of protonated
amine groups with hydroxyls. Nevertheless, the use of other amine substrates in the investigated reaction can potentially allow the preparation
of more stable water-soluble cationic fullerene derivatives for biological studies.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Halofullerenes are valuable substrates for preparation of
novel fullerene derivatives by substitution of halogen atoms
with appropriate organic groups. Chlorofullerene C60Cl6 is
one of the most available [60]fullerene halides.1 The sym-
metrical molecular structure as well as the low number of
halogen addends allows for their selective substitution by
various nucleophiles with formation of one or several major
products. Thus, C60Cl6 undergoes Friedel–Crafts reaction
with aromatics under Lewis acid catalysis to yield mainly
C60Ar5Cl. Isolation of C60Ar2 and C60Ar4 compounds as side
products points to the partial halogen elimination that com-
petes with substitution.2 Treatment of C60Cl6 with sodium
alkoxides affords substitution products C60(OR)5Cl (R¼Me,
Et), while reactions with less nucleophilic alcohols give
mainly C60(OR)2 (R¼Me, iPr) through elimination of four
chlorine atoms from the fullerene cage.3 Reaction of the
chlorofullerene with MeLi shows poor selectivity and yields
mixtures of C60Me6, C60Me5Cl, C60Me5O2OH, C60Me5OOH,
etc.4 Allyltrimethylsilane also reacts with C60Cl6 in the
presence of TiCl4 as a catalyst to give predominantly

Keywords: Fullerene; Amines; C60; C60Cl6; Nucleophilic substitution.
* Corresponding author. Fax: +7 496 522 18 52; e-mail: troshin@cat.icp.

ac.ru
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.033
C60(CH2CH]CH2)6 and C60(CH2CH]CH2)5Cl as a side
product.5

Organic fullerene derivatives prepared from C60Cl6 possess
all addends attached around one five-membered ring at the
fullerene cage; this addition pathway cannot be achieved
using commonly used cycloaddition reactions. Therefore,
we considered C60Cl6 as a particularly valuable substrate for
the preparation of water-soluble fullerene derivatives. There
is a limited number of known derivatives of [60]fullerene
that possess solubility in water above 1 mg/mL; most of them
are represented by compounds bearing multiple addends
(>5–6) that cover almost the whole fullerene surface.6 Such
fullerene derivatives cannot be applied as inhibitors of HIV-1
protease since its active center has good attraction to the
hydrophobic [60]fullerene core.7 Efficiencies of photosensi-
tized generation of singlet oxygen (potential for photo-
dynamic therapy of cancer) on the one hand, and quenching
of radical species on the other (neuroprotection activity)
also depend on the degree of distortion of the fullerene
p-system in C60 derivatives.8 Therefore, only a few water-
soluble fullerene derivatives have potential to find some
medicinal applications. Their syntheses usually require
several steps and give relatively low overall product yields.9

Replacement of 4–5–6 chlorine atoms in C60Cl6 with
addends bearing masked ionic groups (–COO�, –SO3

�,
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R4N+, etc.) can be considered as a superior approach to the
synthesis of water-soluble fullerene derivatives.

It has been reported recently that cationic fullerene deriva-
tives inhibit HIV and hepatitis C viruses quite efficiently
and possess good antiproliferative and antibacterial activi-
ties.10 Therefore, we address here the reaction of C60Cl6
with amines as a promising route to polyaminofullerenes
and their water-soluble cationic derivatives.

2. Results and discussion

It was shown that C60Cl6 readily reacts with N-substituted
piperazines 1a–d with the formation of a mixture of products
(Scheme 1).

Typically, hexachlorofullerene was dissolved in dry toluene
at 80 �C, then rigorously dried potassium carbonate and the
corresponding amine were added. The resulting mixture was
stirred for 20 h at 80 �C and afterwards cooled down to room
temperature.y All insoluble products were filtered off, while
the filtrate was concentrated in vacuum to give brown solids
that were washed with hexane and dried in air.

Mixtures of aminofullerenes were obtained in all syntheses
as revealed by TLC and NMR spectroscopy. A crude product
formed in the reaction of C60Cl6 with 1-methylpiperazine
possesses an average composition of C60(1-methylpipera-
zinyl)4–5; this mixture could not be separated by column
chromatography on silica because of almost irreversible
absorption of the material at the stationary phase (due to
strongly basic properties of amine residues). Addition of ter-
tiary amines (triethylamine, pyridine) or acids (CF3COOH,
CH3COOH) to the eluent (CHCl3–methanol 2:1) resulted
in elution of inseparable mixtures of partially hydrolyzed
compounds with composition C60(piperazinyl)x(OH)y. Elec-
trospray mass spectrometry analysis (ESIMS) of a crude
product with an average composition of C60(1-methylpiper-
azinyl)4–5 revealed intensive signals at m/z¼819 (C60(1-
methylpiperazinyl)1

+), 919 (C60(1-methylpiperazinyl)2$H+),
1017 (C60(1-methylpiperazinyl)3

+), and 1133 (C60(1-methyl-
piperazinyl)4O$H+). Less intensive peaks were observed at
m/z¼837 and 1035 due to C60(1-methylpiperazinyl)OH$H+

and C60(1-methylpiperazinyl)3OH$H+, respectively. The

y If the reaction is conducted at room temperature, the result is essentially
the same except for lower yields of 2b-d.
later appeared most likely because of a partial hydrolysis of
aminofullerenes (Fig. 1).

Application of the less basic piperazines 1b–d bearing elec-
tron withdrawing groups allowed for separation of the crude
reaction products using column chromatography on silica. In
the course of separation, diaminofullerenes 2b–d (toluene–
methanol 125:1) were followed by distinct fraction that
represented a mixture of polyaminofullerenes 3b–d. Varia-
tion of the eluent composition and repeatable column chro-
matography did not result even in partial separation of
components of 3b–d presumably because of the strong
similarity in their properties.

The composition and structure of 2b–d was confirmed by
chemical analysis data, 1H and 13C NMR spectrometry. The
1H NMR spectrum of 2b consists of two doublets and two
triplets corresponding to pyridyl protons and a multiplet at

Figure 1. The ESIMS of the crude product formed in the reaction of C60Cl6
with N-methylpiperazine.
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3.8–4.0 ppm from the CH2 protons of piperazine ring (Fig. 2).
The 13C NMR spectrum exhibited a signal at 73.5 ppm
corresponding to the fullerene cage sp3 carbon; 34 peaks of
fullerene and pyridyl sp2 carbons were detected in low field
region (100–160 ppm) that prove unambiguously the Cs sym-
metry of the product corresponding to structure 2b. Both 1H
and 13C NMR spectra of 2C and 2d also correspond to the
suggested structures. The UV–vis spectrum of 2b exhibited
a broad band at 445 nm typical for fullerene derivatives
with 1,4-addition pathway.11 Similar spectroscopic data
were reported previously for 1,4-dimorpholinofullerene.11

It should be noted that although oxidative photochemical
addition of secondary amines to parent C60 also yields
1,4-diaminofullerenes as minor products, their yields are
lower than in our method based on C60Cl6 (0–8%).11,12

Reactions of [60]fullerene with active amines such as piper-
azines 1a and 1b give mostly oxygen-containing tetraamino-
fullerenes C60[NR2]4O and other polyaddition products,
while the corresponding 1,4-C60[NR2]2 are not formed or
form in very low yields (1–3%). Application of C60Cl6 as
a substrate for preparation of 1,4-diaminofullerenes is also
advantageous in the case of amines possessing labile func-
tional groups. In particular, it is illustrated by the preparation
of diaminofullerene 2c reported here. This compound cannot
be obtained directly in the reaction of [60]fullerene with
N-(tert-butoxycarbonyl)piperazine because of degradation
of this reagent even under mild photochemical conditions
(irradiation from conventional 50 W incandescent light
bulb) and formation of unsubstituted piperazine monoaddi-
tion product (C60N2C4H8).12 Therefore, reaction of C60Cl6
with secondary amines can find useful application for prep-
aration of some specific 1,4-diaminofullerenes under mild

Figure 2. The 1H and 13C NMR spectra of 2b. Symbol ‘*’ denotes signals of
residual CHCl3 in CDCl3 and 1,2-dichlorobenzene solvent impurities.
conditions. Compounds obtained here 2b and 2c possess
chelating groups and can be used for construction of non-
covalently linked donor–acceptor assembles with metallo-
porphyrins and formation of complexes with transition
metals.

Another important feature of the investigated reaction is
high-yield formation of polyaminofullerenes (ca. 60–70%)
that most likely have all amine groups arranged at one hemi-
sphere of the fullerene cage (like chlorine atoms in the start-
ing C60Cl6). Thus, a mixture of polyaminofullerenes 3b with
average composition C60(4-(2-pyridyl)piperazin-1-yl)4.5

as determined from chemical analysis was characterized
by ESI mass spectrometry. The most intensive peaks were
observed at m/z¼1693 and 847 amu, these correspond to
molecular ions [C60(4-[2-pyridyl]piperazin-1-yl)6$H]+ and
[C60(4-[2-pyridyl]piperazin-1-yl)6$2H]2+, respectively. Sur-
prisingly, signals of the corresponding tetraaminofullerenes
were much less intensive. Both 1H and 13C NMR spectra of
3b consisted of numerous partially overlapped peaks thus
ruling out the possibility of high compositional and isomeric
purity of 3b.

As expected, polyaminofullerenes 3a–d were readily soluble
in organic and inorganic acids thus yielding the correspond-
ing salts. Isolation of these salts by precipitating it by addition
of acetone or acetonitrile or by concentration of these acidic
solutions at room temperature and reduced pressure was
challenged by competing solvolysis with exchange of amine
groups with –OH or RCOO– residues. Thus, in contrast to the
recently reported conversion of C60[amine]4O derivatives
into water-soluble salts,12 polyaminofullerenes 3a–d give
under the same conditions insoluble in water material. Never-
theless, we continue our investigations on C60Cl6 reactions
with less bulky secondary and primary amines in order to
obtain stable water-soluble cationic fullerene derivatives
that can exhibit promising biological activities.

3. Conclusions

A reaction of C60Cl6 with amines was investigated for the
first time. It was shown that it allows for superior preparation
of 1,4-diaminofullerenes; the compounds reported here
possess chelating pyridyl and pyrimidinyl groups and can
potentially be utilized for construction of supramolecular
assembles with metalloporphyrins and complexes with
transition metals.

Isolated mixtures of polyaminofullerenes were character-
ized by 1H and 13C NMR and ESIMS; a peak for hexa-
aminated species [C60(NR2)6$H]+ strongly dominated in
the mass spectrum. The observed very high solubility of poly-
aminofullerenes in acidic media opens easy route for prepa-
ration of water-soluble fullerene derivatives, particularly,
ones that can exhibit promising biological properties.

4. Experimental

4.1. Reagents and solvents

Chlorofullerene C60Cl6 was prepared by chlorination of
C60 with ICl in 1,2-dichlorobenzene as described before.13
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The solid C60Cl6 was obtained as a 1:1 solvate with 1,2-di-
chlorobenzene. Surprisingly, this 1,2-dichlorobenzene was
observed as trace solvent impurity in the 1H NMR spectra
of some 1,4-diaminofullerenes (for instance, 2b). Toluene
for reactions of C60Cl6 with amines was distilled over metal
sodium–benzophenone. All other reagents and solvents were
purchased from Acros Organics and used as received.

4.2. General experimental procedure for reactions of
C60Cl6 with N-substituted piperazines

Hexachlorofullerene (200 mg, 0,278 mmol) was dissolved
in 100 mL of dry toluene under stirring at 80 �C within
3 h. Then vigorously dried potassium carbonate (5–10 g)
was added to the hot chlorofullerene solution that was fol-
lowed by dropwise addition of amine 1a–d (2 mmol) dis-
solved in 40 mL of toluene. Resulting mixture was stirred
for 20 h at 80 �C, afterwards cooled down to the room tem-
perature. All insoluble products were filtered off, while the
filtrate was concentrated in vacuum to give brown solids
that were washed with hexane and dried in air.

To isolate 2b–d, the crude product mixture was re-dissolved
in toluene and then diluted by hexane to give 1:1 v/v solvent
mixture. Resulting solution was filtered and poured at the
top of silica gel column (silica gel purchased from Acros
Organics, 30–75 m, 90 Å). Very small amount of fullerene
C60 (less than 1–2 mg, formed from C60Cl6 via loss of all
chlorine atoms) was washed out from the column in the
course of product deposition; following elution by toluene–
methanol mixtures (toluene–MeOH 99.2:0.8 v/v) resulted in
the fractions of diaminofullerenes 2b–d. Increase in the
methanol content in the solvent mixture (toluene–MeOH
98:2–97:3 v/v) resulted in elution of polyaminofullerenes
3b–d as single fractions. Repeatable separation of 3b–d on
silica and alumina stationary phases using different solvent
compositions did not result in any resolution of the compo-
nents. The solutions of 2b–d were concentrated at the rotary
evaporator to the volume 10–15 mL; then hexane was added
(40–50 mL) and the precipitate was collected by centrifuga-
tion and dried in air to afford compounds 2b–d as brown
solids in 5–20% yield.

4.2.1. Compound 2b. Found: C, 89.28; H, 2.77; N, 7.96.
C78H24N6 requires C, 89.64; H, 2.31; N, 8.04%; nmax

(KBr)¼528, 729, 772, 940, 983, 1007, 1130, 1160, 1244,
1434, 1483, 1592, 2917 cm�1; dH (400 MHz, CDCl3)
3.40–4.20 (16H, br m), 6.70 (2H, t, J 8.0 Hz), 6.81 (2H, d,
J 8.8 Hz), 7.56 (2H, t, J 9.2 Hz), 8.27 (2H, d, J 3.7 Hz); dC

(100 MHz, CS2–C6D12 10:1) 45.8, 49.9, 73.5, 106.4,
113.3, 127.4, 128.2, 130.4, 136.8, 138.2, 139.8, 140.4,
141.1, 142.1, 142.3, 142.5, 143.0, 143.1, 143.2, 143.4,
143.5, 144.1, 144.2, 144.2, 144.3, 144.4, 145.4, 145.6,
146.5, 146.9, 147.0, 147.4, 148.0, 148.6, 149.8, 151.0, 158.7.

4.2.2. Compound 2c. Found: C, 85.74; H, 3.16; N, 5.07.
C78H34N4O4 requires C, 85.86; H, 3.14; N, 5.13%; nmax

(KBr)¼528, 1001, 1126, 1167, 1251, 1286, 1365, 1421,
1458, 1698, 1743, 2851, 2921 cm�1; dH (400 MHz,
CDCl3) 1.55 (18H, s), 3.60–3.90 (16H, br m); dC

(150 MHz, CS2–C6D12 10:1) 28.3, 30.1, 49.9, 73.4, 78.6,
138.2, 139.7, 140.4, 141.1, 142.1, 142.2, 142.5, 142.9,
143.0, 143.0, 143.1, 143.2, 143.4, 143.4, 143.6, 144.0,
144.1, 144.2, 144.3, 145.3, 145.6, 146.1, 146.5, 146.6,
146.7, 146.9, 147.0, 147.2, 148.6, 149.5, 150.7, 153.1.

4.2.3. Compound 2d. Found: C, 86.83; H, 2.45; N, 10.81.
C76H22N8 requires C, 87.18; H, 2.12; N, 10.70%; dH

(400 MHz, CDCl3) 3.72–4.07 (8H, br m), 4.22 (8H, br s),
6.56 (2H, t, J 4.8, 1.3 Hz), 8.39 (4H, dd, J 4.8, 1.6 Hz); dC

(100 MHz, CS2–C6D12 10:1) 44.3, 50.0, 73.6, 109.9,
138.2, 139.8, 140.4, 141.1, 142.1, 142.3, 142.5, 143.0,
143.1, 143.2, 143.4, 143.5, 143.7, 144.1, 144.2, 144.2,
144.3, 145.4, 145.6, 146.5, 146.9, 147.0, 147.3, 148.6,
149.8, 151.0, 157.1, 157.2, 157.3, 161.3.

4.2.4. Compound 3b. nmax (KBr)¼525, 732, 773, 943, 980,
1007, 1097, 1126, 1160, 1246, 1280, 1313, 1437, 1482,
1594, 2851, 2925 cm�1; dH (400 MHz, CDCl3) 2.88–3.96
(br m, 16H), 6.50–6.70 (br m, 4H), 7.36–7.53 (br m, 2H),
8.09–8.33 (br m, 2H) ppm. 1H, 13C NMR, and ESIMS spec-
tra are shown in Supporting data.
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Abstract—In the reaction of allenylphosphonates with amines/nucleobases, depending on the amine and the allenylphosphonate, either Z- or
E-vinylphosphonate or allylphosphonate as a single isomer with a b-amino functionality was isolated. A simple route to phosphonates with
a b-NH2 group is developed by direct reaction with ammonia. In reactions with adenine, three different modes of reaction, with one of
them involving an unusual cyclisation, are observed. The utility of (enamino)allyl phosphonate products thus obtained in the synthesis of
(enamino)-1,3-butadienes via Horner–Wadsworth–Emmons (HWE) reaction is also demonstrated.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Allenes serve as potential precursors for a variety of
molecules of industrial and biological importance.1,2 Alle-
nylphosphonates (phosphorylated allenes) 1 constitute
a readily accessible family of allenes that can be used as
versatile building blocks in organic chemistry.3 One of their
simplest reactions is amination leading to vinyl and/or allyl-
phosphonates (2a–b); when aromatic amines are used, imine
type of products (2c) are also possible.4 It should be noted
that the factors governing different modes of reactivity are
not clear, but all of these (2a–c) upon reduction can lead
to b-aminophosphonates that have a wide range of biological
activity.5 Compounds of type 2a are well characterised but
those of type 2b are not. These latter compounds should
be good precursors for Horner–Wadsworth–Emmons reac-
tions. Among several synthetic routes for these b-amino-
phosphonates,5c,6 one using enaminophosphonates is
attractive because of the ease of preparation of the allenyl-
phosphonate precursors. Also, if adenine, guanine, etc., are
utilised as the amine components, it should be possible to
obtain nucleobase-appended phosphonates that could be of
biochemical interest (e.g., chemotherapy).7 The reactive
site in these nucleobases is another aspect on which details
are unclear.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.034
In addition to the above, enamines themselves are valuable
intermediates in organic synthesis.8 Unlike the thermo-
dynamically unstable primary and secondary enamines,
enaminophosphonates are relatively stable.9 Thus amination
of phosphorylated allenes constitutes a potential entry to
stable enamines. Nonphosphorylated allenes undergo ami-
nation mainly under catalytic conditions to lead to the allyl-
amines;10 in particular, the phosphine catalysed reaction of
azoles with allenes takes place at the terminal carbon.10d

In the above context and in continuation of our work on
phosphonate/phosphorane chemistry,11 we have explored
the amination reactions of phosphorylated allenes.12 Our
results reveal an interesting array of products, not evident
in earlier reports, in this apparently naive reaction. These
results are reported here.

2. Results and discussion

In this paper, the following results are discussed in the same
order: (i) synthesis and characterisation of (E)-(enamino)-
vinyl phosphonates 4a–b and (enamino)allyl phosphonates
5a–d,13 (ii) an extremely simple and straightforward route
to the stable (Z)-b-enaminophosphonates 6–76f and (iii) first
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time isolation of nucleobase (adenine, thymine, cytosine and
guanine) connected phosphonates 8–13 as single isomers,14

and the unusual cyclisation product 14 with adenine residue.
These compounds are shown in Chart 1.

Utility of the addition product of 3c with N-methylethanol-
amine in the synthesis of adenyl-substituted phosphonates
and of compounds 5b and 5d in the Horner–Wadsworth–
Emmons (HWE) reaction leading to 1,3-butadienes is dis-
cussed later.
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Chart 1.
2.1. Reaction of allenes 3a–b with secondary amines—
formation of (E)-(enamino)vinyl phosphonates 4a–b and
(enamino)allyl phosphonates 5a–d

These reactions were conducted in methyl cyanide at 25 or
70 �C (Scheme 1). The yields are summarised in Table 1.
Although it is reported in the literature that there is an equi-
librium between the (enamino)vinyl phosphonate and the
corresponding (enamino)allyl phosphonate as shown in
Scheme 2,3a we did not find any evidence for the thermal con-
version of 4a (Chart 1, see Supplementary data for X-ray
structure) to its (enamino)allyl form or of 5a (Chart 1, see
Supplementary data for X-ray structure) to its (enamino)-
vinyl form. Even in the reaction mixture, only one com-
pound, either 4 or 5, was observed (31P NMR) at 25 �C in
both the cases. The amine adds to the central carbon in the re-
actions shown in Scheme 1. In contrast, it is important to note
that phosphine catalysed addition of azoles to activated allenes
takes place at the terminal carbon (Scheme 3).10d The E ste-
reochemistry for 4a observed here is different from Z stereo-
chemistry observed for (Me)(NEt2)C]C(F)[P(O)(OEt)]2.4b

A preliminary theoretical study at B3LYP/6-31G* level
using Gaussian ’03 program package (see Supplementary
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Scheme 1.
Table 1. Details on the reaction of phosphorylated allenes with amines/nucleoside bases

Entry Allenylphosphonate Amine, reaction conditions Products Yield (%)

1 3a Piperidine, CH3CN, rt 4a 100 (quantitative)
2 3a Morpholine, CH3CN, rt 4b 100 (quantitative)
3 3a Pyrazole, CH3CN, 70 �C 5a 80
4 3a Imidazole, CH3CN, 70 �C 5b 86
5 3b Pyrazole, CH3CN, 70 �C 5c 54
6 3b Imidazole, CH3CN, 70 �C 5d 62
7 3a Ammonia, CH3CN, rt 6 100 (quantitative)
8 3c Ammonia, CH3CN, rt 7 100 (quantitative)
9 3a Adenine, DMF, K2CO3, rt 8 52
10 3c Adenine, DMF, K2CO3, rt 9 70
11 3c Thymine, DMF, K2CO3, rt 10 65
12 3c Cytosine, DMF, K2CO3, rt 11 56
13 3c Guanine, DMF, K2CO3, rt 12 68
14 3d Adenine, DMF, K2CO3, rt 13+14 44+25
15 3c N-methylethanolamine, CH3CN, rt 16 100 (quantitative)



10154 K. C. Kumara Swamy et al. / Tetrahedron 62 (2006) 10152–10161
data for details) for 4a and 5a suggested that enamino(vinyl)
form (type 4) is more stable in the gas phase. However, it
should be pointed out that gas phase stability could be differ-
ent from that of the observed stability in solution/solid state.
The main difference between compounds 4a and 5a is the
presence of a saturated ring in the former and an unsaturated
ring in the latter; to what extent this feature affects the stabil-
ity of the vinyl and allyl forms is still not clear.

2.2. Reaction of allenes 3a and 3c with ammonia—
formation of (Z)-(enamino)vinyl phosphonates 6–7

Compound 6 or 7 (quantitative yields) could be readily ob-
tained after passing dry ammonia into a methyl cyanide
solution of allene 3a or 3c, respectively (Scheme 4). For both
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of these, the Z form (Fig. 1 for 6 and Supplementary data for
the X-ray structure of 7), and not the E form observed in 4a–
b, is favoured because of intramolecular hydrogen bonding
involving the phosphoryl oxygen. Although intermolecular
hydrogen bonding is also present, formation of hydrogen-
bonded six-membered ring appears to have driven the struc-
ture towards the Z configuration in 6 and 7. Previous reports
have also suggested that the intramolecular hydrogen bond-
ing leads to the Z form, but structural proof was not availa-
ble.6f Our route also offers a viable alternative to the
literature method (cf. Scheme 5) because of the ease of syn-
thesis. The potentially reactive b-NH2 group of 6–7 makes
them attractive precursors for further investigations.6c,6f

2.3. Reaction of allenylphosphonates with nucleobases—
adenyl, thyminyl, cytosinyl and guanyl phosphonates
8–13 and the unusual cyclisation product 14

Reaction of allenes 3a and 3c with adenine in DMF at 25 �C
afforded only the E isomer of the expected (enamino)vinyl
phosphonates 8 and 9 (Scheme 6, see Supplementary data
for X-ray structure). Details of the reaction conditions,
yields, etc., are given in Scheme 6 and Table 1. Analogous
reaction of 3c with thymine, cytosine and guanine led to
the (enamino)vinyl phosphonates 10–12 (Scheme 6, see
Supplementary data for the X-ray structures).15 To our
knowledge, this is the first authentic report on the isolation
of nucleobase-appended (enamino)vinyl phosphonates from
the reaction of allenylphosphonates. Column chromato-
graphy was employed to separate the products from the
unreacted allene/nucleobase. The other by-products were
mainly the isomeric alkyne or the b-ketophosphonate
formed due to hydrolysis of the allene.

P

O1

O2

O3
C1

C2 C3
C4

C5 C6
C7

C8

N1

Figure 1. A PLATON drawing of 6 showing hydrogen bonding. P–C(6)
1.718(6) Å. Hydrogen bond parameters: N(1)–H(1)/O(3) 0.92(6), 2.23(5),
2.950(7) Å, 135(5)�; N(1)–H(2)/O(30) 0.86(6), 2.34(6), 3.157(7) Å
160(6)�; N(1)–H(1)/O(10) [not shown in the picture] 0.92(6), 2.70(6),
3.319(7) Å, 126(4)�.

O

NH2 R

H(EtO)2PO

CH3(EtO)2P

1) LDA
2) RCN
3) H2O

Scheme 5.
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In contrast to the formation of vinyl phosphonates 8–9 in the
reaction of adenine with ]CH2 terminal allenes 3a and 3c,
the allylphosphonate 13 (see Supplementary data for X-ray
structure) and the novel cyclised product 14 (Scheme 7,
Fig. 2) are obtained from the reaction of the ]CMe2 termi-
nal allene 3d with adenine. Compounds 13 and 14 could be
readily separated from the same reaction mixture of the
allene 3d with adenine. The reactive centre in each of the
nucleobases used in the present study (except in 14) is
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similar to that found in analogous reactions with terminal
phosphorylated acetylenes, thus suggesting that they are
the preferred sites of action.7d Under these conditions, tradi-
tional allenes 15a–c did not react with adenine.

C C C
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C C C
H
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Ph
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Me

Me

Ph

15a 15b 15c

A plausible pathway for the formation of the unusual ring
compound 14 is depicted in Scheme 8.16 Here species A is
the N(7) analogue of compound 13 [which is the N(9) deriv-
ative]. It should be noted that attack from N(7) of adenine is
rather rare. Cyclisation involving the attack of the adenine–
NH2 at phosphorus leading to the seven-membered ring
probably occurs via a pentacoordinated transition state,
and to our knowledge, does not have precedence.
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Figure 2. A PLATON drawing of 14. Hatched lines represent hydrogen
bonds. Selected distances: PN(5) 1.617(2), P–C(24) 1.798(2), N(5)–C(29)
1.315, N(2)–C(25) 1.436(3), N(4)–C(29) 1.374(3) Å.
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2.4. Reaction of N-methylethanolamine with 3c—use of
the residual –OH group in the Mitsunobu coupling
to adenine

Since secondary amines like piperidine and morpholine gave
the vinyl phosphonates 4a–b, we were interested in utilising
this feature for inserting functionalised amines. As an exam-
ple, by using N-methylethanolamine, we obtained product
16 in which the –OH group is intact. This residual –OH
group undergoes facile Mitsunobu coupling with adenine
to give the N-alkylated product 17 (Scheme 9), thus offering
adenyl functionality at the u-position of the phosphonate
(see Supplementary data for X-ray structure).

2.5. Horner–Wadsworth–Emmons reaction of 5b and 5d
with aldehydes

It can be noted that compounds 5a–d possess a P–CH2 group
ideally suited for Horner–Wadsworth–Emmons reaction.
Thus we have utilised 5b and 5d for the synthesis of
substituted butadienes 18–19 (Scheme 10). To our knowl-
edge, no other simpler route to such interesting butadienes
with an enamine functionality is available in the literature.
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HWE reaction
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Scheme 10.

3. Conclusion

In summary, the amination of allenylphosphonates, includ-
ing those with nucleobases, takes place readily even in the
absence of a transition metal catalyst leading to a single iso-
mer of (enamino)vinyl or (enamino)allyl phosphonate while
the allenes 15a–c remained unreactive towards nitrogen
nucleophiles. Unlike the equilibrium between the vinyl
and allyl forms suggested in previous studies, only one
form in each case was stable in the solution (31P NMR
evidence) as well as the solid state (X-ray). A very simple
route to synthetically valuable b-NH2 substituted phos-
phonates has been reported. New nucleobase-substituted
phosphonates including a novel cyclisation product involv-
ing adenine, that could have potential biological activities,
are highlighted. Utility of the products in HWE reaction as
well as in the synthesis of remotely functionalized phospho-
nates via Mitsunobu N-alkylation is demonstrated.

4. Experimental

4.1. General

Chemicals were purified when required according to standard
procedures.17a All reactions, unless stated otherwise, were
performed in a dry nitrogen atmosphere. 1H, 13C and 31P{H}
NMR spectra were recorded using a 200 or a 400 MHz
spectrometer in CDCl3 (unless stated otherwise) with shifts
referenced to SiMe4 (d¼0) or 85% H3PO4 (d¼0). Infrared
spectra were recorded on an FT/IR spectrometer. Melting
points were determined by using a local hot-stage melting
point apparatus and are uncorrected. Microanalyses were
performed using a CHNS analyser. Mass spectra were re-
corded using a GCMS-QP2010 and LCMS 2010A.

Precursors 5,5-dimethyl-2-propa-1,2-dienyl-[1,3,2]dioxa-
phosphinane 2-oxide (3a) [dP 7.4] and 5,5-dimethyl-2-
(3-methyl-buta-1,2-dienyl)-[1,3,2]dioxaphosphinane 2-oxide
(3b) [dP 8.5] were prepared using a literature procedure;12a

an analogous procedure was adapted for 4,8-di-tert-butyl-
2,10-dimethyl-6-propa-1,2-dienyl-12H-5,7-dioxa-6-phos-
pha-dibenzo[a,d]cyclooctene 6-oxide (3c) [dP 8.0] and
4,8-di-tert-butyl-2,10-dimethyl-6-(3-methyl-buta-1,2-dienyl)-
12H-5,7-dioxa-6-phospha-dibenzo[a,d]cyclooctene 6-oxide
(3d) [dP 9.9].12b Compounds propa-1,2-dienyl-benzene
(15a), (3-methyl-buta-1,2-dienyl)-benzene (15b) and 1-propa-
1,2-dienyl-pyrrolidin-2-one (15c) were prepared by known
methods.17b–c

4.1.1. 1-[2-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-yl)-1-methyl-vinyl]-piperidine (4a). To a solu-
tion of allenylphosphonate 3a (1.0 mmol) in dry methyl
cyanide (10 mL), the amine (piperidine or morpholine)
(1.0 mmol) was added via syringe at room temperature
and the mixture was stirred for 4 h; the solution was concen-
trated in vacuo (to ca. 2.5 mL) and kept for crystallisation.
Crystals were obtained after 24 h at 25 �C. Yield 0.27 g
(100%); colourless needles; mp 74–76 �C [Found: C,
57.05; H, 8.69; N, 5.06. C13H24NO3P requires C, 57.13; H,
8.85; N, 5.12]; nmax (KBr) 1576, 1441, 1416, 1236, 1057,
1011 cm�1; dH (200 MHz, CDCl3) 4.23 (dd, JH–H¼4.7 Hz,
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JH–P¼15.7 Hz, 2H, OCHAHB), 4.00 (d, JH–P¼8.8 Hz, 1H,
PCH), 3.72 (dd, JH–H¼4.7 Hz, JH–P¼15.7 Hz, 2H,
OCHAHB), 3.25 (br, 4H, N(CH2CH2CH2CH2CH2–)), 2.29
(d, JH–P¼1.4 Hz, 3H, C(N(CH2)4–)CH3), 1.59 (br, 6H,
C(NCH2CH2CH2CH2CH2–)), 1.14, 0.96 (2s, 6H, C(CH3)2);
dC (100 MHz, CDCl3) 162.0 (d, JC–P¼21.7 Hz), 74.6, 74.5,
73.3 (d, JC–P¼217.4 Hz), 47.2, 32.3 (d, JC–P¼5.1 Hz), 25.2,
24.1, 21.9, 21.4, 18.1 (d, JC–P¼4.8 Hz); dP (80 MHz,
CDCl3) 24.8. X-ray structure was determined for this sample.

4.1.2. 4-[2-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-yl)-1-methyl-vinyl]-morpholine (4b). Yield
0.27 g (100%); white solid; mp 100–102 �C [Found: C,
52.27; H, 8.01; N, 5.08. C12H22NO4P requires C, 52.31; H,
8.06; N, 5.09]; nmax (KBr) 1584, 1453, 1400, 1233, 1055,
997 cm�1; dH (200 MHz, CDCl3) 4.09 (dd, JH–Hw2.0 Hz,
JH–P¼10.8 Hz, 1H, OCHAHB), 4.00 (d, JH–P¼8.8 Hz, 1H,
PCH), 3.63 (m, 6H, N(CH2CH2OCH2CH2–)), 3.13 (t, JH–H¼
5.0 Hz, 4H, N(CH2CH2OCH2CH2–)), 2.20 (d, JH–P¼2.0 Hz,
3H, N(CH2CH2OCH2CH2–)CH3), 1.04, 0.90 (2s, 6H,
C(CH3)2); dC (50 MHz, CDCl3) 162.6 (d, JC–P¼20.5 Hz),
76.7 (d, JC–P¼214.0 Hz), 74.7, 66.2, 46.2, 32.4 (d, JC–P¼
4.4 Hz), 21.9, 21.4, 17.6 (d, JC–P¼3.8 Hz); dP (80 MHz,
CDCl3) 22.7.

4.1.3. 1-[1-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-ylmethyl)-vinyl]-1H-pyrazole (5a). To a solution
of allenylphosphonate 3a (1.88 g, 10.0 mmol) in dry methyl
cyanide (20 mL), pyrazole (0.68 g, 10.0 mmol) was added
and the reaction mixture heated under reflux (70 �C) for
14 h with continuous stirring. The solvent was removed un-
der reduced pressure and the solid obtained was purified by
column chromatography (silica gel, hexane–ethyl acetate).
The product was crystallised from dichloromethane–hexane
mixture (1:1). Yield 2.02 g (80%); colourless rectangular
plates; mp 79–81 �C [Found: C, 51.46; H, 6.76; N, 10.73.
C11H17N2O3P requires C, 51.56; H, 6.69; N, 10.83]; nmax

(KBr) 1649, 1478, 1262, 1053, 1005 cm�1; dH (200 MHz,
CDCl3) 7.76 (d, JH–H¼2.0 Hz, 1H, pyrazolyl-H), 7.56 (br
s, 1H, pyrazolyl-H), 6.32 (d, JH–H¼2.0 Hz, 1H, pyrazolyl-
H), 5.36, 5.07 (2d, JH–H¼4.8 Hz, 2H, ]CH2), 3.75–4.02
(m, 4H, OCH2), 3.45 (d, JH–P¼21.3 Hz, 2H, PCH2), 1.04,
0.91 (2s, 6H, C(CH3)2); dC (50 MHz, CDCl3) 142.0, 136.3
(d, JC–P¼10.4 Hz), 127.4, 107.3, 103.8 (d, JC–P¼9.7 Hz),
75.7, 75.6, 32.1 (d, JC–P¼5.5 Hz), 28.2 (d, JC–P¼
133.1 Hz), 21.4, 20.7; dP (80 MHz, CDCl3) 18.0. X-ray
structure was determined for this sample.

4.1.4. 1-[1-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-ylmethyl)-vinyl]-1H-imidazole (5b). The proce-
dure was the same as that for 5a using imidazole instead of
pyrazole. Yield 1.58 g (86%); pale yellow solid; mp 69–
71 �C [Found: C, 51.56; H, 6.72; N, 10.78. C11H17O3N2P
requires C, 51.56; H, 6.69; N, 10.83]; nmax (KBr) 1647,
1489, 1269, 1059 cm�1; dH (400 MHz, CDCl3) 7.78, 7.21,
7.11 (3 br s, 3H, imidazolyl-H), 5.34, 5.22 (2d, JH–H¼5.2 Hz,
2H, C]CH2), 4.26 (dd, JH–H¼4.8 Hz, JH–P¼11.1 Hz, 2H,
OCHAHB), 3.75 (dd, JH–H¼4.8 Hz, JH–P¼12.1 Hz, 2H,
OCHAHB), 3.18 (d, JH–P¼20.0 Hz, 2H, PCH2), 1.07, 0.98
(2s, 6H, C(CH3)2); dC (100 MHz, CDCl3) 135.6, 133.3 (d,
2JC–P¼10.0 Hz), 130.0, 117.4, 108.2 (d, JC–P¼9.7 Hz),
75.5, 75.3, 32.5, 31.0 (d, JC–P¼137.0 Hz), 21.4, 21.2; dP

(80 MHz, CDCl3) 18.3.
4.1.5. 1-[1-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-ylmethyl)-2-methyl-propenyl]-1H-pyrazole
(5c). This compound was obtained by using 10.5 mmol of the
allene 3b and following the same procedure as that for 5a.
Yield 1.37 g (54%); white solid; mp 102 �C [Found: C,
54.80; H, 7.49; N, 9.74. C13H21O3N2P requires C, 54.92;
H, 7.44; N, 9.85]; nmax (KBr) 3108, 1721, 1672, 1643,
1510, 1285, 1065 cm�1; dH (400 MHz, CDCl3) 7.47, 7.39,
6.15 (3 br s, 3H, pyrazolyl-H), 3.79–3.73 (m, 2H, OCHAHB),
3.51–3.48 (m, 2H, OCHAHB), 3.17 (d, JH–P¼19.6 Hz, 2H,
PCH2), 1.83 (d, JH–P¼4.0 Hz, 3H, C]C(CH3A)2), 1.48 (d,
JH–P¼5.6 Hz, 3H, C]C(CH3B)2), 0.93, 0.77 (2s, 6H,
C(CH3)2); dC (100 MHz, CDCl3) 139.6, 134.0 (d, JC–P¼
11.6 Hz), 132.3, 123.7 (d, JC–P¼13.0 Hz), 75.7, 75.6, 32.2
(d, JC–P¼6.5 Hz), 27.7 (d, 1JC–P¼131.8 Hz), 21.4, 20.9,
20.4, 20.1; dP (160 MHz, CDCl3) 20.8; LCMS: 285 [M+1]+.

4.1.6. 1-[1-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-ylmethyl)-2-methyl-propenyl]-1H-imidazole
(5d). This compound was obtained by using 10.5 mmol of
the allene 3b and following the same procedure as that for
5a. Yield 1.58 g (62%); light brown solid; mp 78 �C [Found:
C, 54.88; H, 7.38; N, 9.84. C13H21O3N2P requires C, 54.92;
H, 7.44; N, 9.85]; nmax (KBr) 3106, 1684, 1489, 1263, 1063,
820 cm�1; dH (400 MHz, CDCl3) 7.49, 7.26, 6.95 (3 br s,
3H, imidazolyl-H), 4.15–4.10 (m, 2H, OCHAHB), 3.67–3.60
(m, 2H, OCHAHB), 3.02 (d, JH–P¼21.0 Hz, 2H, PCH2), 1.95
(d, JH–P¼4.6 Hz, 3H, C]C(CH3A)2), 1.54 (d, JH–P¼6.1 Hz,
3H, C]C(CH3B)2), 0.99, 1.02 (2s, 6H, C(CH3)2); dC

(50 MHz, CDCl3) 137.6, 136.4 (d, JC–P¼10.9 Hz), 128.9,
119.3, 119.8, 75.3, 75.1, 32.5 (d, JC–P¼6.0 Hz), 30.1 (d,
JC–P¼135.8 Hz), 21.3, 20.5, 20.0; dP (80 MHz, CDCl3) 21.0.

4.1.7. 2-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-yl)-1-methyl-vinylamine (6). To a solution of
allenylphosphonate 3a (1.0 mmol) in 5 mL dry methyl
cyanide, an excess of a saturated solution of ammonia in
dry methyl cyanide (20 mL) was added slowly at 0 �C with
continuous stirring. After 15 min the reaction was brought
to room temperature, continued the stirring for about 1 h.
After removal of the solvent under reduced pressure, 3 mL
of dry toluene was added to get the crystals at 0 �C after
one day. However, direct passing of ammonia gas to the phos-
phorylated allene in toluene did not give the product.

Yield 0.20 g (100%); colourless needles; mp 82–84 �C
[Found: C, 46.80; H, 7.87; N, 6.76. C8H16O3NP requires
C, 46.83; H, 7.86; N, 6.83]; nmax (KBr) 3409, 3322, 3239,
3202, 1647, 1576, 1429, 1219, 1059 cm�1; dH (400 MHz,
CDCl3) 6.00 (br s, 2H, NH2), 4.24–4.28 (dd, JH–Hw2.3 Hz,
JH–Pw9.4 Hz, 2H, OCH2), 3.66–3.78 (m, 3H, OCH2+PCH),
1.93 (s, 3H, CH3), 1.17, 0.88 (2s, 6H, C(CH3)2); dC (50 MHz,
CDCl3) 163.0 (d, JC–P¼6.1 Hz), 74.2, 74.1, 69.9 (d, JC–P¼
201.3 Hz), 31.8 (d, JC–P¼5.0 Hz), 23.9 (d, JC–P¼21.5 Hz),
21.7, 21.0; dP (160 MHz, CDCl3) 23.2. X-ray structure was
determined for this sample.

4.1.8. 2-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-12H-5,7-
dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-yl)-1-
methyl-vinylamine (7). The procedure was the same as that
for 6 using 3c and the same molar quantities. Yield 0.44 g
(100%); colourless rectangular blocks; mp 130–132 �C
[Found: C, 70.63; H, 8.12; N, 3.28. C26H36O3NP requires
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C, 70.72; H, 8.22; N, 3.19]; nmax (KBr) 3420, 3326, 3239,
3204, 1640, 1582, 1439, 1217, 1138 cm�1; dH (400 MHz,
CDCl3) 6.98–7.06 (2 br s, 4H, Ar-H), 4.40 (br s, 1H,
ArCHAHX), 4.08 (d, JH–P¼14.8 Hz, 1H, PCH), 3.79(d,
JH–H¼13.6 Hz, 1H, ArCHAHX), 2.27 (s, 6H, ArCH3), 1.97,
(s, 3H, CH3), 1.38 (s, 18H, t-Bu-H); dC (50 MHz, CDCl3)
160.7 (d, JC–P¼6.0 Hz), 147.2, 147.0, 140.8, 140.6, 133.5,
131.6, 129.4, 126.9, 73.7 (d, JC–P¼208.6 Hz), 36.1, 34.8,
30.8, 24.3 (d, JC–P¼23.0 Hz), 21.0; dP (160 MHz, CDCl3)
17.4; GC–MS: 441 [M]+. X-ray structure was determined
for this sample.

4.2. Synthesis of nucleobase-appended phosphonates
8–14: representative procedure for 9

Method A: A mixture of adenine (0.191 g, 1.4 mmol), potas-
sium tert-butoxide (0.157 g, 1.4 mmol) and catalytic amount
of 18-crown–6 in dry methyl cyanide (80 mL) was stirred at
room temperature for 30 min. Phosphorylated allene 3c
(0.191 g, 1.2 mmol) was then added all at once under a nitro-
gen atmosphere and the mixture stirred for overnight. The
insolubles were filtered off and the solvent from the filtrate
removed under reduced pressure. The residue was chromato-
graphed on a silica gel column using ethyl acetate–hexane
mixture as the eluent.

Method B: A mixture of adenine (0.191 g, 1.4 mmol) and po-
tassium carbonate (0.195 g, 1.4 mmol) in dry DMF (70 mL)
was stirred at room temperature for 15 min. Phosphorylated
allene 3c (0.50 g, 1.2 mmol) was then added all at once un-
der a nitrogen atmosphere with stirring. Progress of the reac-
tion was monitored by TLC. The solid was filtered off and
the solvent was removed by vacuum distillation.
The residue was chromatographed on a silica gel with ethyl
acetate–hexane mixture.

Method B gave better yields than method A (using 3c); this
is what is given below and in Table 1. Crystals (compounds
9, 10, 11 and 13) suitable for X-ray crystallography were
obtained from methanol–methyl cyanide (w1:2) mixture.

4.2.1. 9-[2-(5,5-Dimethyl-2-oxo-2l5-[1,3,2]dioxaphos-
phinan-2-yl)-1-methyl-vinyl]-9H-purin-6-ylamine (8).
Yield 0.20 g (52%); white solid; mp 270 �C [Found: C,
48.24; H, 5.51; N, 21.60. C13H18O3N5P requires C, 48.30;
H, 5.61; N, 21.66]; nmax (KBr) 3304, 3152, 1671, 1642,
1605, 1564, 1476, 1238, 1057 cm�1; dH (400 MHz, DMSO-
d6) 8.40, 8.25 (2s, 2H, adenyl-H), 8.09 (br s, 2H, NH2),
7.15 (d, JH–P¼12.0 Hz, 1H, PCH), 3.98–4.11 (multiplet,
4H, OCH2), 2.72 (s, 3H, CH3), 1.21, 0.96 (2s, 6H,
C(CH3)2); Solubility was too low to record the 13C NMR;
dP (160 MHz, DMSO-d6) 12.1. Crystals were obtained from
dimethyl sulfoxide (not suitable for X-ray crystallography).

4.2.2. 9-[2-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-12H-
5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-yl)-
1-methyl-vinyl]-9H-purin-6-ylamine (9). Yield 0.47 g
(70%); colourless needles; mp 248–250 �C [Found: C,
66.58; H, 6.85; N, 12.65. C31H38O3N5P requires C, 66.53;
H, 6.84; N, 12.52]; nmax (KBr) 3308, 3144, 1682, 1605,
1561, 1458, 1213, 1136 cm�1; dH (400 MHz, CDCl3) 8.42
and 8.10 (2s, 2H, adenyl-H), 7.72 (d, JH–P¼12.0 Hz, 1H,
PCH), 7.05 (s, 4H, Ar-H), 5.80 (br s, 2H, NH2), 3.90–4.10
(br s, 2H, ArCH2), 2.94 (d, JH–P¼2.9 Hz, 3H, CH3), 2.29
(s, 6H, ArCH3), 1.38 (s, 18H, t-Bu-H); dC (50 MHz,
CDCl3) 156.0, 153.7, 150.6, 147.5 (d, JC–P¼22.5 Hz),
146.1, 140.7, 140.6, 138.1, 134.4, 131.8, 129.5, 127.3,
120.8, 107.2 (d, JC–P¼209.8 Hz), 35.6, 34.8, 30.9, 21.0,
18.6; dP (160 MHz, CDCl3) 10.3. X-ray structure was deter-
mined for this sample.

4.2.3. 1-[2-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-12H-
5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-yl)-1-
methyl-vinyl]-5-methyl-1H-pyrimidine-2,4-dione (10).
Yield 0.42 g (65%); colourless needles; mp 220 �C [Found:
C, 67.53; H, 7.12; N, 5.19. C31H39O5N2P requires C, 67.62;
H, 7.14; N, 5.10]; nmax (KBr) 3567 (br), 3206, 3075, 1699,
1458, 1260, 931 cm�1; dH (400 MHz, CDCl3) 8.20 (br s,
1H, thyminyl-NH), 7.06 (br s, 4H, Ar-H), 6.91 (s, 1H,
thyminyl-H), 6.01 (d, JH–P¼10.4 Hz, 1H, PCH), 4.06 (br s,
2H, ArCH2), 2.64 (d, JH–P¼3.2 Hz, 3H, CH3), 2.29 (s, 6H,
ArCH3), 1.97 (s, 3H, thyminyl-CH3), 1.40 (s, 18H, t-Bu-
H); dC (50 MHz, CDCl3) 163.9, 148.7, 140.6, 134.8,
138.6, 131.8, 129.5, 127.5, 111.7, 115.9 (d, JC–P¼
202.5 Hz), 35.3, 34.9, 30.9, 29.7, 19.9; dP (80 MHz,
CDCl3) 6.1. X-ray structure was determined for this sample.

4.2.4. 4-Amino-1-[2-(4,8-di-tert-butyl-2,10-dimethyl-6-
oxo-12H-5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-
6-yl)-1-methyl-vinyl]-1H-pyrimidin-2-one (11). Yield
0.36 g (56%); colourless thick rectangular blocks; mp
200–205 �C [Found: C, 67.15; H, 7.15; N, 7.85.
C30H38O4N3P requires C, 67.26; H, 7.15; N, 7.85]; nmax

(KBr) 3370, 1651, 1508, 1385, 1211 cm�1; dH (400 MHz,
CDCl3: DMSO-d6) 7.20 (d, JH–P¼10.0 Hz, 1H, PCH), 7.09
(s, 4H, Ar-H), 6.06 (d, JH–H¼6.6 Hz, 1H, cytosinyl-H),
5.82 (d, JH–H¼6.4 Hz, 1H, cytosinyl-H), 4.07 (br s, 2H,
ArCH2), 2.63 (s, 3H, CH3), 2.30 (s, 6H, ArCH3), 1.40 (s,
18H, t-Bu-H); 13C NMR spectrum was not clear due to lower
solubility; dP (160 MHz, CDCl3) 8.1. X-ray structure was
determined for this sample.

4.2.5. 2-Amino-9-[2-(4,8-di-tert-butyl-2,10-dimethyl-6-
oxo-12H-5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-
6-yl)-1-methyl-vinyl]-1,9-dihydro-purin-6-one (12). Yield
0.46 g (68%); white solid; mp 268–274 �C [Found: C, 64.68;
H, 6.63; N, 12.17. C31H38O4N5P requires C, 64.68; H, 6.65;
N, 12.17]; nmax (KBr) 3393, 3308, 3196, 1703, 1640, 1599,
1211 cm�1; dH (400 MHz, CDCl3) 12.30 (br s, 2H, NH2),
7.90 (s, 1H, guanyl-H), 7.50 (d, JH–P¼19.5 Hz, 1H, PCH),
7.06 (br s, 4H, Ar-H), 6.50 (br s, 1H, NH), 4.07 (br s, 2H,
ArCH2), 2.86 (d, JH–P¼3.9 Hz, 3H, CH3), 2.29 (s, 6H,
ArCH3), 1.29 (s, 18H, t-Bu-H); dC (100 MHz, DMSO-d6)
157.0, 154.3, 151.8, 149.3 (d, JC–P¼22.0 Hz), 145.6,
140.9, 136.0, 134.5, 132.9, 129.7, 127.5, 118.6, 103.8 (d,
JC–P¼202.0 Hz), 34.9, 34.2, 31.2, 21.0, 18.6 (d, JC–P¼
3.7 Hz); dP (160 MHz, CDCl3) 10.0.

4.2.6. 9-[1-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-12H-
5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-yl-
methyl)-2-methyl-propenyl]-9H-purin-6-ylamine (13).
CH3CN and 3-tert-butyl-5-[3-tert-butyl-5-(9-isopropyl-
idene-7-oxo-5,7,8,9-tetrahydro-2,3,5,6,9a-pentaaza-7l5-
phospha-benzo[c,d]azulen-7-yloxy)-2-methyl-benzyl]-4-
methyl-phenol (14). Two products 13 and 14 were obtained
in the reaction of 3d with adenine following the same
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procedure as that for 9 using the same molar quantities. The
reaction mixture showed two peaks at d 18.8 (ca. 80%) and
19.3 (ca. 20%) in the 31P NMR.

Compound 13: Yield 0.31 g (44%); colourless thin plates;
mp 180–182 �C [Found (after drying): C, 67.33; H, 7.26;
N, 11.86. C33H42O3N5P requires C, 67.44; H, 7.20; N,
11.92]; nmax (KBr) 3221, 3113, 3044, 1630, 1588, 1560,
1431, 1174 cm�1; dH (400 MHz, CDCl3) 8.35 and 7.93
(2s, 2H, adenyl-H), 6.99 and 6.98 (2s, 4H, Ar-H), 5.58 (br
s, 2H, NH2), 3.90 (d and a broad signal, JH–C–P¼20.8 Hz,
3H, PCH2 merged with peak due to 1H of ArCHAHB), 3.50
(br, 1H, ArCH2), 2.24 (s, 6H, ArCH3), 2.14 (d, JH–P¼
3.5 Hz, 3H, C(CH3A)2), 1.64 (s, 3H, C(CH3B)2), 1.25 (s,
18H, t-Bu-H); dC (100 MHz, CDCl3) 155.5, 153.4, 150.1,
144.6, 144.5, 141.8, 140.9, 138.0, 137.8, 135.0, 132.8,
129.0, 127.6, 119.3, 119.1, 119.0, 34.7, 34.3, 31.3 (d, JC–P¼
146.6 Hz), 30.8, 21.2, 20.9, 20.3, 20.2; dP (160 MHz, CDCl3)
18.8. X-ray structure was determined for this sample.

Compound 14: Yield 0.17 g (25%); colourless diamond-like
crystals; mp 196–198 �C [Found: C, 67.48; H, 7.22; N,
11.96. C33H42O3N5P requires C, 67.44; H, 7.20; N, 11.92];
nmax (KBr) 3335, 3177, 1669, 1595, 1456, 1238,
1196 cm�1; dH (400 MHz, CDCl3) 8.01 and 7.93 (2s, 2H,
adenyl-H), 7.26, 7.04, 6.93 (3s, 4H, Ar-H), 6.72, 6.48
(2 br s, 2H, NH+OH), 4.90 (br s, 1H, ArCHAHX), 3.67 (d,
JH–P¼21.2 Hz, 2H, PCH), 3.20 (br s, 1H, ArCHAHX), 2.27
and 2.16 (2s, 6H, ArCH3), 2.02 (d, JH–P¼4.8 Hz, 3H,
]C(CH3A)2), 1.83 (d, JH–P¼6.0 Hz, 3H, ]C(CH3B)2),
1.41, 1.20 (2s, 18H, t-Bu-H); dC (100 MHz, CDCl3) 155.6,
145.6, 141.6, 135.2, 132.8, 128.0, 127.6, 126.3, 119.0,
34.8, 34.6 (d, JC–P¼167.3 Hz), 34.5, 31.5, 29.8, 21.2, 21.0,
20.9; dP (160 MHz, CDCl3) 19.2. X-ray structure was deter-
mined for this sample.

4.2.7. 2-{[2-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-12H-
5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-yl)-1-
methyl-vinyl]-methyl-amino}-ethanol (16). The procedure
is similar to that of 4a using the same molar quantities. Yield
0.49 g (100%); white solid; mp 198–202 �C [Found: C,
69.76; H, 8.19; N, 2.82. C29H42O4NP requires C, 69.71; H,
8.21; N, 2.80]; nmax (KBr) 3457, 1570, 1456, 1238, 1132,
1032 cm�1; dH (400 MHz, CDCl3) 7.01 (s, 4H, Ar-H),
4.30 (d, JH–P¼8.8 Hz, 1H, PCH), 3.96 (br s, 2H, ArCH2),
3.73 (t, JH–H¼7.1 Hz, 2H, CH2OH), 3.42 (t, JH–H¼7.1 Hz,
2H, NCH2), 2.95 (s, 3H, CH3), 2.44 (s, 3H, NCH3), 2.27
(s, 6H, ArCH3), 1.75 (br s, 1H, OH), 1.39 (s, 18H, t-Bu-
H); dC (50 MHz, CDCl3) 160.3 (d, JC–P¼23.5 Hz), 146.5,
140.8, 134.5, 133.5, 132.3, 129.3, 127.6, 126.9, 82.5 (d,
JC–P¼226.0 Hz), 64.1, 60.1, 53.6, 35.7, 34.8, 30.8, 21.0,
18.2; dP (160 MHz, CDCl3) 19.2.

4.2.8. 9-(2-{[2-(4,8-Di-tert-butyl-2,10-dimethyl-6-oxo-
12H-5,7-dioxa-6l5-phospha-dibenzo[a,d]cycloocten-6-
yl)-1-methyl-vinyl]-methyl-amino}-ethyl)-9H-purin-6-
ylamine (17). To a stirred solution of 16 (0.632 g,
1.05 mmol), triphenylphosphine (0.332 g, 1.27 mmol) and
adenine (0.142 g, 1.05 mmol) in dry THF (25 mL) at room
temperature was added diethylazodicarboxylate dropwise
(0.256 g, 1.27 mmol). The solution was then stirred at
room temperature for 6 h, after which the volatile compo-
nents were removed under reduced pressure and the residue
was purified by chromatography (silica gel, in hexane–ethyl
acetate) to give the pure product as a white solid. Crystals
(17$2MeOH) were obtained after 48 h at 25 �C from meth-
anol. Yield 0.37 g (50%); colourless plates; mp 248 �C
[Found (after drying): C, 66.25; H, 7.34; N, 13.40.
C34H45O3N6P requires C, 66.21; H, 7.35; N, 13.36]; nmax

(KBr) 3459, 3297, 3129, 1649, 1574, 1439, 1236, 1128,
1026 cm�1; dH (400 MHz, CDCl3) 8.37 and 7.63 (2s, 2H,
adenyl-H), 7.02 (br s, 4H, Ar-H), 5.72 (br s, 2H, NH2),
4.32 (br s, 3H, CH2+ArCHAHX), 3.99 (br s, 1H, ArCHAHX),
3.74 (br s, 2H, NCH2), 3.57 (d, JH–P¼23.3 Hz, 1H, PCH),
2.71 (s, 3H, CH3), 2.35 (s, 3H, NCH3), 2.26 (s, 6H,
ArCH3), 1.26–1.43 (multiplet, 18H, t-Bu-H); dC

(100 MHz, CDCl3) 159.0 (d, JC–P¼23.0 Hz), 155.7, 153.2,
149.9, 140.7, 140.4, 133.7, 132.3, 129.2, 127.8, 127.0,
111.6, 78.9 (d, JC–P¼231.0 Hz), 50.9, 41.4, 38.9, 34.8,
31.1, 30.8, 29.5, 21.0; dP (160 MHz, CDCl3) d 18.3;
LCMS: 617 [M]+ (after the loss of methanol solvent).
X-ray structure was determined on this sample.

4.2.9. 1-[2-Methyl-1-(2-p-tolyl-vinyl)-propenyl]-1H-imid-
azole (18). To a suspension of sodium hydride (0.12 g,
4.8 mmol) in THF (10 mL), phosphonate 5b (0.32 g,
1.2 mmol) in THF (20 mL) was added at 0 �C and the
mixture stirred for 15 min. Then anisaldehyde (0.17 g,
1.2 mmol) in THF (10 mL) was added slowly (5 min), the
mixture stirred for 4 h, quenched with water (20 mL) and ex-
tracted with ether (3�20 mL). The combined organic layer
was washed with water, saturated brine solution, dried
(Na2SO4) and the solvent evaporated to afford an oily mate-
rial. This was purified by silica gel column chromatography
using hexane–ethyl acetate mixture. Yield 0.23 g (86%);
pale yellow liquid [Found: C, 80.52; H, 7.65; N, 11.68.
C16H18N2 requires C, 80.63; H, 7.61; N, 11.75]; nmax

(neat) 1709, 1640, 1609, 1510, 1248 cm�1; dH (200 MHz,
CDCl3) 7.45, 7.21 (2s, 2H, imidazolyl-H), 7.19 (s, 2H,
Ar-H), 7.13 (d, JH–H¼15.7 Hz, 1H, CHA]CHB), 7.08 (d,
JH–H¼7.8 Hz, 2H, Ar-H), 6.86 (s, 1H, imidazolyl-H), 5.78
(d, JH–H¼15.7 Hz, 1H, CHA]CHB), 2.30 (s, 3H, ArCH3),
2.05 (s, 3H, C]C(CH3A)2), 1.57 (s, 3H, C]C(CH3B)2);
dC (50 MHz, CDCl3) 139.0, 134.4, 133.9, 130.3, 129.4,
129.1, 128.6, 126.5, 122.1, 120.5, 21.2, 20.63, 19.7;
LCMS: 239 [M+1]+.

4.2.10. 1-[3-(4-Methoxy-phenyl)-1-methylene-allyl]-1H-
imidazole (19). The procedure was the same as that for 18
by starting with 5d and using the same molar quantities.
Yield 0.23 g (80%); pale yellow liquid [Found: C, 74.23;
H, 6.21; N, 12.23. C16H18ON2 requires C, 74.31; H, 6.24;
N, 12.36]; nmax (neat) 3119, 1740, 1682, 1603, 1512,
1254 cm�1; dH (200 MHz, CDCl3) 7.68 (s, 1H, imidazolyl-
H), 7.33 (d, JH–H¼8.8 Hz, 2H, Ar-H), 7.15 (s, 1H, imid-
azolyl-H), 7.10 (d, JH–H¼2.0 Hz, 1H, imidazolyl-H), 6.87
(d, JH–H¼8.8 Hz, 2H, Ar-H), 6.73 (d, JH–H¼15.6 Hz, 1H,
CHA]CHB), 6.49 (d, JH–H¼15.6 Hz, 1H, CHA]CHB),
5.26, 5.17 (2s, 2H, C]CH2), 3.82 (s, 3H, OCH3); dC

(50 MHz, CDCl3) 160.3, 142.0, 137.0, 132.6, 129.3, 128.4,
122.1, 119.6, 114.4, 109.9, 55.4; LCMS: 227 [M+1]+

(another peak at m/e 385 probably due to dimer minus imi-
dazole was seen).

X-ray crystallography: Single crystal X-ray data were
collected on an Enraf-Nonius MACH3 or on a Bruker
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AXS-SMART diffractometer, using Mo Ka (l¼0.71073 Å)
radiation. The structures were solved by direct methods and
refined by full-matrix least squares method using standard
procedures.18 Absorption corrections were done using
SADABS program, wherever applicable. In some cases,
the terminal carbon atoms of the tert-butyl groups showed
high thermals and hence were refined using a suitable disor-
der model. All nonhydrogen atoms were refined anisotropi-
cally; hydrogen atoms were fixed by geometry or located by
a Difference Fourier and refined isotropically. Crystal data
are available as Supplementary data as well as CIF files.
CCDC reference numbers are 605830–605839.
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Abstract—A practical synthesis of enantiopure bis-aziridines 11 and 15, bis-epoxides 12 and 17, and aziridino-epoxides 27 and 30 is reported
using inexpensive D-mannitol as the starting material. The key transformation involves the reductive cleavage of bis-benzylidene acetal 3 to
form dimesylate 4, which was further converted to monoazides and diazides followed by reduction, mesylation, and cyclization to furnish the
required compounds in good yields.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

D-Mannitol is a naturally occurring inexpensive chiral build-
ing block used for the synthesis of many biologically active
and pharmaceutically important natural products.1,2 In gen-
eral the bis-aziridines, bis-epoxides, and aziridino-epoxides
derived from mannitol are key intermediates in the synthesis
of various nitrogen, sulfur, and selenium heterocycles with
potential biological activity.4–8 Though Depezay et al.3 re-
ported the first synthesis of enantiopure 1,5-bis-aziridine
and 1,5-bis-epoxide from D-mannitol in 1986, there are no
alternate synthetic procedures available for the synthesis
of chirally pure 1,5-bis-aziridines, 1,5-bis-epoxides, and
2,4-bis-epoxides. Additionally there are no reports on the
synthesis of 2,4-bis-aziridines, 1,5-aziridino-epoxides, and
2,4-aziridino-epoxides from D-mannitol in the literature.
The main problem with Depezay’s procedure is the difficulty
in the removal of triphenyl phosphine oxide byproduct.
Herein, we report simple alternative procedures for the syn-
thesis of optically pure 1,5-bis-aziridine, 1,5-bis-epoxide,
2,4-bis-aziridine, 2,4-bis-epoxide, 1,5-aziridino-epoxide,
and 2,4-aziridino-epoxide starting from the same intermedi-
ate, bis-benzylidene acetal 2, derived from D-mannitol.

2. Results and discussion

2.1. Synthesis of 2,4-bis-aziridine 11

The bis-benzylidene acetal 29 derived from D-mannitol was
converted to the dimesylate 310 (Scheme 1; Fig. 1) in 71%

Keywords: Bis-benzylidene acetal; Bis-aziridines; Bis-epoxides; Aziridino-
epoxides.
* Corresponding author. Tel.: +91 80 2293 2404; fax: +91 80 2360 2423;

e-mail: scn@orgchem.iisc.ernet.in
y Honorary Professor, Jawaharlal Nehru Center for Advanced Scientific

Research, Jakkur, Bangalore.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.035
yield in two steps. Using a procedure developed by Baskaran
et al.,11 a highly regio- and chemoselective reductive cleav-
age of bis-benzylidene acetal 3 with BF3$Et2O/Et3SiH in dry
CH2Cl2 furnished C2-symmetric diol 4 (78%), which was
then converted to the acetonide 5 in 80% yield. Nucleophilic
substitution of the dimesylate 5 with NaN3 afforded the
corresponding diazide11b 6, which was subjected to chemo-
selective reduction using Lindlar’s catalyst to furnish the
bis-amine 7. Compound 7 was converted to the ditosylate
8 followed by deprotection using FeCl3$6H2O12 in dry
CH2Cl2 to give the diol 9. Finally, mesylation of diol 9
and intramolecular cyclization using NaH in THF af-
forded enantiopure C2-symmetric 2,4-bis-aziridine 11 in
23% overall yield from D-mannitol. The structure of com-
pound 1113 was confirmed by single crystal X-ray analysis
(Fig. 2).

2.2. Synthesis of 2,4-bis-epoxide 12

In order to synthesize the 2,4-bis-epoxide 12 from D-manni-
tol, dimesylate 4 was directly treated with NaH in THF. It
underwent cyclization to afford the required enantiopure
2,4-bis-epoxide14 12 in 47% overall yield from D-mannitol
(Scheme 2). Bis-epoxide 12 is a useful starting material
for the synthesis of C2-symmetric, diol-based HIV-1 prote-
ase inhibitors.15

2.3. Synthesis of 1,5-bis-aziridine 15

In order to synthesize the 1,5-bis-aziridine 15, the inter-
mediate ditosylate 8 (from Scheme 1) was subjected to hy-
drogenolysis (10% Pd/C, H2, 1 atm, MeOH) to furnish diol
13 in 90% yield. Treatment of 13 with methane sulfonyl
chloride followed by intramolecular cyclization using NaH
in dry THF gave C2-symmetric bis-aziridine3 15 in 24%
overall yield from D-mannitol (Scheme 3).

mailto:scn@orgchem.iisc.ernet.in
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Scheme 1. Synthesis of C2-symmetric N-tosyl-2,4-bis-aziridine 11.
Figure 1. Solid state structure of compound 3 and C–H/O (C9–H9B/O:
2.485 Å; 140.08�) interactions that form chain like structure through ‘b’ axis.
2.4. Synthesis of 1,5-bis-epoxide 17

The synthesis of 1,5-bis-epoxide 17 utilizes dimesylate 5 as
the starting material, which upon hydrogenolysis (10%
Pd/C, H2, 1 atm, MeOH) afforded diol 16 in 86% yield. Sub-
sequent intramolecular cyclization using NaH in THF gave
the bis-epoxide3 17 in 32% overall yield from D-mannitol
(Scheme 4). The bis-aziridine 15 and bis-epoxide 17 are
the key intermediates in the synthesis of thiepane deriva-
tives, which are potential glycosidase7a and HIV protease8

inhibitors. The structure of bis-epoxide 1716 was confirmed
by X-ray analysis (Fig. 3).

2.5. Synthesis of 2,4-aziridino-epoxide 27

In order to synthesize the aziridino-epoxide 27, bis-benzyl-
idene acetal 2 was reacted with 1 equiv TsCl in pyridine
to furnish the monotosylate 18 in 62% yield. Compound
18 was converted to acetate 19, which on reductive
cleavage with BF3$Et2O/Et3SiH in dry CH2Cl2 gave the
diol 20 in 78% yield. Next, diol 20 was protected as the
corresponding acetonide 21. Formation of the correspond-
ing azide 22 and reduction using Lindlar’s catalyst pro-
vided amine 23 in 91% yield. Amine 23 was converted
to the tosylate 24, which on hydrolysis resulted in the
formation of diol 25. Finally, diol 25 was converted into
dimesylate 26 and intramolecular cyclization using NaOMe
in MeOH afforded the 2,4-aziridino-epoxide 27 in 15%
overall yield from D-mannitol (Scheme 5).
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Figure 2. Solid state structure of compound 11 and C–H/O (C33–H33/O6: 2.570 Å; 137.44�) interactions that form chain like structure through ‘a’ axis.
2.6. Synthesis of 1,5-aziridino-epoxide 30

To synthesize the unsymmetrical 1,5-aziridino-epoxide 30,
acetate 24 was subjected to hydrogenolysis (10% Pd/C,
H2, 1 atm, MeOH) to afford the diol 28 in 83% yield. Com-
pound 28 on treatment with methane sulfonyl chloride gave
the dimesylate 29, which upon intramolecular cyclization
using NaOMe in MeOH (0 �C, 1 h) furnished the 1,5-aziri-
dino-epoxide 30 in 15% overall yield from D-mannitol
(Scheme 6).

NaH, THF BnO
O

O
OBn0 °C to rt, 6 h

        85%

4

12

Scheme 2. Synthesis of C2-symmetric 2,4-bis-epoxide 12.
3. Conclusion

In conclusion, we have demonstrated here the development
of simple but efficient synthesis of enantiopure bis-aziri-
dines 11 and 15, bis-epoxides 12 and 17, and aziridino-
epoxides 27 and 30 from readily available and inexpensive
D-mannitol.
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Scheme 4. Synthesis of C2-symmetric 1,5-bis-epoxide 17.
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4. Experimental

4.1. General methods

All reactions were carried out in oven-dried apparatus using
dry solvents under anhydrous conditions. Commercial grade
solvents were distilled and dried according to literature

Figure 3. Solid state structure of compound 17.
procedures. Analytical TLC was performed on commercial
plates coated with silica gel GF254 (0.25 mm). Silica gel
(230–400 mesh) was used for column chromatography.
Melting points determined are uncorrected. Yields refer to
chromatographically and spectroscopically (1H NMR) ho-
mogeneous materials, unless otherwise stated. NMR spectra
were recorded on 300 or 400 MHz instrument and calibrated
using residual undeuterated solvent as an internal reference.
The following abbreviations explain the multiplicity: s¼
singlet, d¼doublet, t¼triplet, q¼quartet, m¼multiplet, and
br¼broad. IR spectra were recorded on a FTIR spectrometer.

4.1.1. (S)-2-(Benzyloxy)-1-((4R,5R)-5-((S)-2-(benzyloxy)-
1-(tosylamino)ethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-N-
tosylethanamine 8. The azide 6 was synthesized from
D-mannitol according to the literature procedure.11 Lindlar’s
catalyst (0.115 g, 20 wt %) was added to the stirred solution
of azide 6 (1 g, 2.2 mmol) in methanol (20 mL). The reac-
tion flask was evacuated and flushed with H2 gas. The resul-
tant mixture was stirred under hydrogen atmosphere
(balloon) at room temperature (28 �C) for 4 h. After comple-
tion of the reaction, the catalyst was filtered through a pad of
Celite, washed with methanol (50 mL) and the filtrate was
concentrated under reduced pressure. To the crude residue
(0.84 g, 2.1 mmol) in pyridine (15 mL) at 0 �C was added
tosyl chloride (0.88 g, 4.5 mmol) slowly. After 3 h stirring
at room temperature, the reaction mixture was poured into
ice cold solution of 1 M HCl and extracted with diethyl ether
thrice (100 mL). The combined organic layers were washed
with brine and dried over anhydrous Na2SO4. Removal of
the solvent gave a yellow residue. The residue was purified
 2,2-DMP
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over silica gel (230–400 mesh) using 10–20% EtOAc in hex-
ane solvent as eluent to afford pure compound 8 (1.28 g,
86%) as a colorless liquid. Rf¼0.80 (EtOAc/hexanes, 3:7);
[a]D

25 +16.00 (c 1.0, CHCl3); IR (neat): 3281, 1328, 1160,
1092, 814, 738, 699, 667 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.71 (d, J¼8.1 Hz, 2H), 7.32–7.26 (m, 3H),
7.17–7.13 (m, 4H), 4.87 (d, J¼9.3 Hz, 1H), 4.29 (s, 2H),
4.05 (s, 1H), 3.69–3.62 (m, 1H), 3.39–3.29 (m, 2H), 2.35
(s, 3H), 1.30 (s, 3H); 13C NMR (75 MHz, CDCl3):
d 143.2, 138.1, 137.7, 129.4, 128.2, 127.6, 127.5, 127.1,
109.1, 76.7, 72.9, 70.5, 52.2, 26.9, 21.5; HRMS m/z calcd
for C37H44N2O8S2 [M+Na+]: 731.2437; found: 731.2462.

4.1.2. (2S,3R,4R,5S)-1,6-Bis(benzyloxy)-2,5-bis(tosyl-
amino)hexane-3,4-diol 9. To a solution of 8 (1 g,
1.41 mmol) in CH2Cl2 (20 mL) at room temperature was
added FeCl3$6H2O11 (1.33 g, 4.94 mmol). The resulting yel-
low to amber colored suspension was stirred for 30 min and
quenched by the addition of saturated aqueous NaHCO3.
The aqueous layer was extracted three times with CH2Cl2,
and the combined organics were washed with brine, dried
over Na2SO4, and concentrated under reduced pressure. Flash
chromatography of the resulting oil on silica gel (230–400
mesh) and elute with 20% EtOAc/hexanes yielded amino
diol 9 (0.811 g, 86%). Rf¼0.15 (EtOAc/hexanes, 3:7); [a]D

25

�23.00 (c 1.0, CHCl3); IR (neat): 3469, 3278, 1317, 1160,
813, 659 cm�1; 1H NMR (300 MHz, CDCl3): d 7.71 (d,
J¼8.1 Hz, 2H), 7.34–7.24 (m, 3H), 7.21–7.15 (m, 4H), 4.31
(dd, J¼28.50, 12.0 Hz, 2H), 3.85 (s, 1H), 3.66 (t, J¼4.2 Hz,
1H), 3.37 (dd, J¼9.9, 4.5 Hz, 1H), 3.28 (dd, J¼9.9, 5.4 Hz,
1H), 2.54 (br s, 1H), 2.37 (s, 3H); 13C NMR (75 MHz,
CDCl3): d 143.3, 137.8, 137.3, 129.5, 128.3, 127.7, 127.6,
126.9, 73.1, 70.9, 70.2, 53.4, 21.4; HRMS m/z calcd for
C34H40N2O8S2 [M+Na+]: 691.2124; found: 691.2124.

4.1.3. (2R,3S,4S,5R)-1,6-Bis(benzyloxy)-3,4-bis((methyl-
sulfonyl)methyl)-N2,N5-ditosylhexane-2,5-diamine 10.
To a solution of diol 9 (0.80 g, 1.19 mmol) in dry CH2Cl2
(10 mL), pyridine (0.3 mL, 3.65 mmol) followed by mesyl
chloride (0.24 mL, 2.98 mmol) were slowly added at 0 �C.
The mixture was stirred at 20 �C for 3 h. The reaction
mixture was diluted with Et2O followed by washing with
cold HCl (1 N). The aqueous layer was extracted with
Et2O (3�10 mL). The combined organic layers were dried
(Na2SO4) and evaporated to afford after flash chromato-
graphy (silica gel; EtOAc/hexanes, 80:20) dimesylate 10
(0.923 g, 91%) as a colorless liquid. Rf¼0.50 (EtOAc/
hexanes, 1:1); [a]D

25 +18.00 (c 1.0, CHCl3); IR (neat): 3280,
1454, 1334, 1162, 1091, 815, 738, 667 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.64 (d, J¼8.1 Hz, 2H), 7.30–7.26
(m, 3H), 7.19 (d, J¼8.1 Hz, 2H), 7.13–7.09 (m, 2H), 5.13
(d, J¼9.9 Hz, 1H), 5.06 (d, J¼6.0 Hz, 1H), 4.31 (d,
J¼11.7 Hz, 1H), 4.20 (d, J¼11.7 Hz, 1H), 4.02–3.95
(m, 1H), 3.43 (dd, J¼10.5, 2.1 Hz, 1H), 3.24 (s, 3H),
2.87 (dd, J¼10.5, 3.9 Hz, 1H), 2.39 (s, 3H); 13C NMR
(75 MHz, CDCl3): d 143.8, 137.2, 136.9, 129.9, 128.5,
127.9, 127.8, 126.9, 76.7, 73.2, 67.2, 53.7, 39.2, 21.5;
HRMS m/z calcd for C36H44N2O12S4 [M+Na+]: 847.1675;
found: 847.1695.

4.1.4. (2R,3R)-2-((Benzyloxy)methyl)-3-((2R,3R)-3-
((benzyloxy)methyl)-1-tosylaziridin-2-yl)-1-tosylaziri-
dine 11. To a solution of dimesylate 10 (0.90 g, 1.09 mmol)
in dry THF (10 mL), NaH (0.08 g, 3.18 mmol) was slowly
added at 0 �C. The mixture was stirred at 20 �C for 12 h,
and then slowly water (1 mL) was added drop wise at 0 �C
to quench the excess of NaH. The reaction mixture was di-
luted with water and extracted with Et2O (3�10 mL). The
combined organic layers were dried (Na2SO4) and evapo-
rated to afford after flash chromatography (silica gel; EtOAc/
hexanes, 80:20) the bis-aziridine 11 (0.59 g, 88%) as a color-
less solid. Rf¼0.80 (EtOAc/hexanes, 1:1); mp: 121 �C; [a]D

27

+38.00 (c 1.0, CHCl3); IR (neat): 1596, 1328, 1160, 1090,
675 cm�1; 1H NMR (300 MHz, CDCl3): d 7.73 (d,
J¼8.4 Hz, 2H), 7.35–7.17 (m, 7H), 4.39 (s, 2H), 3.67–3.57
(m, 2H), 3.08–2.99 (m, 1H), 2.89–2.84 (m, 1H), 2.41 (s,
3H); 13C NMR (75 MHz, CDCl3): d 144.6, 137.5, 134.4,
129.6, 128.3, 127.9, 127.8, 127.6, 72.9, 66.4, 41.9, 39.3,
21.6; HRMS m/z calcd for C34H36N2O6S2 [M+Na+]:
655.1912; found: 655.1914.

4.1.5. (2S,3R)-2-((Benzyloxy)methyl)-3-((2R,3S)-3-
((benzyloxy)methyl)oxiran-2-yl)oxirane 12. Bis-epoxide
12 (0.267 g, 85%) was synthesized from the dimesylate 4
(0.50 g, 0.97 mmol) as a colorless liquid by using the proce-
dure described for compound 11 (see Section 4). Rf¼0.80
(EtOAc/hexanes, 1:1); [a]D

27 +68.00 (c 1.0, CHCl3); IR
(neat): 1454, 1274, 1099, 892, 748, 700 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.39–7.21 (m, 5H), 4.55 (dd,
J¼15.3, 12.0 Hz, 2H), 3.72 (dd, J¼11.7, 3.0 Hz, 1H), 3.49
(dd, J¼11.7, 5.1 Hz, 1H), 3.17–3.15 (m, 1H), 2.89 (s, 1H);
13C NMR (75 MHz, CDCl3): d 137.6, 128.3, 127.6, 127.5,
73.1, 68.9, 54.4, 53.4; HRMS m/z calcd for C20H22O4

[M+Na+]: 349.1416; found: 349.1424.

4.1.6. (S)-2-((4R,5R)-5-((S)-1-(Tosylamino)ethyl)-2,2-di-
methyl-1,3-dioxolan-4-yl)-N-tosyl ethanamine 13. A solu-
tion of ditosylate 8 (0.50 g, 0.71 mmol) in MeOH (10 mL)
was treated with H2 over 10% Pd/C (0.05 mg) at atmo-
spheric pressure for 12 h. The mixture was filtered through
Celite and the solvent was evaporated in vacuo. The crude
residue was purified by chromatography on silica gel
(230–400 mesh) using 30–50% EtOAc in hexane solvent
as eluent to afford pure compound 13 (0.336 g, 90%) as a col-
orless liquid. Rf¼0.20 (EtOAc/hexanes, 7:3); [a]D

25 �42.00
(c 1.0, CHCl3); IR (neat): 3472, 3281, 1324, 1158, 816,
658 cm�1; 1H NMR (300 MHz, CDCl3): d 7.78 (d, J¼
8.1 Hz, 2H), 7.34 (d, J¼8.1 Hz, 2H), 5.36 (d, J¼9.3 Hz,
1H), 4.17 (s, 1H), 3.64 (dd, J¼11.4, 2.7 Hz, 1H), 3.46–
3.42 (m, 1H), 3.17–3.14 (m, 1H), 2.43 (s, 3H), 1.39 (s,
3H); 13C NMR (75 MHz, CDCl3): d 143.9, 137.4, 129.9,
126.9, 109.7, 79.1, 63.9, 51.4, 26.9, 21.5; HRMS m/z calcd
for C23H32N2O8S2 [M+Na+]: 551.1498; found: 551.1501.

4.1.7. (1S)-1-((4S,5S)-2,2-Dimethyl-5-(1S)-1-[(4-methyl-
phenyl)sulfonyl]oxy-2-[(methylsulfonyl)oxy]ethyl-1,3-di-
oxolan-4-yl)-2-[(methylsulfonyl)oxy]ethyl 4-methyl-1-
benzenesulfonate 14. The dimesylate 14 (0.358 g, 92%)
was synthesized from the diol 13 (0.30 g, 0.57 mmol) as
a colorless liquid by using the procedure described for com-
pound 10 (see Section 4). Rf¼0.20 (EtOAc/hexanes, 1:1);
[a]D

25 �28 (c 1.0, CHCl3); IR (neat): 3278, 1451, 1336,
1171, 1094, 821, 744, 668 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.78 (d, J¼8.1 Hz, 2H), 7.35 (d, J¼8.1 Hz, 2H),
5.08 (d, J¼9.6 Hz, 1H), 4.07–3.97 (m, 3H), 3.82–3.76 (m,
1H), 2.84 (s, 3H), 2.44 (s, 3H), 1.37 (s, 3H); 13C NMR
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(75 MHz, CDCl3): d 144.1, 137.5, 129.9, 127.0, 110.1, 75.1,
67.3, 50.7, 37.2, 26.8, 21.5; HRMS m/z calcd for
C25H36N2O12S4 [M+Na+]: 707.1049; found: 707.1062.

4.1.8. (S)-2-((4R,5R)-2,2-Dimethyl-5-((S)-1-tosylaziridin-
2-yl)-1,3-dioxolan-4-yl)-1-tosyl aziridine 15. The bis-azir-
idine 15 (0.22 g, 87%) was synthesized from the dimesylate
14 (0.35 g, 0.51 mmol) as a colorless solid by using the pro-
cedure described earlier for compound 11 (see Section 4).
Rf¼0.30 (EtOAc/hexanes, 2:8); mp: 68 �C; [a]D

27 �34.00
(c 1.0, CHCl3); IR (neat): 1930, 1596, 1325, 1162,
678 cm�1; 1H NMR (300 MHz, CDCl3): d 7.81 (d,
J¼8.1 Hz, 2H), 7.35 (d, J¼8.1 Hz, 2H), 3.83 (dd, J¼2.7,
1.5 Hz, 1H), 2.77–2.73 (m, 1H), 2.60 (d, J¼7.2 Hz, 1H),
2.45 (s, 3H), 2.38 (d, J¼4.2 Hz, 1H), 1.25 (s, 3H); 13C
NMR (75 MHz, CDCl3): d 144.9, 134.6, 129.8, 128.0,
110.4, 75.9, 37.8, 30.9, 26.6, 21.6; HRMS m/z calcd for
C23H28N2O6S2 [M+Na+]: 515.1287; found: 515.1304.

4.1.9. (1R)-2-Hydroxy-1-((4S,5S)-5-(1R)-2-hydroxy-1-
[(methylsulfonyl)oxy]ethyl-2,2-dimethyl-1,3-dioxolan-
4-yl)ethyl methanesulfonate 16. The diol 16 (0.175 g,
86%) was synthesized from the dimesylate 5 (0.30 g,
0.54 mmol) as a colorless liquid by using the procedure de-
scribed earlier for compound 13. Rf¼0.20 (EtOAc/hexanes,
1:1); [a]D

25 +84.00 (c 1.0, CHCl3); IR (neat): 3472, 1317,
1158, 814, 658 cm�1; 1H NMR (300 MHz, CDCl3):
d 4.81–4.79 (m, 1H), 4.37 (dd, J¼3.9, 1.5 Hz, 1H), 4.03
(dd, J¼12.9, 3.3 Hz, 1H), 3.89 (dd, J¼12.9, 6.0 Hz, 1H),
3.19 (s, 3H), 1.44 (s, 3H); 13C NMR (75 MHz, CDCl3):
d 111.3, 82.0, 61.4, 38.7, 26.9; HRMS m/z calcd for
C11H22O10S2 [M+Na+]: 401.0552; found: 401.0546.

4.1.10. (4R,5R)-2,2-Dimethyl-4,5-di((S)-oxiran-2-yl)-1,3-
dioxolane 17. The bis-epoxide 17 (0.063 g, 85%) was syn-
thesized from the diol 16 (0.15 g, 0.40 mmol) as colorless
crystals by using the procedure described for compound 11
(see Section 4). Rf¼0.70 (EtOAc/hexanes, 3:7); mp: 74 �C;
[a]D

27 �19.00 (c 1.0, CHCl3); IR (neat): 1460, 1360, 1276,
1096, 890, 752, 712 cm�1; 1H NMR (300 MHz, CDCl3):
d 3.86 (dd, J¼3.3, 1.5 Hz, 1H), 3.10–3.06 (m, 1H), 2.85
(dd, J¼5.4, 4.2 Hz, 1H), 2.75 (dd, J¼5.4, 2.4 Hz, 1H), 1.42
(s, 3H); 13C NMR (75 MHz, CDCl3): d 110.7, 77.9, 51.1,
43.8, 26.6; HRMS m/z calcd for C9H14O4 [M+Na+]:
209.0790; found: 209.0798.

4.1.11. (2R,4S,5R)-4-((2R,4R,5R)-5-Hydroxy-2-phenyl-
1,3-dioxan-4-yl)-2-phenyl-1,3-dioxan-5-yl-4-methylbenz-
enesulfonate 18. To a solution of diol 2 (3 g, 8.38 mmol)
in dry pyridine (30 mL), tosyl chloride (1.75 g, 9.22 mmol)
was slowly added at �5 �C. Then the reaction mixture was
stirred for 2 h at 20 �C. The reaction mixture was diluted
with Et2O followed by washing with cold HCl (1 N). The
aqueous layer was extracted with Et2O (3�10 mL). The com-
bined organic layers were dried (Na2SO4) and the solvent was
evaporated to afford after flash chromatography (silica gel;
EtOAc/hexanes, 80:20) monotosylate 18 (2.66 g, 62%) as
a colorless liquid. Rf¼0.20 (EtOAc/hexanes, 4:6); [a]D

25

�22.00 (c 1.0, CHCl3); IR (neat): 3464, 1338, 1154, 821,
660 cm�1; 1H NMR (300 MHz, CDCl3): d 7.73 (d,
J¼8.1 Hz, 2H), 7.45–7.31 (m, 10H), 7.09 (d, J¼8.1 Hz,
2H), 5.48 (s, 1H), 4.96 (s, 1H), 4.82 (m, 1H), 4.41 (dd,
J¼11.1, 5.4 Hz, 1H), 4.26–4.16 (m, 2H), 4.03 (m, 1H),
3.82 (t, J¼10.5 Hz, 1H), 3.61 (dd, J¼9.3, 1.5 Hz, 1H), 3.47
(t, J¼10.5 Hz, 1H), 2.21 (s, 3H); 13C NMR (75 MHz,
CDCl3): d 145.4, 137.3, 136.8, 132.5, 129.9, 129.1, 128.8,
128.2, 127.9, 127.8, 126.2, 126.0, 101.3, 100.4, 77.3, 74.9,
71.0, 68.6, 67.2, 59.7, 21.5; HRMS m/z calcd for
C27H28O8S [M+Na+]: 535.1403; found: 535.1416.

4.1.12. (2R,3S,4R,5R)-5-Acetoxy-1,6-bis(benzyloxy)-3,4-
dihydroxy-2-yl-4-methylbenzene sulfonate 20. To a solu-
tion of monotosylate 18 (2.5 g, 4.88 mmol) in dry pyridine
(20 mL), Ac2O (0.51 mL, 5.34 mmol) was slowly added at
0 �C. The reaction mixture was stirred at 20 �C for 2 h and
it was diluted with Et2O followed by washing with cold
HCl (1 N). The aqueous layer was extracted with Et2O
(3�10 mL). The combined organic layers were dried
(Na2SO4) and the solvent was evaporated to afford crude
acetate 19 (silica gel; EtOAc/hexanes, 80:20) as a colorless
liquid, which was used in the next step without purification.
To a crude solution of 19 in dry CH2Cl2 (40 mL) at 0 �C was
added Et3SiH (1.3 mL, 7.94 mmol) followed by BF3$Et2O
(1.5 mL, 11.6 mmol). After stirring the reaction mixture at
0 �C for 1 h, it was quenched with saturated NaHCO3 solu-
tion (15 mL) and extracted with CH2Cl2 (2�20 mL). The
organic layer was dried over anhydrous Na2SO4 and concen-
trated under reduced pressure to yield the product, which
was purified by flash chromatography to give pure diol 20
(1.85 g, 68% overall yield). Rf¼0.20 (EtOAc/hexanes,
3:7); [a]D

25 �104.00 (c 1.0, CHCl3); IR (neat): 3462, 1740,
1374, 1236, 1092, 736, 696 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.75 (d, J¼8.1 Hz, 2H), 7.36–7.18 (m, 12H),
5.00 (q, J¼4.2 Hz, 1H), 4.70 (q, J¼3.9 Hz, 1H), 4.57 (dd,
J¼22.2, 12.0 Hz, 2H), 4.41 (s, 2H), 3.98 (d, J¼8.4 Hz,
1H), 3.83 (d, J¼7.8 Hz, 1H), 3.75 (d, J¼4.5 Hz, 2H),
3.69 (dd, J¼6.0, 4.2 Hz, 2H), 2.38 (s, 3H), 2.07 (s, 3H);
13C NMR (75 MHz, CDCl3): d 170.9, 144.9, 137.7,
137.5, 133.4, 129.7, 128.4, 128.3, 127.9, 127.7, 127.6,
79.3, 73.4, 71.8, 68.7, 68.4, 68.1, 67.7, 21.6, 21.1; HRMS
m/z calcd for C29H34O9S [M+Na+]: 581.1821; found:
581.1833.

4.1.13. (R)-1-((4S,5R)-5-((S)-1-Azido-2-(benzyloxy)-
ethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-(benzyloxy)-
ethyl acetate 22. The diol 20 (1.8 g, 3.23 mmol) was
dissolved in dry acetone (15 mL) and then treated with
2,2-dimethoxypropane (1.2 mL, 9.68 mmol) followed by a
solution of pTSA in dry acetone (4 mL). The resultant mix-
ture was allowed to stir for 5 h at room temperature. The
mixture was then diluted with EtOAc (15 mL), washed
with a saturated solution of NaHCO3 (2�5 mL), dried over
anhydrous Na2SO4, and concentrated under reduced pres-
sure to yield a crude product, which was purified by flash
chromatography to give pure acetonide 21 (1.53 g, 80%
yield). A suspension of acetonide 21 (1.5 g, 2.54 mmol)
and sodium azide (0.198 g, 3.05 mmol) in dry DMF (30 mL)
was stirred at 110 �C for 24 h. After evaporation of DMF,
15 mL of water was added to the residue, which was then
extracted with CH2Cl2. The organic extract was dried
(Na2SO4) and evaporated to give a syrupy liquid, which
was purified by flash column chromatography to give pure
azide 22 (1.05 g, 88%). Rf¼0.80 (EtOAc/hexanes, 2:8);
[a]D

25 +53.00 (c 1.0, CHCl3); IR (neat): 2105, 1743, 1454,
1371, 1232, 1097, 738, 698 cm�1; 1H NMR (300 MHz,
CDCl3): d 7.37–7.23 (m, 10H), 5.17–5.12 (m, 1H), 4.55
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(d, J¼5.1 Hz, 2H), 4.51 (d, J¼3.0 Hz, 2H), 4.29 (dd, J¼7.8,
5.2 Hz, 1H), 4.10 (dd, J¼7.8, 2.7 Hz, 1H), 3.81–3.61 (m,
4H), 3.53–3.48 (m, 1H), 2.05 (s, 3H), 1.45 (s, 3H), 1.35 (s,
3H); 13C NMR (75 MHz, CDCl3): d 170.1, 137.6, 137.5,
128.4, 128.3, 127.7, 127.6, 127.5, 110.4, 77.8, 76.1, 73.3,
73.2, 69.9, 68.4, 60.7, 26.9, 26.7, 20.9; HRMS m/z calcd
for C25H31N3O6 [M+Na+]: 492.2111; found: 492.2104.

4.1.14. (R)-2-(Benzyloxy)-1-((4S,5R)-5-((S)-2-(benzyl-
oxy)-1-(tosylamino)ethyl)-2,2-dimethyl-1,3-dioxolan-4-
yl)ethyl acetate 24. The tosylate 24 (0.993 g, 78% overall
yield) was synthesized from the azide 22 (1 g, 2.13 mmol)
as a colorless liquid by using the procedure described for
compound 8. Rf¼0.40 (EtOAc/hexanes, 3:7); [a]D

25 �30.00
(c 1.0, CHCl3); IR (neat): 3295, 1743, 1454, 1371, 1332,
1232, 1160, 1091, 815, 738, 698, 665 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.69 (d, J¼8.1 Hz, 2H), 7.32–7.25
(m, 10H), 7.17 (d, J¼8.1 Hz, 2H), 5.20–5.15 (m, 1H), 4.98
(d, J¼9.3 Hz, 1H), 4.52 (dd, J¼18.6, 12.0 Hz, 2H), 4.32
(s, 2H), 4.25 (dd, J¼8.1, 1.5 Hz, 1H), 3.86 (dd, J¼8.1,
6.0 Hz, 1H), 3.65 (dd, J¼11.4, 3.6 Hz, 2H), 3.48 (dd,
J¼11.4, 6.0 Hz, 1H), 3.40 (dd, J¼9.3, 5.1 Hz, 1H), 3.33
(dd, J¼17.1, 9.0 Hz, 2H), 2.34 (s, 3H), 2.31 (s, 3H), 1.35
(s, 3H), 1.32 (s, 3H); 13C NMR (75 MHz, CDCl3):
d 170.1, 143.2, 137.9, 137.7, 137.6, 129.5, 128.3, 128.2,
127.6, 127.5, 127.4, 127.3, 126.9, 109.6, 76.6, 75.9, 72.9,
72.8, 72.1, 69.9, 68.7, 52.6, 26.9, 26.7, 21.4, 20.9; HRMS
m/z calcd for C32H39NO8S [M+Na+]: 620.2294; found:
620.2267.

4.1.15. (2R,3S,4R,5S)-1,6-Bis(benzyloxy)-3,4-dihydroxy-
5-(tosylamino)hexan-2-yl acetate 25. Diol 25 (0.672 g,
80%) was synthesized from acetonide 24 (0.90 g,
1.51 mmol) as a colorless liquid by using the procedure
described for compound 9. Rf¼0.20 (EtOAc/hexanes, 4:8);
[a]D

25 +21.00 (c 1.0, CHCl3); IR (neat): 3502, 3272, 1733,
1454, 1240, 1160, 1093, 815, 738, 698 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.70 (d, J¼8.1 Hz, 2H), 7.33–7.17
(m, 12H), 5.47 (d, J¼6.9 Hz, 1H), 5.02–4.97 (m, 1H), 4.52
(d, J¼3.6 Hz, 2H), 4.33 (s, 2H), 3.80–3.71 (m, 4H), 3.46
(d, J¼7.2 Hz, 2H), 3.34–3.29 (m, 3H), 2.37 (s, 3H), 2.04
(s, 3H); 13C NMR (75 MHz, CDCl3): d 170.6, 143.4,
137.6, 137.2, 136.9, 129.6, 128.4, 128.3, 127.8, 127.7,
127.6, 127.1, 73.3, 73.2, 72.2, 69.6, 68.7, 68.6, 68.5, 55.7,
21.5, 20.9; HRMS m/z calcd for C29H35NO8S [M+Na+]:
580.1981; found: 580.1993.

4.1.16. (2R,3S,4R,5S)-1,6-Bis(benzyloxy)-3,4-dimethane-
sulfono-5-(tosylamino)hexan-2-yl acetate 26. The dimesy-
late 26 (0.70 g, 91%) was synthesized from the diol 25
(0.60 g, 1.08 mmol) as a colorless liquid by using the proce-
dure described for compound 10. Rf¼0.40 (EtOAc/hexanes,
3:7); [a]D

25 +29.00 (c 1.0, CHCl3); IR (neat): 3280, 1749,
1596, 1454, 1353, 1228, 1178, 1093, 954, 738, 700,
667 cm�1; 1H NMR (300 MHz, CDCl3): d 7.66 (d,
J¼8.1 Hz, 2H), 7.30–7.24 (m, 8H), 7.21 (d, J¼8.1 Hz,
2H), 7.08–7.04 (m, 2H), 5.49 (dd, J¼7.8, 2.4 Hz, 1H),
5.33–5.26 (m, 2H), 5.18 (d, J¼9.9 Hz, 1H), 4.55 (dd,
J¼13.8, 11.4 Hz, 2H), 4.07 (d, J¼11.4 Hz, 1H), 3.95–3.88
(m, 2H), 3.84 (dd, J¼10.2, 5.4 Hz, 1H), 3.69–3.62 (m,
1H), 3.23 (s, 3H), 3.09 (s, 3H), 2.95 (dd, J¼9.9, 3.0 Hz,
1H), 2.67 (dd, J¼9.9, 4.8 Hz, 1H), 2.41 (s, 3H), 1.96 (s,
3H); 13C NMR (75 MHz, CDCl3): d 175.2, 143.9, 137.3,
136.8, 129.8, 128.5, 128.4, 128.2, 128.1, 127.9, 127.8,
126.9, 79.6, 73.8, 73.3, 70.3, 68.4, 67.4, 52.6, 39.1, 38.2,
21.6, 20.8; HRMS m/z calcd for C31H39NO12S3 [M+Na+]:
736.1532; found: 736.1533.

4.1.17. (2R,3S)-2-((Benzyloxy)methyl)-3-((2S,3S)-3-
((benzyloxy)methyl)oxiran-2-yl)-1-tosyl aziridine 27. To
a solution of dimesylate 26 (0.50 g, 0.70 mmol) in dry
MeOH (10 mL), NaOMe (0.151 g, 2.8 mmol) was slowly
added at 0 �C. The mixture was stirred at 20 �C for 1 h,
and then MeOH was evaporated under reduced pressure.
The reaction mixture was diluted with water and extracted
with Et2O (3�10 mL). The combined organic extract was
dried (Na2SO4) and evaporated to afford after flash chroma-
tography (silica gel; EtOAc/hexanes, 80:20) the aziridino-
epoxide 27 (0.296 g, 88%) as a colorless liquid. Rf¼0.80
(EtOAc/hexanes, 3:7); [a]D

25 +20.00 (c 1.0, CH2Cl2); IR
(neat): 1361, 1336, 1176, 1162, 923, 721 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.82 (d, J¼8.1 Hz, 2H), 7.33–7.18
(m, 12H), 4.50 (s, 2H), 4.43 (d, J¼2.4 Hz, 2H), 3.70 (d,
J¼1.8 Hz, 1H), 3.68 (s, 1H), 3.65 (d, J¼2.7 Hz, 1H), 3.44
(dd, J¼11.7, 4.8 Hz, 1H), 3.17 (dd, J¼11.7, 6.0 Hz, 1H),
3.07–3.04 (m, 1H), 2.99 (dd, J¼7.2, 2.1 Hz, 1H), 2.91 (dd,
J¼7.2, 4.5 Hz, 1H), 2.41 (s, 3H); 13C NMR (75 MHz,
CDCl3): d 144.8, 137.6, 134.5, 129.7, 128.4, 128.3, 128.0,
127.8, 127.7, 127.6, 73.3, 73.0, 68.6, 66.7, 55.2, 50.7,
42.9, 41.8, 21.6; HRMS m/z calcd for C27H29NO5S
[M+Na+]: 502.1664; found: 502.1664.

4.1.18. (R)-2-Hydroxy-1-((4S,5R)-5-((S)-2-hydroxy-1-(to-
sylamino)ethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)ethyl
acetate 28. The diol 28 (0.29 g, 83%) was synthesized from
the tosylate 24 (0.50 g, 0.84 mmol) as a colorless liquid
by using the hydrogenolysis procedure described earlier
for compound 13. Rf¼0.40 (EtOAc/hexanes, 3:7); [a]D

25

�16.00 (c 1.0, CHCl3); IR (neat): 3523, 3297, 1739, 1598,
1454, 1367, 1243, 1176, 1093, 983, 815, 665 cm�1; 1H
NMR (300 MHz, CDCl3): d 7.71 (d, J¼8.1 Hz, 2H), 7.32
(d, J¼8.1 Hz, 2H), 5.17 (d, J¼8.1 Hz, 1H), 4.28 (dd,
J¼9.9, 2.4 Hz, 1H), 3.99–3.88 (m, 5H), 3.72–3.68 (m,
2H), 2.43 (s, 3H), 2.12 (s, 3H), 1.34 (s, 3H), 1.27 (s, 3H);
13C NMR (75 MHz, CDCl3): d 171.6, 143.9, 137.3, 129.8,
127.0, 109.7, 78.1, 74.9, 71.9, 68.8, 66.1, 51.9, 26.8, 21.6,
21.5, 20.7; HRMS m/z calcd for C18H27NO8S [M+Na+]:
440.1355; found: 440.1362.

4.1.19. (1R)-2-Hydroxy-1-[(4S,5R)-5-((1S)-2-hydroxy-1-
[(4-methylphenyl)sulfonyl]amino ethyl)-2,2-dimethyl-
1,3-dioxolan-4-yl]ethyl acetate 29. The dimesylate 29
(0.312 g, 91%) was synthesized from the diol 28 (0.25 g,
0.60 mmol) as a colorless liquid by using the procedure de-
scribed earlier for compound 10. Rf¼0.80 (EtOAc/hexanes,
3:7); [a]D

25 �18.00 (c 1.0, CHCl3); IR (neat): 3303, 1749,
1596, 1355, 1226, 1089, 970, 815 cm�1; 1H NMR
(300 MHz, CDCl3): d 7.78 (d, J¼8.1 Hz, 2H), 7.34 (d, J¼
8.1 Hz, 2H), 5.04 (d, J¼9.6 Hz, 1H), 4.86–4.81 (m, 1H),
4.56 (dd, J¼12.6, 2.1 Hz, 1H), 4.23 (dd, J¼7.8, 1.2 Hz,
1H), 4.11–3.84 (m, 5H), 3.14 (s, 3H), 2.90 (s, 3H), 2.44 (s,
3H), 2.12 (s, 3H), 1.43 (s, 3H), 1.38 (s, 3H); 13C NMR
(75 MHz, CDCl3): d 170.3, 144.1, 137.5, 129.9, 127.1,
110.9, 79.0, 73.9, 67.4, 63.0, 51.9, 38.8, 37.2, 26.8, 26.6,
21.5, 20.7; HRMS m/z calcd for C20H31NO12S3 [M+Na+]:
596.0906; found: 596.0922.
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4.1.20. (S)-2-((4R,5S)-2,2-Dimethyl-5-((R)-oxiran-2-yl)-
1,3-dioxolan-4-yl)-1-tosylaziridine 30. Dimesylate 29
was subjected to cyclization using the procedure described
earlier for compound 27 to furnish aziridino-epoxide 30
(0.163 g, 80% overall yield). Rf¼0.60 (EtOAc/hexanes,
3:7); [a]D

25 �59.00 (c 1.0, CH2Cl2); IR (neat): 1939, 1598,
1325, 1163, 668 cm�1; 1H NMR (300 MHz, CDCl3):
d 7.84 (d, J¼8.1 Hz, 2H), 7.35 (d, J¼8.1 Hz, 2H), 4.02
(dd, J¼7.8, 3.9 Hz, 1H), 3.35 (t, J¼7.8 Hz, 1H), 2.99–2.95
(m, 1H), 2.91–2.85 (m, 1H), 2.81 (dd, J¼8.7, 5.1 Hz, 1H),
2.66 (d, J¼7.5 Hz, 1H), 2.47–2.45 (m, 1H), 2.46 (s, 3H),
2.41 (d, J¼4.8 Hz, 1H), 1.37 (s, 3H), 1.32 (s, 3H); 13C
NMR (75 MHz, CDCl3): d 144.7, 134.5, 129.7, 128.3,
110.8, 79.3, 76.6, 51.4, 45.9, 39.7, 30.4, 26.9, 26.4, 21.6;
HRMS m/z calcd for C16H21NO5S [M+Na+]: 362.1038;
found: 362.1040.
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Abstract—The synthesis of trifluoromethyl (Tfm) analogs of known nanomolar matrix metalloproteinases (MMPs) inhibitors has been per-
formed. The synthetic protocol is based on a moderately stereoselective aldol reaction of trifluoropyruvate with an N-acyl-oxazolidin-2-thione
for the construction of the core a-Tfm-malic unit. Both the diastereomeric forms of the target a-Tfm-malic hydroxamates showed micromolar
inhibitory potency toward MMP-2 and 9, according to zymographic tests, with a substantial drop with respect to the parent unfluorinated
compounds. We also report some molecular modeling results, which provide a rationale for the experimental findings.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Incorporation of fluorine into organic molecules is an effec-
tive strategy for improving and modifying their biological
activity.1 In particular, the trifluoromethyl group is recog-
nized in medicinal chemistry as a substituent of distinctive
qualities. It is, in fact, at the same time highly hydrophobic,
electron rich, sterically demanding, moreover it can provide
high in vivo stability, and is good mimic of several naturally
occurring residues such as methyl, isopropyl, phenyl, etc.2

Matrix metalloproteinases (MMPs) are zinc (II)-dependent
proteolytic enzymes involved in the degradation of the extra-
cellular matrix.3 More than 25 human MMPs have been iden-
tified so far. Loss in the regulation of their activity can result
in the pathological destruction of connective tissue, a process
associated with a number of severe diseases, such as cancer
and arthritis. The inhibition of various MMPs has been envis-
aged as a strategy for the therapeutic intervention against
such pathologies. To date, however, a number of drawbacks
have hampered the successful exploitation of MMPs as
pharmacological targets. In particular, the toxicity demon-
strated by many MMPs’ inhibitors in clinical trials has
been ascribed to nonspecific inhibition. For example, recent

* Corresponding authors. Tel.: +39 02 23993084; fax: +39 02 23993080
(M.Z.); e-mail addresses: guido.raos@polimi.it; matteo.zanda@polimi.it

y These authors contributed equally to the work.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.036
work evidenced the importance of MMPs inhibitors sparing
MMP-1, an enzyme thought to be responsible of the mus-
culoskeletal side effect observed clinically with the broad-
spectrum MMP inhibitor marimastat.4

Some years ago, Jacobson and co-workers described a new
family of potent peptidomimetic hydroxamate inhibitors A
(Fig. 1) of MMP-1, -3, and -9, bearing a quaternary a-methyl-
alcoholic moiety at P1 position, and several different R1

groups at P10.5 Interestingly, the other stereoisomers, includ-
ing the epimers at the quaternary carbinol function, showed
much lower activity, as the authors demonstrated that the
hydroxamic binding function was moved away from the cat-
alytic Zn2+ center. The crystal structure of the inhibitor A
(R¼CH3) with MMP-3 (see Fig. 3) reveals several interesting
features, including the presence of a hydrogen bond between
the quaternary hydroxyl (H-bond donor) of A and the
Glu-202 residue of the MMP-3 active site.6

HO
H
N

N
HO

HO R

R1

O R2

NHR3

O

A   R = CH3;       1   R = CF3

P1' P2' P3'

P1

Figure 1.
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Within the framework of a project aimed at studying the
‘fluorine effect’ in peptides and identifying selective fluori-
nated inhibitors of aspartic proteinases and MMPs,8 we de-
cided to explore the effect of the replacement of the
quaternary a-methyl group in A with a trifluoromethyl
(Tfm) group, with the hope of (1) increasing the affinity of
the a-Tfm malic inhibitors with MMPs by reinforcing the
a-OH hydrogen bonding, thanks to the increased acidity of
the carbinolic function bearing the electron-withdrawing
a-Tfm group; (2) improving the selectivity in favor of
MMP-3 and -9 through the increased stereo-electronic
demands of the Tfm group.

In this paper we describe in full detail the synthesis of the
Tfm-analogs 1 (Fig. 1) of A, the effect of the replacement
of the a-CH3 group with a CF3 on the inhibition of MMP-
3 and 9, and an attempt to rationalize the experimental find-
ings through molecular modeling.9

2. Results and discussion

2.1. Synthesis

We decided to concentrate our efforts on the substrates 1
having R1¼(CH2)4Ph, whose analogs A were reported to
be very active. The a-Tfm-malic unit of 1 was recently
obtained by our group via titanium (IV) catalyzed aldol
reaction of trifluoropyruvic esters with enantiopure N-acyl
oxazolidin-2-ones.10 Although this reaction was per se satis-
factory, the subsequent exocyclic cleavage of the oxazolidin-
2-one auxiliary could not be performed, despite intensive
efforts. We therefore decided to exploit the potential of ox-
azolidin-2-thiones,11 whose cleavage has been reported to
occur much more smoothly.12

The TiCl4 catalyzed reaction of the N-acyl-oxazolidin-2-thi-
one 2 (Scheme 1) with ethyl trifluoropyruvate 3 afforded the
two diastereomeric adducts 4 and 5, out of four possible, in
low diastereomeric ratio. It is worth noting that the reaction
features a favorable scale-up effect, affording ca. 70% yield
on a hundred-milligram scale, and 90% on a ten-gram scale
(the reaction was repeated many times on both scales). Sev-
eral alternative conditions were explored, but no improve-
ment in terms of diastereocontrol could be achieved. For
example, with Sn(OTf)2/NEt3 and Bu2BOTf/NEt3 no reac-
tion was observed, whereas LDA afforded a 4:5 ratio¼2.6/
1.0 (48% overall). However, the use of TiCl4/(�)-sparteine
produced a switch of diastereocontrol affording a 1.6:1.0
mixture in favor of 5, in overall 74% yield. However, due
to the cost of (�)-sparteine and the absence of a favorable
scale-up effect, the TiCl4/DIPEA system was always em-
ployed for conducting the reaction on a multigram scale.

O N

S

Bn

O

Ph

+

O CO2Et

CF3

TiCl4 (2 equiv)
DIPEA (2 equiv)2

3

O N

S

Bn

O

Ph

F3C

CO2Et
OH

Major

4

O N

S

Bn

O

Ph

F3C

CO2Et
OH

Minor

5

+

d.r. 2.7:1.0
yield 72% (hundreds 
mgs scale), 90% (10
grams scale)

CH2Cl2 (dry)
0°C, then -70°C,
then rt

Scheme 1. The aldol reaction to form the a-Tfm-malic framework.

Cleavage of the oxazolidin-2-thione was found to be consid-
erably more challenging than expected. In fact, under the
standard conditions reported in the literature (BnOH, cat.
DMAP, DCM, rt) the reaction on 4 was very slow,12 afford-
ing modest conversion to the corresponding Bn-ester 6
(60%) after one week at reflux (Scheme 2), with partial
(17%) a-epimerization to give ent-7. Even less effectively,
the same reaction performed on 5 gave 56% yield of the
diastereomeric Bn-ester 7, containing 33% of the a-epimer
ent-6. Although the unreacted starting materials 4 and 5
could be recovered unchanged in good yields, we felt that
more efficient conditions were needed in order to complete
the synthesis. Disappointingly, exploration of several differ-
ent combinations of alcohols, solvents, and bases did not
improve the situation.

However, we were glad to find that solid K2CO3 in moist
dioxane (rt, 10–12 h) was able to produce directly the key
carboxylic acid intermediates 8 and 9 (Scheme 3), from 4
and 5, respectively, in satisfactory yields and with very
low a-epimerization (2% for 8, 9% for 9).

In order to assess the stereochemistry of these compounds,
the diastereomer 8 was coupled with L-Ala-NH(CH2)2Ph
O N

S

Bn

O

Ph

F3C

CO2Et
OH

Major

4

O N

S

Bn

O

Ph

F3C

CO2Et
OH

Minor

5

BnOH (2 equiv)
DCM, reflux

BnO2C

Ph

F3C

CO2Et
OH

6

1 week (60%)

BnO2C

Ph

F3C

CO2Et
OH

7(56%)

BnO2C

Ph

F3C

CO2Et
OH

ent-7
+

4.8:1.0

BnOH (2 equiv)
DCM, reflux
1 week

+

BnO2C

Ph

F3C

CO2Et
OH

ent-6

2:1

Scheme 2. Attempted oxazolidin-2-thione cleavage with BnOH.
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(Scheme 4), affording the crystalline dipeptide 8x, whose
structure was determined by X-ray diffraction (Fig. 2).13

Coupling of the acid 8 with a-amino acid amides 10a–c was
achieved in good yields with the HOAt/HATU system
(Scheme 5).14 The resulting peptidomimetic esters 11a–c
were submitted to saponification, affording the acids 12a–
c in high yields. The subsequent coupling of 12a–c with
O-Bn hydroxylamine proved to be extremely challenging,
owing to the low reactivity and high steric hindrance of
the carboxylic group bound the quaternary a-Tfm carbinolic
center. A number of ‘conventional’ coupling agents for pep-
tides15 were tested (among them DCC/DMAP, EDC/HOBt,
DIC/HOBt, HATU/HOAt, PyBroP/DIPEA) but no trace of
the target O-Bn hydroxamates 13a–c could be obtained. Fi-
nally, we found that freshly prepared BrPO(OEt)2 was able
to promote the coupling in reasonable yields (32–61%).16

With 13a–c in hand we addressed the final O-Bn cleavage

O N

S

Bn

O

Ph

F3C

CO2Et
OH

Major

4

O N

S

Bn

O

Ph

F3C

CO2Et
OH

Minor

5

K2CO3 (1.5 equiv)
moist dioxane

HO2C

Ph

F3C

CO2Et
OH

810 hours (71%)

K2CO3 (1.5 equiv)
moist dioxane

HO2C

Ph

F3C

CO2Et
OH

912 hours (69%)

Scheme 3. Cleavage of the oxazolidin-2-thione auxiliary with K2CO3 in
moist dioxane.
by hydrogenolysis, that provided the hydroxamates 14a–c
in good yields.

Since 14a–c are the ‘wrong’ diastereomers with respect to A,
we deemed it necessary to synthesize at least one analog hav-
ing the correct stereochemistry, in order to have a complete
set of biological data on the effect of the introduction of
the Tfm group. However, a tailored synthetic protocol had
to be developed ex-novo, because the minor diastereomer 9
(Scheme 6) featured a dramatically different reactivity in
the key steps of the synthesis. First of all, we noticed that
the coupling of 9 and 10a with HATU/HOAt gave rise to
relevant amounts of the b-lactone 15, which had to be pro-
cessed separately, besides the expected coupling product 16.
Thus, we decided to first prepare the intermediate 15 (72%),
which could be purified by short flash chromatography (FC).

Figure 2. ORTEP view of 8x.
CO2H

Ph

CF3

EtO2C
HO

+ H2N
H
N

O

EtO2C N
H

H
N

HO CF3 O

O
HOAt/HATU
TMP, DMF Ph

Ph
Ph

8

 76%
8x

Scheme 4. Synthesis of the dipeptide 8x for X-ray diffraction.
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Scheme 5. Synthesis of the peptidomimetics 14 from the major diastereomer 8.
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Scheme 6. Synthesis of the target peptidomimetic 20 from the minor diastereomer 9.
The latter was reacted with free 10a, affording the desired
molecule 16 in high yields.17

Saponification of the ester 16 occurred effectively, but disap-
pointingly a partial epimerization of the [Ph(CH2)3]-stereo-
center occurred, affording a 3:1 mixture of diastereomers 17
and 18 under optimized conditions. Since their chromato-
graphic separation proved to be difficult, 17 and 18 were
subjected together to coupling with BnONH2 under the pre-
viously optimized conditions. The resulting diastereomeric
O-Bn hydroxamates could be separated by FC, affording
pure 19 (52%), that was hydrogenated to the target free
hydroxamate 20 in 83% yield.

The hydroxamates 14a–c and 20 were tested for their ability
to inhibit MMP-2 and MMP-9 activity using zymographic
analysis. The four hydroxamates inhibited, in a dose-depen-
dent manner, the gelatinolytic bands at 92 and 72 kDa,
corresponding respectively to pro-MMP-9 and pro-MMP-2
released in the conditioned medium by human melanoma
cells WM983A. The IC50 values (mM) portrayed in Table
1 show that diastereomers 14a–c displayed low inhibitory
activity, in line with the parent CH3 compounds. Disappoint-
ingly, 20 showed a much lower activity than the exact CH3-
analog A, that was reported to be a low nanomolar inhibitor
of MMP-9.

It is also worth noting that 14a and 20 showed little selectiv-
ity, whereas 14b and 14c showed a better affinity for MMP-
9, in comparison with MMP-2.

Table 1. IC50 (mM) of the target Tfm-hydroxamates

Compound MMP-2 MMP-9

14a 156 121
14b 407 84
14c 722 23
20 23 15
2.2. Simulations

In an attempt to explain the different activities of the hydro-
genated (A) and the fluorinated (1) compounds, we first
performed molecular dynamics (MD) simulations of a few
protein-inhibitor complexes. The experimental X-ray struc-
tures5 of the complexes of 1 with MMP-3 (Fig. 3) provided
a very convenient starting point for these simulations. How-
ever we found that these simulations could not clearly dis-
criminate between the different inhibitors, since both the
hydrogenated and the fluorinated ligands remained coordi-
nated to the active site within the time of the simulation.
The likely reason for this failure is the limited time span,
which could be explored by MD with current computer re-
sources (a few nanoseconds). Therefore, instead of studying
the whole protein–ligand complexes, we decided to factor
the problem and investigate separately the effect of fluorina-
tion on (a) the coordinating strength of the hydroxamate
group and (b) non-bonded interactions and the conforma-
tional equilibrium of the ligands.

The effect of fluorination on the coordinating strength of the
ligands was investigated by ab initio B3LYP/6-31G* calcu-
lations on the reactants and products of the exchange reac-
tion shown in Figure 4 (see Section 3). After energy
minimization, we computed the net reaction energy as DE¼
E(products)�E(reactants)¼+8.8 kJ/mol. Therefore the re-
placement of –CH3 by –CF3 reduces the coordinating ability
of the hydroxamate, presumably because of the electron-
withdrawing effect of the latter.

Inspection of the conformation adopted by inhibitors A
within the active site of MMP-3 reveals that the closest
non-bonded contact formed by the methyl in P1 position is
an intramolecular one, with the aromatic ring of the
pseudo-tyrosine at the P20 position (see Fig. 5). Replacement
of this methyl by the more sterically demanding and elec-
tron-rich Tfm might produce a change in the intramolecular
conformational equilibria of the ligand, affecting as a side
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Figure 4. Exchange reaction between models of the hydrogenated and fluorinated ligands at the active site, investigated by ab initio calculations.
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Figure 3. X-ray structure of the inhibitor A [R1¼(CH2)3Ph, R2¼4-CH3O–C6H4CH2, R3¼CH3] bound to MMP-3 (courtesy of Bristol–Myers Squibb). The Zn2+

ion in the active site, the inhibitor, the three coordinating histidines, and the Glu-202 residue have been highlighted. Image produced with VMD.7
effect its ability to fit inside the protein active site. Therefore,
we decided to carry out MD simulations of the inhibitors in
water to test this hypothesis.

The analysis of a long (12 ns) MD simulation of the inhibitors
in water (see Section 3 for details) produced very similar his-
tograms for the populations of almost every torsion angle,
indicating that they are mostly unaffected by fluorine substi-
tution. However, we observed a certain difference in the pop-
ulations of the C–C bond connecting the pseudo-tyrosine
residue to the backbone (highlighted in yellow in Fig. 5).
Therefore we decided to investigate further this point by com-
puting the free energy profile of the molecules along this
particular degree of freedom (see again Section 3). Figure 6

Figure 5. Minimum free energy conformations of A (left) and 1 (right), as
obtained by MD simulations in water. With reference to Figure 1,
R1¼CH2CH(CH3)2, R2¼4-CH3O–C6H4CH2, R3¼CH3. The conformation
of A coincides with the experimental conformation within the active site.
The broken yellow line indicates the torsion angle sampled in the free energy
calculations. Images produced with VMD.7
shows that the resulting torsion free energies are very similar,
except for one important detail: the conformation at 300�,
which is the one adopted by the inhibitor in the active site,
is slightly destabilized by the introduction of the –CF3 group.
We identify this destabilization with the unfavorable inter-
action between the electron-rich Tfm and aromatic group.
The lowest-energy conformation (by 2.5 kJ/mol) now corre-
sponds to the state at 60�. As can be seen in Figure 5, this
produces major change in the overall molecular shape.
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Figure 6. Free energy curves of A and 1 in water, corresponding to the
torsion about the C–C bond connecting the pseudo-tyrosine residue to the
backbone. The arrow indicates the conformation adopted inside the protein
active site.
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In summary, our molecular modeling study has allowed to
identify two concurrent reasons for the reduced activity of
the fluorinated inhibitors: (a) reduced coordinating strength
of the neighboring hydroxamate group, and (b) the need of
the fluorinated molecule to adopt within the binding site
a conformation which does not coincide with its mini-
mum-energy conformation in solution. Assuming additivity
of these effects, we estimate that the overall binding energy
of the fluorinated inhibitor to the active site is reduced by
approximately 11.3 kJ/mol, compared to the original one.
This results, at room temperature, in the reduction in the
binding constant by two order of magnitude ½KF=KH ¼
exp �11:3=ð0:00831� 298Þ ¼ 0:010�gf . This result roughly
corresponds to the experimental observation.

3. Experimental

3.1. General details

Commercially available reagent-grade solvents were em-
ployed without purification. All reactions where an organic
solvent was employed were performed under nitrogen atmo-
sphere, after flame-drying of the glass apparatus. Melting
points (mp) are uncorrected and were obtained on a capillary
apparatus. TLC were run on silica gel 60 F254 Merck. Flash
chromatographies (FC) were performed with silica gel 60
(60–200 mm, Merck). 1H, 13C, and 19F NMR spectra were
run at 250, 400 or 500 MHz. Chemical shifts are expressed
in parts per million (d), using tetramethylsilane (TMS) as
internal standard for 1H and 13C nuclei (dH and dC¼0.00),
while C6F6 was used as external standard (dF�162.90) for 19F.

3.2. Synthesis of aldol adducts 4 and 5

To a solution of N-acyl-oxazolidin-2-thione 2 (107 mg,
0.30 mmol) in dry CH2Cl2 (4 mL), cooled at 0 �C and under
nitrogen atmosphere, a 1 M solution of TiCl4 in toluene
(600 mL, 0.60 mmol) was added. The solution was stirred
for 5 min, then neat DIPEA (103 mL, 0.60 mmol) was added.
The dark red solution of titanium enolate was stirred for
20 min at 0 �C, then cooled at �70 �C and neat ethyl tri-
fluoropyruvate 3 (100 mL, 0.75 mmol) was added dropwise.
The resulting mixture was stirred for 1 h at �70 �C, then
warmed to rt. The reaction was quenched with a saturated
aqueous NH4Cl solution. The layers were separated and
the aqueous phase was extracted with CH2Cl2. The collected
organic phases were dried over anhydrous Na2SO4, filtered
and the solvent was removed in vacuo. The residue was
purified by FC (n-Hex/EtOAc 9:1), affording 59 mg of 4,
33 mg of 5, and 21 mg of their mixture (72% overall yield).

Compound 4: yellow oil; Rf 0.44 (EtOAc/n-Hex 2:8); [a]D
23

+88.9 (c 1.4, CHCl3); FTIR (film) nmax: 3462, 1748, 1691,
1348 cm�1; 1H NMR (250 MHz, CDCl3) d: 7.48–7.00 (m,
10H), 6.11 (dd, J¼7.3, 5.8 Hz, 1H), 4.76 (m, 1H), 4.44–
4.14 (m, 4H), 4.11–4.00 (m, 1H), 3.23 (dd, J¼13.1,
3.1 Hz, 1H), 2.71–2.49 (m, 3H), 2.12–1.94 (m, 2H), 1.89–
1.51 (m, 2H), 1.31 (t, J¼7.3 Hz, 3H); 13C NMR
(62.9 MHz, CDCl3) d: 184.5, 174.4, 168.3, 141.4, 134.9,
129.3, 129.1, 128.3, 127.5, 125.9, 123.0 (q, J¼286.7 Hz),
78.6 (q, J¼29.6 Hz), 69.7, 63.7, 60.5, 43.8, 37.1, 35.9,
28.4, 27.3, 13.9; 19F NMR (235.3 MHz, CDCl3) d: �75.4
(s, 3F); MS (DIS EI 70 eV) m/z (%): 524 [M+H+] (36),
330 (62), 194 (100); HRMS m/z 523.1630 (calculated
523.1633, C26H28F3NO5S).

Compound 5: yellow oil; Rf 0.36 (EtOAc/n-Hex 2:8); [a]D
23

+37.3 (c 1.6, CHCl3); FTIR (film) nmax: 3467, 1747, 1693,
1498 cm�1; 1H NMR (250 MHz, CDCl3) d: 7.47–7.02 (m,
10H), 6.34 (dd, J¼10.4, 3.7 Hz, 1H), 4.95 (m, 1H), 4.44–
4.14 (m, 5H), 3.29 (dd, J¼13.1 and 3.1 Hz, 1H), 2.67 (dd,
J¼13.1 and 10.4 Hz, 1H), 2.65–2.53 (m, 2H), 2.11–1.99
(m, 1H), 1.85–1.45 (m, 3H), 1.32 (t, J¼6.9 Hz, 3H); 13C
NMR (62.9 MHz, CDCl3) d: 184.7, 174.3, 167.1, 141.2,
134.9, 129.3, 129.0, 128.3, 127.5, 123.2 (q, J¼288.5 Hz),
79.1 (q, J¼29.6 Hz), 69.8, 63.7, 59.9, 42.7, 37.0, 35.0,
28.8, 28.3, 13.8; 19F NMR (235.3 MHz, CDCl3) d: �75.6
(s, 3F); MS (DIS EI 70 eV) m/z (%): 524 [M+H+] (13),
330 (38), 194 (100).

3.3. Cleavage of the oxazolidin-2-thione

3.3.1. A—Cleavage with BnOH. General procedure. To
a solution of 4 (102 mg, 0.19 mmol) in CH2Cl2 (5 mL),
neat BnOH (40 mL, 0.38 mmol) and DMAP (4.2 mg,
0.038 mmol) were added. The solution was refluxed for
one week. The solvent was removed in vacuo and the crude
was purified by FC (n-Hex/EtOAc 9:1), affording 30 mg of
6, 5 mg of ent-7, and 15 mg of their mixture (60% overall
yield).

Compound 6: colorless oil; Rf 0.25 (EtOAc/n-Hex 1:9); [a]D
23

+7.9 (c 0.9, CHCl3); FTIR (film) nmax: 3741, 1748,
1456 cm�1; 1H NMR (250 MHz, CDCl3) d: 7.41–6.99 (m,
10H), 5.08 (s, 2H), 4.23–3.99 (m, 3H), 3.26 (dd, J¼9.4,
4.5 Hz, 1H), 2.64–2.53 (m, 2H), 2.02–1.46 (m, 4H), 1.24
(t, J¼6.6 Hz, 3H); 13C NMR (62.9 MHz, CDCl3) d: 171.1,
168.9, 141.7, 134.9, 128.6, 128.5, 128.3, 123.1 (q,
J¼288.4 Hz), 78.1 (q, J¼29.6 Hz), 67.1, 63.8, 47.7, 35.6,
29.2, 25.8, 13.6; 19F NMR (235.3 MHz, CDCl3) d: �75.1
(s, 3F); MS (DIS EI 70 eV) m/z (%): 439 [M+H+] (54),
117 (78), 91 (100); HRMS m/z 438.1649 (calculated
438.1647, C23H25F3O5).

Compound 7: colorless oil; Rf 0.20 (EtOAc/n-Hex 1:9); [a]D
23

�3.8 (c 1.4, CHCl3); FTIR (film) nmax: 3467, 1746,
1456 cm�1; 1H NMR (250 MHz, CDCl3) d: 7.29–6.99 (m,
10H), 5.21 (d, J¼12.0 Hz, 1H), 5.11 (d, J¼12.0 Hz, 1H),
4.47 (s, 1H), 4.35–4.20 (m, 2H), 3.21 (dd, J¼11.7, 3.4 Hz,
1H), 2.56 (m, 2H), 2.07–1.87 (m, 1H), 1.65–1.29 (m, 3H),
1.24 (t, J¼6.8 Hz, 3H); 13C NMR (62.9 MHz, CDCl3) d:
171.9, 167.2, 141.2, 134.9, 128.6, 128.3, 128.2, 125.9,
123.1 (q, J¼288.5 Hz), 78.5 (q, J¼27.7 Hz), 67.4, 63.7,
46.9, 35.1, 28.6, 27.1, 13.8; 19F NMR (235.3 MHz,
CDCl3) d: �76.9 (s, 3F); MS (DIS EI 70 eV) m/z (%): 439
[M+H+] (59), 421 (100).

3.3.2. B—Cleavage with K2CO3. General procedure. To
a solution of 4 (91 mg, 0.17 mmol) in moist dioxane
(2 mL), K2CO3 (70 mg, 0.51 mmol) was added. The result-
ing mixture was stirred for 10 h. The solvent was removed in
vacuo and the crude was dissolved in EtOAc. A 1 M solution
of HCl was added until pH 1–2 was reached. The layers were
separated and the aqueous phase was extracted with EtOAc.
The collected organic phases were dried over anhydrous
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Na2SO4, filtered and the solvent was removed in vacuo to
give 42 mg of 8 (71% yield).

Compound 8: colorless oil; Rf 0.48 (CHCl3/MeOH 8:2);
[a]D

23 +16.5 (c 1.4, MeOH); FTIR (film) nmax: 3466.6,
1732.9, 1454.5 cm�1; 1H NMR (400 MHz, CD3OD) d:
7.29–7.05 (m, 5H), 4.25 (q, J¼7.5 Hz, 2H), 3.13 (m, 1H),
2.71–2.53 (m, 2H), 1.95–1.52 (m, 4H), 1.27 (t, J¼7.5 Hz,
3H); 13C NMR (100.6 MHz, CD3OD) d: 177.0, 168.9,
141.5, 128.3, 128.2, 125.9, 122.9 (q, J¼288.5 Hz), 77.9 (q,
J¼29.6 Hz), 64.2, 47.8, 35.6, 29.2, 25.7, 13.6; 19F NMR
(235.5 MHz, CD3OD) d: �75.6 (s, 3F); MS (DIS EI
70 eV) m/z (%): 349 [M+H+] (65), 330 (60), 91 (100);
HRMS m/z 348.1200 (calculated 348.1198, C16H19F3O5).

Compound 9: colorless oil; Rf 0.46 (CHCl3/MeOH 8:2);
[a]D

23 +11.9 (c 0.9, MeOH); FTIR (film) nmax: 3476, 1748,
1454 cm�1; 1H NMR (400 MHz, CD3OD) d: 7.28–7.09
(m, 5H), 4.29–4.15 (m, 2H), 3.05 (dd, J¼11.7, 3.2 Hz,
1H), 2.61 (dt, J¼7.2, 2.0 Hz, 2H), 1.97–1.85 (m, 1H),
1.76–1.59 (m, 2H), 1.44–1.32 (m, 1H), 1.21 (t, J¼7.2 Hz,
3H); 13C NMR (100.6 MHz, CD3OD) d: 174.8, 168.7,
141.8, 129.4, 126.9, 124.8 (q, J¼282.6 Hz), 80.4 (q,
J¼27.7 Hz), 64.1, 49.2, 36.2, 30.2, 27.8, 14.2; 19F NMR
(235.3 MHz, CD3OD) d: �74.1 (s, 3F); MS (DIS EI 70 eV)
m/z (%): 349 [M+H+] (5), 330 (18), 159 (40), 91 (100).

3.4. Synthesis of peptidomimetics esters 11a–c and 8x.
General procedure

To a solution of 8 (198 mg, 0.57 mmol) and 10a (98 mg,
0.68 mmol) in dry DMF (5 mL), HOAt (77 mg,
0.57 mmol), HATU (217 mg, 0.57 mmol), and TMP
(150 mL, 1.14 mmol) were added. The solution was stirred
for 2 h, then diluted with H2O. The resulting mixture was ex-
tracted with Et2O and the organic phase was washed with
a 1 M solution of HCl and with brine. After drying over
anhydrous Na2SO4, and filtration, the solvent was removed
in vacuo, and the residue was purified by FC (n-Hex/EtOAc
6:4) to give 192 mg of 11a (71% yield), as a white solid: Rf

0.67 (EtOAc/n-Hex 6:4); [a]D
23 +4.5 (c 1.8, CHCl3); FTIR

(microscope) nmax: 3307, 1754, 1647, 1535 cm�1; 1H NMR
(400 MHz, CDCl3) d: 7.29–7.19 (m, 2H), 7.18–7.07 (m,
3H), 6.70 (br d, J¼9.3 Hz, 1H), 6.03, (br s, 1H), 4.92 (br s,
1H), 4.33–4.17 (m, 2H), 4.14 (d, J¼9.3 Hz, 1H), 3.08 (dd,
J¼9.3, 5.9 Hz, 1H), 2.72 (d, J¼4.6 Hz, 3H), 2.70–2.52 (m,
2H), 1.93–1.79 (m, 2H), 1.61 (m, 2H), 1.27 (t, J¼7.2 Hz,
3H), 0.94 (s, 9H); 13C NMR (100.6 MHz, CDCl3) d: 171.5,
170.5, 168.7, 141.5, 128.4, 128.2, 125.9, 122.9 (q, J¼
285.9 Hz), 78.9 (q, J¼28.9 Hz), 63.6, 60.8, 49.1, 35.7,
34.5, 28.7, 26.6, 26.4, 26.1, 13.8; 19F NMR (235.3 MHz,
CDCl3) d: �74.5 (s, 3F); MS (DIS EI 70 eV) m/z (%): 474
[M+] (8), 416 (18), 86 (100); HRMS m/z 474.2340 (calcu-
lated 474.2333, C23H33F3N2O5).

Compound 11b: white solid; Rf 0.42 (EtOAc/n-Hex 6:4);
[a]D

23 +2.9 (c 1.2, in CHCl3); FTIR (microscope) nmax:
3300, 1745, 1650, 1517.1 cm�1; 1H NMR (400 MHz,
CDCl3) d: 7.29–7.21 (m, 2H), 7.19–7.00 (m, 6H), 6.79 (d,
J¼8.8 Hz, 2H), 6.68 (br d, J¼7.7 Hz, 1H), 5.80 (br s, 1H),
4.47 (q, J¼7.2 Hz, 1H), 4.33–4.19 (m, 2H), 3.72 (s, 3H),
3.04 (dd, J¼10.9, 4.4 Hz, 1H), 2.90 (dd, J¼13.7, 7.2 Hz,
1H), 2.88 (dd, J¼13.7, 7.2 Hz, 1H), 2.67 (d, J¼4.9 Hz,
3H), 2.63–2.46 (m, 2H), 1.86–1.65 (m, 2H), 1.52–1.39 (m,
2H), 1.28 (t, J¼7.2 Hz, 3H); 13C NMR (100.6 MHz,
CDCl3) d: 171.2, 170.7, 169.2, 158.8, 141.5, 130.1, 128.4,
128.3, 128.2, 125.9, 122.8 (q, J¼287.5 Hz), 114.3, 78.5 (q,
J¼29.3 Hz), 64.0, 55.2, 54.8, 49.3, 37.3, 35.5, 28.6, 26.2,
13.8; 19F NMR (235.3 MHz, CDCl3) d: �74.3 (s, 3F); MS
(DIS EI 70 eV) m/z (%): 539 [M+H+] (34), 191 (100);
HRMS m/z 538.2281 (calculated 538.2282, C27H33F3N2O6).

Compound 11c: white solid; Rf 0.19 (AcOEt/n-Hex 1:1);
[a]D

23 +13.9 (c 0.84, CHCl3); FTIR (microscope) nmax:
3284, 1750, 1639, 1531 cm�1; 1H NMR (250 MHz,
CDCl3) d: 7.43 (br s, 1H), 7.35–7.08 (m, 5H), 7.02 (br s,
1H), 5.01 (br s, 1H), 4.59 (br s, 1H), 4.38–4.19 (m, 2H),
3.46–3.25 (m, 1H), 3.18 (dd, J¼10.8, 4.2 Hz, 1H), 3.13–
2.95 (m, 1H), 2.74 (d, J¼4.4 Hz, 3H), 2.69–2.54 (m, 2H),
2.03–1.70 (m, 4H), 1.69–1.56 (m, 2H), 1.46 (s, 9H), 1.31
(t, J¼6.8 Hz, 3H); 13C NMR (62.9 MHz, CDCl3) d: 171.9,
171.6, 168.8, 156.7, 141.5, 128.4, 128.2, 125.7, 122.9 (q,
J¼286.7 Hz), 78.9 (q, J¼29.6 Hz), 63.2, 48.3, 35.5, 28.6,
28.3, 25.9, 13.7; 19F NMR (235.3 MHz, CDCl3) d: �74.2
(s, 3F); MS (DIS EI 70 eV) m/z (%): 576 [M+H+] (20),
474 (30), 430 (60), 57 (100); HRMS m/z 575.2811 (calcu-
lated 575.2808, C27H40F3N3O7).

Compound 8x: white solid; Rf 0.29 (AcOEt/n-Hex 4:6); [a]D
23

�10.4 (c 1.2, CHCl3); mp¼93–97 �C (EtOAc/n-Hex);
FTIR (microscope) nmax: 3280, 1752, 1641, 1533.5 cm�1;
1H NMR (250 MHz, CDCl3) d: 7.37–7.11 (m, 10H), 6.53
(d, J¼7.9 Hz, 1H), 5.96 (br t, J¼5.3 Hz, 1H), 4.36–4.22
(m, 3H), 3.59–3.43 (m, 2H), 3.04 (dd, J¼11.2, 5.3 Hz, 1H),
3.87–2.77 (m, 2H), 2.73–2.57 (m, 2H), 1.94–1.82 (m, 2H),
1.79–1.68 (br s, 1H), 1.67–1.57 (m, 2H), 1.33 (t, J¼7.2 Hz,
3H), 1.27 (d, J¼6.6 Hz, 3H); 13C NMR (62.9 MHz,
CDCl3) d: 171.4, 170.7, 168.8, 141.5, 138.4, 128.7,
128.6, 128.3, 128.2, 126.5, 125.9, 123.0 (q, J¼286.7 Hz),
78.6 (q, J¼29.5 Hz), 63.6, 48.7, 40.7, 35.5, 35.3, 28.7,
25.8, 18.4, 13.8; 19F NMR (235.3 MHz, CDCl3) d: �73.8
(s, 3F); MS (DIS EI 70 eV) m/z (%): 576 [M+H+] (20), 474
(30), 430 (60), 57 (100). Anal. Calcd for C27H33F3N2O5:
C, 62.06; H, 6.37; N, 5.36. Found: C, 61.98; H, 6.44;
N, 5.31.

3.5. Synthesis of acids 12a–c. General procedure

To a solution of 11a (123 mg, 0.26 mmol) in a MeOH/H2O
7:3 mixture (5 mL), a 0.5 M aqueous solution of KOH
(1.00 mL, 0.52 mmol) was added. The reaction was stirred
for 2 h, then the MeOH was removed in vacuo. A 1 M solu-
tion of HCl was added until pH 1–2 was reached, and the re-
action mixture was extracted with EtOAc. The organic phase
was dried over anhydrous Na2SO4, filtered and the solvent
was removed in vacuo to give 111 mg of 12a (96% yield),
as a white solid: Rf 0.54 (CHCl3/MeOH 7:3); [a]D

23 +1.3 (c
1.2, MeOH); FTIR (microscope) nmax: 3453, 1749, 1654,
1488 cm�1; 1H NMR (400 MHz, CD3OD) d: 7.30–7.06
(m, 5H), 4.19 (s, 1H), 3.23 (dd, J¼10.3, 4.7 Hz, 1H), 2.64
(s, 4H), 2.59–2.50 (m, 1H), 1.85–1.74 (m, 2H), 1.68–1.51
(m, 2H), 0.97 (s, 9H); 13C NMR (100.6 MHz, CD3OD) d:
174.1, 172.6, 170.8, 141.5, 128.4, 128.2, 125.9, 122.9 (q,
J¼285.9 Hz), 78.9 (q, J¼28.9 Hz), 63.6, 35.7, 34.5, 28.7,
26.6, 26.4, 26.1, 13.8; 19F NMR (250 MHz, CD3OD) d:
�74.5 (s, 3F); MS (DIS EI 70 eV) m/z (%): 447 [M+H+]
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(8), 388 (20), 91 (40), 86 (100); HRMS m/z 446.2018 (calcu-
lated 446.2021, C21H29F3N2O5).

Compound 12b: white solid; Rf 0.45 (CHCl3/MeOH 7:3);
[a]D

23 +4.2 (c 0.3, MeOH); FTIR (microscope) nmax: 3371,
1743, 1654, 1434 cm�1; 1H NMR (400 MHz, CD3OD) d:
7.29–7.19 (m, 2H), 7.17–7.03 (m, 5H), 6.81 (d, J¼8.9 Hz,
2H), 4.51 (t, J¼7.2 Hz, 1H), 3.70 (s, 3H), 3.06–2.98 (m,
2H), 2.86 (dd, J¼14.1, 7.9 Hz, 1H), 2.64 (s, 3H), 2.61–
2.41 (m, 2H), 1.79–1.60 (m, 2H), 1.48–1.36 (m, 2H); 13C
NMR (100.6 MHz, CD3OD) d: 173.6, 170.6, 169.9, 158.9,
141.2, 130.2, 128.4, 128.3, 127.6, 126.0, 123.0 (q,
J¼284.7 Hz), 114.3, 77.6 (q, J¼28.9 Hz), 55.8, 55.3, 48.1,
37.7, 35.2, 28.4, 27.4, 26.2; 19F NMR (235.3 MHz,
CD3OD) d: �72.5 (s, 3F); MS (DIS EI 70 eV) m/z (%):
511 [M+H+] (15), 209 (20), 191 (100); HRMS m/z
510.1965 (calculated 510.1970, C25H29F3N2O6).

Compound 12c: white solid; Rf 0.27 (CHCl3/MeOH 8:2);
[a]D

23 �1.9 (c 1.1, MeOH); FTIR (microscope) nmax: 3302,
1746, 1656, 1522 cm�1; 1H NMR (250 MHz, CD3OD) d:
7.30–7.07 (m, 5H), 4.38–4.25 (m, 1H), 3.16–2.98 (m, 3H),
2.68 (s, 3H), 2.65–2.48 (m, 2H), 1.89–1.55 (m, 8H), 1.42
(s, 9H); 13C NMR (62.9 MHz, CD3OD) d: 174.9, 171.8,
159.5, 144.1, 130.4, 130.2, 127.7, 125.8 (q, J¼286.7 Hz),
80.7 (q, J¼29.6 Hz), 62.4, 55.2, 41.5, 37.4, 31.1, 29.7,
28.6, 28.3, 27.2; 19F NMR (235.3 MHz, CD3OD) d: �72.5
(s, 3F); MS (DIS EI 70 eV) m/z (%): 548 [M+H+] (5), 430
(60), 41 (100); HRMS m/z 547.2499 (calculated 547.2496,
C25H36F3N3O7).

3.6. Synthesis of lactone 15

To a solution of 9 (50 mg, 0.14 mmol) in DMF (2 mL), HOAt
(20 mg, 0.15 mmol), HATU (57 mg, 0.15 mmol), and TMP
(37 mL, 0.28 mmol) were added. The solution was stirred
for 2 h, then diluted with H2O. The resulting mixture was ex-
tracted with Et2O and the organic phase was washed with
a 1 M solution of HCl and with brine. After drying over an-
hydrous Na2SO4, and filtration, the solvent was removed in
vacuo, and the residue was purified by FC (n-Hex/(iPr)2O
9:1) to give 33 mg of 15 (72% yield) as a colorless oil: Rf

0.55 (EtOAc/n-Hex 1:9); [a]D
23 +6.8 (c 0.8, CHCl3); FTIR

(film) nmax: 1870, 1752, 1454 cm�1; 1H NMR (400 MHz,
CDCl3) d: 7.35–7.09 (m, 5H), 4.31 (q, J¼7.2 Hz, 2H), 3.99
(m, 1H), 2.73–2.58 (m, 2H), 1.90–1.69 (m, 4H), 1.30 (t,
J¼7.2 Hz, 3H); 13C NMR (100.6 MHz, CDCl3) d: 165.5,
162.4, 140.7, 128.6, 128.4, 121.9 (q, J¼281.4 Hz), 76.5 (q,
J¼33.7 Hz), 63.6, 58.0, 35.2, 28.1, 24.8, 13.9; 19F NMR
(235.3 MHz, CDCl3) d: �77.1 (s, 3F); MS (DIS EI 70 eV)
m/z (%): 330 [M+] (17), 159 (40), 104 (100); HRMS m/z
330.1079 (calculated 330.1074, C16H17F3O4).

3.7. Synthesis of peptidomimetic ester 16

To a solution of 15 (139 mg, 0.42 mmol) and 10a (121 mg,
0.84 mmol) in DMF (5 mL), TMP (111 mL, 0.84 mmol)
was added. The solution was stirred for 6 h, then diluted
with H2O. The resulting mixture was extracted with Et2O
and the organic phase was washed with a 1 M solution of
HCl, then with brine. After drying over anhydrous Na2SO4

and filtration, the solvent was removed in vacuo, and the resi-
due was purified by FC (n-Hex/EtOAc 7:3) to give 177 mg of
16 (89% yield) as a colorless oil: Rf 0.61 (EtOAc/n-Hex 1:1);
[a]D

23 �0.5 (c 1.1, MeOH); FTIR (film) nmax: 3317, 1750,
1654, 1545 cm�1; 1H NMR (400 MHz, CD3OD) d: 7.27–
7.05 (m, 5H), 4.24–4.19 (m, 3H), 3.17 (dd, J¼11.4,
3.5 Hz, 1H), 2.65 (s, 3H), 2.47–2.54 (m, 2H), 1.96–1.74
(m, 1H), 1.59 (m, 2H), 1.38–1.28 (m, 1H), 1.22 (t,
J¼6.9 Hz, 3H), 0.98 (s, 9H); 13C NMR (100.6 MHz,
CD3OD) d: 173.9, 172.7, 168.4, 142.9, 129.5, 129.3,
126.9, 125.1 (q, J¼287.9 Hz), 80.5 (q, J¼28.1 Hz), 64.0,
62.1, 47.9, 36.3, 35.2, 29.6, 29.1, 27.1, 25.9, 14.2; 19F
NMR (235.3 MHz, CD3OD) d: �73.9 (s, 3F); MS (DIS EI
70 eV) m/z (%): 475 [M+H+] (28), 416 (20), 86 (100);
HRMS m/z 474.2330 (calculated 474.2333, C23H33F3N2O5).

3.8. Synthesis of acids 17 and 18

To a solution of 16 (278 mg, 0.59 mmol) in a MeOH/H2O
7:3 mixture (5 mL), a 0.5 M aqueous solution of KOH
(3.5 mL, 1.77 mmol) was added. The reaction was stirred
for 20 h, then the MeOH was removed in vacuo. A 1 M so-
lution of HCl was added until pH 1–2 was reached, and the
reaction mixture was extracted with EtOAc. The organic
phase was dried over anhydrous Na2SO4, filtered and the sol-
vent was removed in vacuo to give 237 mg of a mixture of 17
and 18 (90% overall yield) as a white solid: Rf 0.37 (CHCl3/
MeOH 8:2); [a]D

23 �3.9 (c 0.8, MeOH); FTIR (microscope)
nmax: 3450, 1748, 1656, 1544 cm�1; 1H NMR (400 MHz,
CD3OD) d: 7.28–7.08 (m, 5H), 4.19 (s, 1H), 3.23–3.16 (m,
1H), 2.71 (s, 3H), 2.68–2.50 (m, 2H), 1.89–1.53 (m, 4H),
0.97 (s, 9H); 13C NMR (62.9 MHz, CD3OD) d: 175.0,
172.3, 169.1, 143.0, 129.3, 126.6, 125.2 (q, J¼286.6 Hz),
79.8 (q, J¼27.3 Hz), 62.2, 36.5, 35.9, 35.1, 30.6, 29.9,
26.9, 26.0; 19F NMR (235.3 MHz, CD3OD) d: �72.9 (s,
3F); MS (DIS EI 70 eV) m/z (%): 447 [M+H+] (25), 388
(30), 91 (40), 86 (100).

3.9. Synthesis of peptidomimetics 13a–c and 19.
General procedure

To a solution of 12a (58 mg, 0.13 mmol) in a CH2Cl2/DMF
2:1 mixture (3 mL), cooled at 0 �C, a solution of
BrPO(OEt)2 (35 mg, 0.16 mmol) in CH2Cl2 (0.5 mL) and
neat TMP (34 mL, 0.26 mmol) were added dropwise. The re-
sulting solution was stirred for 45 min at 0 �C, then a solution
of BnONH2 (32 mg, 0.26 mmol) in CH2Cl2 (0.5 mL) and
neat TMP (34 mL, 0.26 mmol) were added. The reaction
was allowed to warm to rt and stirred for 5 h. The solvent
was removed in vacuo and the crude material was dissolved
in a EtOAc/Et2O 1:1 mixture. The resulting mixture was
washed with a 1 M solution of HCl and with brine, then
the organic phase was dried over anhydrous Na2SO4, filtered
and the solvent was removed in vacuo. The residue was pu-
rified by FC (n-Hex/EtOAc 6:4) to give 44 mg of 13a (61%
yield) as a white solid: Rf 0.26 (EtOAc/n-Hex 3:7); [a]D

23

�23.9 (c 1.9, CHCl3); FTIR (microscope) nmax: 3228,
1692, 1646, 1537 cm�1; 1H NMR (400 MHz, CDCl3) d:
9.02 (br s, 1H), 7.46–6.96 (m, 11H), 5.84 (d, J¼4.6 Hz,
1H), 5.69 (br s, 1H), 4.86 (s, 2H), 4.14 (d, J¼9.6 Hz, 1H),
3.10 (dd, J¼10.8, 3.9 Hz, 1H), 2.67 (d, J¼4.6 Hz, 3H),
2.60–2.43 (m, 2H), 1.81–1.61 (m, 2H),1.58–1.39 (m, 2H),
0.96 (s, 9H); 13C NMR (100.6 MHz, CDCl3) d: 172.9,
170.2, 163.8, 141.5, 134.8, 129.2, 128.8, 128.6, 128.3,
125.9, 123.2 (q, J¼286.7 Hz), 78.3, 77.8 (q, J¼28.9 Hz),
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61.3, 48.2, 35.4, 34.5, 28.5, 27.1, 26.5, 26.0; 19F NMR
(235.3 MHz, CDCl3) d: �76.4 (s, 3F); MS (DIS EI 70 eV)
m/z (%): 552 [M+H+] (12), 370 (19), 91 (99), 86 (100);
HRMS m/z 551.2599 (calculated 551.2598, C28H36F3N3O5).

Compound 13b: white solid; Rf 0.44 (EtOAc/n-Hex 1:1);
[a]D

23 �14.8 (c 1.6, CHCl3); FTIR (microscope) nmax:
3245, 1657, 1567, 1423 cm�1; 1H NMR (400 MHz,
CDCl3) d: 11.39 (br s, 1H), 7.48–7.02 (m, 13H), 6.84 (d,
J¼8.6 Hz, 2H), 5.49 (br s, 1H), 5.28 (br s, 1H), 4.93 (d,
J¼12.4 Hz, 1H), 4.87 (d, J¼12.4 Hz, 1H), 4.06 (m, 1H),
3.77 (s, 3H), 3.05–2.93 (m, 2H), 2.81 (dd, J¼13.7, 9.2 Hz,
1H), 2.60 (d, J¼4.8 Hz, 3H), 2.58–2.47 (m, 2H), 1.82–
1.57 (m, 2H), 1.55–1.43 (m, 2H); 13C NMR (100.6 MHz,
CDCl3) d: 172.6, 170.3, 163.5, 158.9, 141.5, 134.8, 130.3,
129.3, 128.9, 128.6, 128.4, 128.3, 128.2, 125.9, 123.1 (q,
J¼287.1 Hz), 114.3, 78.4 (q, J¼27.8 Hz), 55.6, 55.3, 48.4,
37.6, 35.5, 28.8, 26.9, 26.2; 19F NMR (235.3 MHz,
CDCl3) d: �76.9 (s, 3F); MS (DIS EI 70 eV) m/z (%): 616
[M+H+] (18), 191 (100); HRMS m/z 615.2551 (calculated
615.2547, C32H36F3N3O6).

Compound 13c: white solid; Rf 0.24 (EtOAc/n-Hex 1:1);
[a]D

23 �27.4 (c 1.9, CHCl3); FTIR (microscope) nmax:
3368, 1688, 1653, 1412 cm�1; 1H NMR (400 MHz,
CDCl3) d: 11.29 (br s, 1H), 7.68 (br s, 1H), 7.48–7.04 (m,
10H), 6.55 (br s, 1H), 5.61 (br s, 1H), 4.91 (m, 2H), 4.57
(br s, 1H), 4.12 (m, 1H), 3.23 (m, 1H), 3.09 (m, 1H), 2.97
(m, 1H), 2.73 (s, 3H), 2.63–2.49 (m, 2H), 1.71–1.55 (m,
7H), 1.47 (s, 10H); 13C NMR (100.6 MHz, CDCl3) d:
172.9, 171.6, 163.9, 156.8, 141.5, 134.5, 129.2, 128.5,
128.2, 125.8, 123.2 (q, J¼288.5 Hz), 79.2, 77.5, 77.1 (q,
J¼28.5 Hz), 51.8, 47.3, 38.7, 35.2, 29.6, 29.3, 28.5, 28.3,
25.9, 25.8; 19F NMR (235.3 MHz, CDCl3) d: �76.3 (s,
3F); MS (DIS EI 70 eV) m/z (%): 653 [M+H+] (5), 553
(40), 91 (100); HRMS m/z 652.3078 (calculated 652.3073,
C32H43F3N4O7).

Compound 19: white solid; Rf 0.30 (EtOAc/n-Hex 1:1); [a]D
23

+11.7 (c 0.9, CHCl3); FTIR (microscope): nmax¼3379, 1687,
1650, 1535 cm�1; 1H NMR (400 MHz, CDCl3) d: 8.10 (d,
J¼8.6 Hz, 1H), 7.43–7.05 (m, 11H), 6.07 (br s, 1H), 6.01
(d, J¼4.1 Hz, 1H), 4.81 (d, J¼10.6 Hz, 1H), 4.75 (d,
J¼10.6 Hz, 1H), 4.05 (d, J¼8.9 Hz, 1H), 3.01 (dd,
J¼11.3, 3.4 Hz, 1H), 2.56 (m, 5H), 2.02–1.50 (m, 4H),
0.99 (s, 9H); 13C NMR (100.6 MHz, CDCl3) d: 170.3,
169.7, 168.1, 141.4, 134.6, 129.3, 128.9, 128.6, 128.4,
128.3, 126.0, 123.1 (q, J¼287.1 Hz), 79.2 (q, J¼27.7 Hz),
78.5, 62.2, 44.2, 35.6, 34.6, 29.7, 28.9, 26.7, 26.1; 19F
NMR (235.3 MHz, CDCl3) d: �74.3 (s, 3F); MS (DIS EI
70 eV) m/z (%): 552 [M+H+] (100).

3.10. Synthesis of hydroxamates 14a–c and 20.
General procedure

To a solution of 13a (50 mg, 0.09 mmol) in MeOH (5 mL),
a catalytic amount of Pd(OH)2/C was added and the reaction
mixture was vigorously stirred under hydrogen atmosphere
at rt for 1 h. The palladium powder was filtered over a Celite
pad and the residue was washed with MeOH. The solvent
was removed in vacuo and the residue was purified by FC
(CHCl3/MeOH 97:3), affording 36 mg of 14a (87% yield),
as a white solid: Rf 0.44 (EtOAc/n-Hex 1:1); [a]D

23 �29.6
(c 1.3, MeOH); 1H NMR (400 MHz, CD3OD) d: 7.26–7.09
(m, 5H), 4.20 (s, 1H), 3.28 (m, 1H), 2.62 (s, 4H), 2.58–
2.48 (m, 1H), 1.81–1.71 (m, 2H), 1.68–1.46 (m, 2H), 0.97
(s, 9H); 13C NMR (100.6 MHz, CD3OD) d: 175.2, 173.6,
166.9, 144.1, 130.2, 130.1, 127.7, 125.8 (q, J¼287.6 Hz),
80.5 (q, J¼28.1 Hz), 64.9, 39.2, 37.5, 36.0, 30.8, 28.9,
28.0, 26.7; 19F NMR (235.3 MHz, CD3OD) d: �73.0 (s,
3F); MS (DIS EI 70 eV) m/z (%): 462 [M+H+] (10), 91
(30), 86 (100); HRMS m/z 461.2131 (calculated 461.2130,
C21H30F3N3O5).

Compound 14b: white solid; Rf 0.31 (EtOAc/n-Hex 7:3);
[a]D

23�17.4 (c 0.9, MeOH); FTIR (microscope): nmax¼3215,
1654, 1546 cm�1; 1H NMR (400 MHz, CDCl3) d: 7.27–7.06
(m, 7H), 6.85 (d, J¼8.7 Hz, 2H), 4.48 (t, J¼7.4 Hz, 1H),
3.71 (s, 3H), 3.08 (dd, J¼10.4, 4.1 Hz, 1H), 2.99 (dd,
J¼13.9, 7.7 Hz, 1H), 2.88 (dd, J¼13.9, 7.4 Hz, 1H), 2.59
(s, 3H), 2.57–2.46 (m, 2H), 1.74–1.64 (m, 2H), 1.54–1.43
(m, 2H); 13C NMR (100.6 MHz, CDCl3) d: 174.4, 173.9,
166.6, 160.7, 143.7, 131.8, 130.7, 129.9, 129.8, 127.4,
125.5 (q, J¼285.9 Hz), 115.5, 80.1 (q, J¼27.1 Hz), 57.2,
56.2, 38.6, 37.1, 30.9, 30.4, 28.3, 26.7; 19F NMR
(235.3 MHz, CDCl3) d: �73.4 (s, 3F); MS (DIS EI 70 eV)
m/z (%): 526 [M+H+] (5), 191 (100); HRMS m/z 525.2082
(calculated 525.2079, C25H30F3N3O6).

Compound 14c: white solid; Rf 0.22 (EtOAc/n-Hex 7:3);
[a]D

23 �25.2 (c 1.9, MeOH); 1H NMR (400 MHz, CD3OD)
d: 7.28–7.07 (m, 5H), 4.38–4.27 (m, 1H), 3.20 (dd,
J¼10.9, 3.7 Hz, 1H), 3.11–2.96 (m, 2H), 2.66 (s, 3H),
2.64–2.51 (m, 2H), 1.85–1.55 (m, 6H), 1.47 (m, 2H), 1.42
(s, 9H); 13C NMR (62.9 MHz, CD3OD) d: 174.7, 174.4,
166.7, 158.8, 143.5, 129.7, 129.6, 127.1, 124.4 (q,
J¼286.7 Hz), 80.1, 79.7 (q, J¼29.6 Hz), 62.4, 54.4, 40.9,
36.8, 30.5, 30.3, 29.1, 27.7, 27.4, 26.5; 19F NMR
(235.3 MHz, CD3OD) d: �72.9 (s, 3F); MS (DIS EI
70 eV) m/z (%): 563 [M+H+] (5), 114 (45), 91 (100);
HRMS m/z 562.2600 (calculated 562.2605, C25H37F3N4O7).

Compound 20: white solid; Rf 0.24 (EtOAc/n-Hex 7:3); [a]D
23

+1.8 (c 0.9, MeOH); 1H NMR (400 MHz, CD3OD) d: 7.29–
7.07 (m, 5H), 4.15 (s, 1H), 2.86 (dd, J¼11.4, 3.0 Hz, 1H),
2.70 (s, 3H), 2.69–2.62 (m, 2H), 2.61–1.51 (m, 4H), 0.97
(s, 9H); 13C NMR (100.6 MHz, CD3OD) d: 172.4, 170.2,
168.3, 142.9, 129.4, 129.3, 126.8, 124.9 (q, J¼286.7 Hz),
79.7 (q, J¼26.9 Hz), 63.2, 46.7, 36.5, 35.5, 30.1, 27.4,
27.2, 26.1; 19F NMR (235.3 MHz, CD3OD) d: �73.5 (s,
3F); MS (DIS EI 70 eV) m/z (%): 462 [M+H+] (8), 446
(18), 99 (40), 86 (100).

3.11. X-ray structure analysis of 8x

A colorless crystal with approximate dimensions 0.25�0.3�
0.4 mm was used. Hexagonal, space group P65, a¼13.038(1),
b¼13.038(1), c¼28.066(4) Å, V¼4131.7(7) Å3, Z¼6, Dc¼
1.260 g cm�3, m¼0.844 mm�1, Bruker P4 diffractometer
with graphite monochromated Cu Ka radiation (l¼
1.54179 Å), u/2q scan technique, room temperature, a total
of reflections 6037 (2541 unique, Rint¼0.072) collected up
to 2q¼134.0�. The structure was solved by direct methods18

and refined19 against F2, the amide and the hydroxyl hydro-
gen atoms were determined from Fourier difference maps
and refined, as the other H atoms, in riding mode.
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R1¼0.0414 (Rw¼0.098) for 1952 observed reflections
[I�2s(I)], 336 parameters refined, R1¼0.0585 (Rw¼
0.1074) for all data, goodness of fit¼1.012, residual electron
density of 0.164 and �0.118 e Å�3. The value of the Flack
index20 is 0.0(3) for space group P65 and 0.2(3) for space
group P61. Although hardly significant it points to the correct
enantiomer that can be readily identified since L-alanine was
used in the synthesis of 8x.

3.12. Biological assays

3.12.1. Zymographic analysis. Tfm-hydroxamates 14a–c
and 20 were dissolved in EtOH to yield 10�1 M stock and
further diluted in test solutions. Subconfluents human mela-
noma cells WM983A were incubated in serum free medium
for 24 h. The conditioned medium containing pro-MMP-9
and pro-MMP-2 was then analyzed by zymography. Sam-
ples in 70 mM Tris–HCl pH 6.8, 10% glycerol, 2% SDS,
and 0.01% bromophenol blue were applied to SDS–poly-
acrylamide (8%) gels co-polymerized with 1 mg/mL gelatin.
After electrophoresis, gels were washed three times for
20 min with 2.5% Triton X-100 at room temperature and
incubated overnight in 50 mM Tris–HCI, pH 7.5, 5 mM
CaCl2, 150 mM NaCl, and 0.02% Brij-35 at 37 �C in the
presence or not of Tfm-hydroxamates. Gels were then
stained with 0.5% Coomassie blue in 25% methanol and
10% acetic acid, and destained in the same solution without
Coomassie blue. Gel images were acquired with a Duoscan
T1200 scanner (AGFA), and the levels of MMPs were
quantified by the Image-Pro Plus 4.1 program. The results
were expressed in arbitrary units (IOD) and the IC50 was
calculated.

3.13. Molecular modeling

Ab initio quantum chemical calculations on the active site
models were performed using hybrid density functional
theory (HDFT) at the B3LYP/6-31G* level,21 using the
GAMESS-USA program.22 Geometries were fully opti-
mized in vacuo, without any restraints.

Molecular dynamics simulations of the inhibitors were per-
formed with the DYNAMO program23 using a hybrid QM/
MM description. Inhibitors A and 1 [R1¼CH2CH(CH3)2,
R2¼4-CH3O–C6H4CH2, R3¼CH3] were fully solvated in
a large box of water molecules and simulated in the NVT
ensemble at 300 K for over 10 ns. The PM3 semiempirical
method24 was used to describe the hydroxamate and the
neighboring P1 group (including –CH3 or –CF3) of the inhib-
itors. This was done in order to avoid any parametrization of
these non-standard functional groups. The TIP3P water
model and the OPLS-AA force field were used to describe
the remaining atoms.25 The interface between the MM and
QM regions of the inhibitors was treated by the link-atom
method.23 The PM3 method including the recent re-para-
metrization for Zn by Merz and co-workers24c was used also
to describe the protein active site (Zn2+ ion and the three hys-
tidine rings) in our MD simulations of the protein-inhibitor
complexes. The conformational free energy profiles (or
potential of mean force) of the inhibitors in water were
computed by umbrella sampling and subsequent WHAM
analysis.26 In particular, we applied harmonic restraints on
one torsion angle, centered at values spaced by 30� [force
constant 0.035 kJ/(mol deg2), 1 ns MD simulations for
each harmonic window].
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Abstract—Homonuclear Diels–Alder dimerization of various 5-ethenyl-2-phenylsulfanyl-1H-imidazoles provided a novel highly regio- and
stereoselective route to the preparation of multifunctionalized 4,5,6,7-tetrahydrobenzimidazoles, which is the basic skeleton of ageliferin,
a biologically active pyrrole-imidazole marine alkaloid. The reaction was applied to the synthesis of 12,120-dimethylageliferin.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, many types of biologically active pyrrole-imid-
azole alkaloids have been isolated from marine lives such as
sponges, and they have become an important focus of scien-
tific attention.1,2 In 1990, ageliferins 1–3 were isolated from
Agelas sponges and found to have various biological proper-
ties such as actomyosin ATPase,3 antiviral, antibacterial,4

and several other interesting activities.5 The structural skele-
ton of 1–3 in Figure 1 has been considered to be biochemi-
cally synthesized through [4p+2p] cycloaddition1b,3,4 of
the simplest pyrrole-imidazole alkaloids, oroidin 46 or/and
hymenidin 5.7 We have investigated the total synthesis of
several biologically active imidazole marine alkaloids,8 and
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at this time our attention was focused on the asymmetric total
synthesis of ageliferins via a biomimetic synthetic route. In
this paper, we would like to present a highly regio- and stereo-
selective homonuclear Diels–Alder (DA) dimerization of
various 5-ethenyl-2-phenylsulfanyl-1H-imidazoles 8, 9,
and the first synthesis of a 12,120-dimethyl derivative of
ageliferin 22.9 In 2004, Baran and co-workers reported the
total synthesis of 1 by microwave heating of sceptrin,10 a
pyrrole-imidazole alkaloid.11

2. Results and discussion

To examine the reactivity of 5(4)-ethenylimidazoles under
thermal reaction conditions, various DA dimerization precur-
sors, 8a–c and 9a–f, were prepared from 1,2-disubstituted
imidazoles 6 as shown in Scheme 1.12 Formylimidazoles
7 were prepared through 5-lithioimidazoles13 and then
converted to vinylimidazoles, 8a–c, by Wittig reaction.
E-Acrylates 9a–e were prepared from 7 by applying Horner–
Wadsworth–Emmons reaction.14 The amide 9f was obtained
from the ester 9a.

The result of DA dimerization of 8a–c and 9a–f is summa-
rized in Table 1. The desired homonuclear DA dimerization
of 8a–c and 9a,b proceeded successfully (entries 1–5).
Although there have been several examples of intermolecu-
lar DA reactions of 4- or 5-ethenylimidazole derivatives as
the diene component with active dienophiles such as N-phe-
nylmaleimide or 4-phenyl-1,2,4-triazoline-3,5-dione,15,16

homonuclear DA dimerization of imidazole derivatives has
not been developed.

mailto:sohta@mb.kyoto-phu.ac.jp
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Scheme 1. Reagents and conditions: (a) LTMP, DMF, THF, DME, �78 �C, 98% (7a), 83% (7b), 95% (7c); (b) n-BuLi, DMF, THF, �78 �C, 58%; (c) n-BuLi,
Ph3P+MeBr�, THF, 0 �C to rt, 90% (8a), 77% (8b); (d) PhLi, Ph3P+EtBr�, AcOH, t-BuOK, THF, Et2O,�66 �C to rt, 92% (8c); (e) (EtO)2P(O)CH2CO2Et, LiCl,
DBU, MeCN, rt, 99% (9a), 100% (9b), 86% (9d); (f) 10% HCl aq, EtOH, 60 �C, 71% (from 9b); (g) NH3, MeOH, rt, 59% (from 9a).

Table 1. DA dimerization of the alkenyl imidazoles 8 and 9
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Entry Starting
Compd

Reaction
conditiona

Reaction
time (h)

R1 R2 R3 Yield (10+11
or 12) (%)b

Ratio
(10/11 or 12)c

Product(s)

1 8a A 30 Me SPh H 92 — 10a
2 8b B 30 SEM SPh H 36 — 10b
3 8c B 75 Me SPh Me 42 1:0 10c
4 9a A 30 Me SPh CO2Et 55 50:1 10d/11a
5 9b C 60 MOM SPh CO2Et 14d 4:1 10e/11b
6 9c D 60 H SPh CO2Et 0e — —
7 9d D 60 Me TBS CO2Et 0e — —
8 9e D 60 Me H CO2Et 0d — —
9 9f D 30 Me SPh CONH2 59 1:1.2 10f/12

a Reaction conditions: (A) refluxed in xylene at 140 �C; (B) neat in sealed tube at 150 �C; (C) neat in sealed tube at 100 �C; (D) neat in sealed tube at 120 �C.
b Isolated yield.
c Determined by 1H NMR.
d Starting material was mainly recovered.
e Decomposed.
Fortunately, we found that the plane and stereo structure of
the major products 10c–e were consistent with those of age-
liferins.17 Especially, the DA dimerization of 9a proceeded
in regio- and stereoselective fashion to give the multifunc-
tionalized 4,5,6,7-tetrahydrobenzimidazole 10d in 54%
yield (entry 4). On the other hand, the reaction of 9c–e
gave no DA product (entries 6–8); this result shows that the
presence of the alkyl group at the 1-position and the phenyl-
sulfanyl group at the 2-position of the imidazole ring might
be important for the DA dimerization of 5-ethenylimid-
azoles. The amide 9f provided the DA dimerized product in
relatively good yield (59%); however, the structure of the
major product was imide 12 and unfortunately the undesired
5,6-cis-substituted 4,5,6,7-tetrahydrobenzimidazole.

We calculated the LUMO and HOMO energies and orbital
coefficients of 5-[(2-methoxycarbonyl)ethenyl]-1-methyl-
2-phenylsulfanyl-1H-imidazole 9g as a model substrate using
the MOPAC PM3 semiempirical method (Fig. 2, Table 2).18

These results indicated that the ethyl acrylate 9a might
also react as both diene (C4–C5–C6–C7) and dienophile
(C6–C7) in the homonuclear [4p+2p] cycloaddition to
produce the desired product 10d.

Next, we planned the synthesis of 16a,b starting from diester
10d as model compounds of the ageliferin analogue (Scheme
2). The diol 13 was obtained by LiAlH4 reduction of the
diester 10d in 98% yield. Introduction of the nitrogen
function into the side chain of the 5- and 6-position of the
4,5,6,7-tetrahydrobenzimidazole nucleus was achieved by
Mitsunobu reaction, combination of DEAD, PPh3, and
phthalimide, to give the imide 14. Removal of the phenylsul-
fanyl groups of 14 by desulfurization with a combination of
NiCl2 and NaBH4

19 gave the 2,20-unsubstituted derivative 15
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in 62% yield. Two-step conversion of 14 and 15 afforded
the pyrrole-imidazole dimers 16a and b in 49 and 72% yields,
respectively.

Encouraged by this result, we then planned the synthesis of
12,120-dimethylageliferin 24 (Scheme 3). The hydroxyl
groups of 13 were protected by the TBDPS group to give

Table 2. The LUMO and HOMO energies and orbital coefficients of 9g

Figure 2. Approach of the LUMO (upper) to HOMO (lower) orbital of the
methyl ester 9g.
the silyl ether 17 in 99% yield and the stereo structure of
17 was further confirmed by X-ray crystallographic analysis
as shown in Figure 3.20 After removal of the phenylsulfanyl
groups of 17 by desulfurization with NiCl2 and NaBH4,
introduction of azide groups into the 2- and 20-position of
the imidazole nucleus of 18 was achieved by lithiation with
sec-BuLi followed by treatment with trisyl azide21 to give
the diazide 19 in 39% overall yield from 17. The diazide 19
was hydrogenated over 5% Pd/C, and the resulting primary
amino groups were protected with benzaldehyde to afford
the diimine 20 followed by the removal of TBDPS groups
by the action of CsF to give the diol 21 (42% in three steps).
After several examinations for introduction of a nitrogen
function by a substitution reaction of 21, we found that the di-
azide compound 22 was obtained in excellent yield (95%) by
the combination of DEAD, PPh3, and DPPA.22 The diazide
22 was converted to the corresponding diamine by selective
reduction with PPh3 in the presence of H2O,23 and then the
diamine was acylated with 4-bromo-2-(trichloroacetyl)pyr-
role24 to give the protected ageliferin analogue 23 (21% yield
in two steps). Finally, hydrolysis of the imino groups of 23
with dilute hydrochloric acid gave 12,120-dimethylageliferin
dihydrochloride 24 as powder.

3. Conclusion

We have successfully developed a convenient and efficient
preparation method for the highly functionalized 4,5,6,7-
tetrahydrobenzimidazole derivatives by novel homonuclear
DA dimerization reactions of 5-alkenyl imidazoles with high
regio- and stereoselectivity. And the method could be applied
to the first synthesis of an ageliferin derivative 24. We are
currently investigating the scope of this reaction with various
N
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Scheme 2. Reagents and conditions: (a) LiAlH4, THF, rt, 98%; (b) DEAD, PPh3, phthalimide, THF, 0 �C–rt, 63%; (c) NiCl2$6H2O, NaBH4, THF, MeOH,
0 �C–rt, 62%; (d) NH2NH2, 70 �C, then K2CO3, 4-bromo-2-(trichloroacetyl)pyrrole, DMAc, rt, 49% (16a), 72% (16b).
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imidazole substitution patterns and the asymmetric total
synthesis of ageliferins (1–3) and their analogues.

4. Experimental

4.1. General

Melting points were measured with a Yanaco MP micro-
melting point apparatus and are uncorrected. IR spectra
were taken with Shimadzu IR-435 spectrophotometer.
NMR (1H, 13C) spectra were measured on Varian UNITY
INOVA 400NB (1H: 400 MHz, 13C: 100 MHz) and the
chemical shifts were expressed in parts per million (ppm)
downfield from tetramethylsilane as the internal standard
(1H) or referenced of solvent peak (13C). MS and HRMS
were measured on JEOL JMS BU-20 (EI) or JEOL JMS-
SX 102A QQ (FAB) spectrometer. Silica gel (Merck Art.
7737) was used for column chromatography.

Figure 3. ORTEP plot of 17.
4.1.1. General procedure for 5-formylimidazoles (7a–c),
synthesis of 5-formyl-1-methyl-2-phenylsulfanyl-1H-imid-
azole (7a) as an example. n-BuLi (1.6 M in n-hexane,
49.3 mL, 78.8 mmol) was added to a stirred solution of
2,2,6,6-tetramethylpiperidine (TMP) (13.3 mL, 78.8 mmol)
in THF (50 mL) and DME (50 mL) under N2 at �78 �C.
After stirring for 30 min at the same temperature, a solution
of 6a12a (10.00 g, 52.56 mmol) in THF (50 mL) was added to
the reaction mixture and the whole was stirred for 1 h at
�78 �C. Then, DMF (6.10 mL, 78.8 mmol) was slowly
added to the reaction mixture and the whole was stirred for
4 h at ambient temperature. H2O (10 mL) was added to the
mixture and after evaporation of the solvent the products
were extracted with AcOEt (100 mL�2). The organic layer
was dried over anhydrous Na2SO4 and evaporated to give
a crystalline residue, which was purified by recrystallization
from AcOEt/n-hexane to give 7a as yellow needles
(11.184 g, 98%); mp 57–58 �C; 1H NMR (CDCl3): d 3.91
(3H, s, NCH3), 7.32–7.42 (5H, m, Ph), 7.78 (1H, s, 4-H),
9.66 (1H, s, CHO); 13C NMR (CDCl3): d 33.3, 128.4, 129.5,
130.1, 131.5, 133.2, 143.4, 149.6, 178.4; IR (CHCl3): nmax

2961, 2807, 1664, 1457, 1325, 1154, 1079 cm�1; MS (EI):
m/z 218 (M+, 100), 190 (24), 148 (19), 136 (13), 121 (33),
109 (20), 91 (59), 77 (27); HRMS (EI) m/z 218.0509 (M+) (re-
quires C11H10N2OS: 218.0514). Found: C, 60.29; H, 4.59; N,
12.73; C11H10N2OS requires C, 60.53; H, 4.62; N, 12.83.

4.1.2. 5-Formyl-1-methoxymethyl-2-phenylsulfanyl-1H-
imidazole (7b). Starting with 6b12b (5.507 g, 25.00 mmol),
n-BuLi (23.4 mL, 37.5 mmol), TMP (6.33 mL, 37.5 mmol),
DMF (2.90 mL, 37.5 mmol), THF (48 mL), and DME
(24 mL), 7b was purified by column chromatography
(AcOEt/n-hexane¼1/3) and isolated as a yellow viscous oil
(5.127 g, 83%); 1H NMR (CDCl3): d 3.36 (3H, s, OCH3),
5.78 (2H, s, NCH2O), 7.38–7.55 (5H, m, Ph), 7.77 (1H, s,
4-H), 9.67 (1H, s, CHO); 13C NMR (CDCl3): d 56.5, 75.5,
129.06, 129.13, 129.5, 132.85, 132.92, 144.2, 152.3, 178.2;
IR (CHCl3): nmax 2972, 2807, 1663, 1473, 1439, 1333,
1149, 1116 cm�1; MS (EI): m/z 248 (M+, 100), 233 (31),
217 (43), 205 (72), 139 (33), 121 (82), 109 (31), 91 (41),
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77 (43), 65 (29), 51 (37). HRMS (EI) m/z 248.0617 (M+)
(requires C12H12N2O2S: 248.0619).

4.1.3. 5-Formyl-1-1-[2-(trimethylsilyl)ethoxymethyl]-2-
phenylsulfanyl-1H-imidazole (7c).12e Starting with 6c12c

(0.581 g, 1.90 mmol), n-BuLi (1.78 mL, 2.85 mmol), TMP
(0.48 mL, 2.85 mmol), DMF (0.22 mL, 2.85 mmol), THF
(3.6 mL), and DME (1.8 mL), 7c was purified by column
chromatography (AcOEt/n-hexane¼1/3) and isolated as
a yellow viscous oil (0.604 g, 95%); 1H NMR (CDCl3):
d �0.02 (9H, s, SiMe3), 0.91 (2H, t, J¼8.2 Hz, CH2CH2Si),
3.59 (2H, t, J¼8.2 Hz, CH2CH2Si), 5.81 (2H, s, NCH2O),
7.36–7.40 (3H, m, Ph), 7.52–7.54 (2H, m, Ph), 7.76 (1H, s,
4-H), 9.66 (1H, s, CHO).

4.1.4. 2-tert-Butyldimethylsilyl-5-formyl-1-methyl-1H-
imidazole (7d). n-BuLi (3.13 mL, 5.00 mmol) was added
to a stirred solution of 6d12d (1.376 g, 5.00 mmol) in THF
(5 mL) under N2 at �78 �C. After stirring for 20 min at the
same temperature, DMF (0.39 mL, 5.00 mmol) was added
to the reaction mixture and the whole was stirred for 2 h at
ambient temperature. H2O (3 mL) was added to the mixture
and after evaporation of the solvent the products were
extracted with Et2O (20 mL�2). The organic layer was dried
over anhydrous Na2SO4 and evaporated to give an oily
residue, which was purified by column chromatography
(AcOEt/n-hexane¼1/3) to give 7d as a yellow viscous oil
(652 mg, 58%); 1H NMR (CDCl3): d 0.44 (6H, s, SiMe2),
0.98 (9H, s, CMe3), 4.02 (3H, s, NMe), 7.89 (1H, s, 4-H),
9.77 (1H, s, CHO); 13C NMR (CDCl3): d �4.9, 17.7, 26.4,
34.8, 133.4, 144.5, 159.2, 179.1; IR (CHCl3): nmax 2934,
2830, 1667, 1459, 1250, 1145, 837, 808 cm�1; MS (EI):
m/z 224 (M+, 3), 209 (8), 167 (100), 140 (12), 113 (3);
HRMS (EI) m/z 224.1340 (M+) (requires C11H20N2OSi:
224.1345).

4.1.5. General procedure for 5-ethenylimidazoles (8a,b),
synthesis of 1-methyl-2-phenylsulfanyl-5-ethenyl-1H-
imidazole (8a) as an example. n-BuLi (3.13 mL,
5.00 mmol) was added to a stirred solution of methyltri-
phenylphosphonium bromide (1.79 g, 5.00 mmol) in THF
(3 mL) under N2 at 0 �C. After stirring for 1 h at the same
temperature, a solution of 7a (218 mg, 1.00 mmol) in THF
(2 mL) was added to the reaction mixture and the whole
was stirred for 6.5 h at ambient temperature. H2O (3 mL)
was added to the mixture and after evaporation of the solvent
the products were extracted with AcOEt (20 mL�2). The
organic layer was dried over anhydrous Na2SO4 and
evaporated to give an oily residue, which was purified by
column chromatography (AcOEt) and recrystallized from
AcOEt/n-hexane to give 8a as yellow needles (195 mg,
90%); mp 59–62 �C; 1H NMR (CDCl3): d 3.60 (3H, s,
NCH3), 5.30 (1H, dd, J¼1.1, 11.4 Hz, C]CHH), 5.66
(1H, dd, J¼1.1, 17.6 Hz, C]CHH), 6.48 (1H, ddd, J¼0.7,
11.4, 17.6 Hz, HC]CH2), 7.13–7.20 (3H, m, ArH), 7.23–
7.28 (2H, m, ArH), 7.35 (1H, s, 4-H); 13C NMR (CDCl3):
d 31.6, 115.7, 123.2, 126.6, 127.9, 128.0, 129.2, 134.4,
134.8, 138.5; IR (CHCl3): nmax 2960, 1722, 1473, 1440,
1389, 1243, 1213, 1041 cm�1; MS (EI): m/z 216 (M+,
100), 183 (14), 91 (20), 80 (12), 68 (10); HRMS (EI) m/z
216.0714 (M+) (requires C12H12N2S: 216.0721). Found: C,
66.65; H, 5.65; N, 12.75; C12H12N2S requires C, 66.63; H,
5.59; N, 12.95.
4.1.6. 1-[2-(Trimethylsilyl)ethoxymethyl]-2-phenylsul-
fanyl-5-ethenyl-1H-imidazole (8b). Starting with 7c
(600 mg, 1.79 mmol), n-BuLi (5.59 mL, 8.95 mmol), methyl-
triphenylphosphonium bromide (3.20 g, 8.95 mmol), and
THF (9 mL), 8b was purified by column chromatography
(AcOEt/n-hexane¼1/1) and isolated as a yellow viscous oil
(459 mg, 77%); 1H NMR (CDCl3): d �0.07 (9H, s, SiMe3),
0.82 (2H, t, J¼8.2 Hz, CH2CH2Si), 3.40 (2H, t, J¼8.2 Hz,
CH2CH2Si), 5.32 (1H, dd, J¼1.1, 11.4 Hz, C]CHH), 5.43
(2H, s, NCH2O), 5.72 (1H, dd, J¼1.1, 17.8 Hz, C]CHH),
6.64 (1H, ddd, J¼0.7, 11.4, 17.8 Hz, HC]CH2), 7.16–7.28
(5H, m, Ph), 7.38 (1H, s, 4-H); 13C NMR (CDCl3): d �1.5,
17.4, 66.1, 73.3, 116.1, 123.1, 126.8, 128.1, 128.4, 129.2,
134.4, 134.7, 138.9; IR (CHCl3): nmax 2935, 1246, 1172,
1088, 856, 834 cm�1; MS (EI): m/z 332 (M+, 31), 237 (23),
259 (26), 73 (100); HRMS (EI) m/z 332.1378 (M+) (requires
C17H24N2OSSi: 332.1379).

4.1.7. 1-Methyl-2-phenylsulfanyl-5-(1-propenyl)-1H-imid-
azole (8c). PhLi (0.97 M in Et2O/cyclohexane, 27.6 mL,
26.8 mmol) was added to a stirred solution of ethyltriphenyl-
phosphonium bromide (9.95 g, 26.8 mmol) in THF
(22.5 mL) and Et2O (15 mL) under N2 at 0 �C. The reaction
mixture was cooled to �70 �C, and a solution of 7a
(2.925 mg, 13.40 mmol) in THF (15 mL) and Et2O
(12 mL) was added to it. Then, PhLi (13.8 mL, 13.4 mmol)
was added to the mixture at�40 �C and the reaction temper-
ature was elevated to �20 �C. AcOH (0.77 mL, 13.4 mmol)
and t-BuOK (2.26 g, 20.1 mmol) were added to the reaction
mixture and the whole was stirred for 2 h at ambient tem-
perature. H2O (3 mL) was added to the mixture and after
evaporation of the solvent the products were extracted with
AcOEt (30 mL�2). The organic layer was dried over
anhydrous Na2SO4 and evaporated to give an oily residue,
which was purified by column chromatography (AcOEt/
n-hexane¼1/1) to give 8c (E/Z¼72/28) as a yellow viscous
oil (2.919 g, 95%). E-8c: 1H NMR (CDCl3): d 1.89 (3H, t,
J¼2.8 Hz, C]CHMe), 3.56 (3H, s, NCH3), 6.10–6.13 (1H,
m, C]CHMe), 6.14–6.16 (1H, m, CH]CHMe), 7.11–
7.27 (6H, m, Ph and 4-H); 13C NMR (CDCl3) d: 18.7, 31.3,
117.4, 126.3, 126.7, 127.6, 128.6, 129.1, 134.6, 135.2,
137.1; IR (CHCl3): nmax 2934, 1579, 1474, 1478, 1395,
1097 cm�1; MS (EI): m/z 230 (M+, 100), 215 (52), 197
(11), 91 (13), 80 (15); HRMS (EI) m/z 230.0875 (M+)
(requires C13H14N2S: 230.0878).

4.1.8. General procedure for 5-ethenylimidazoles
(9a,b,d), synthesis of 5-[(2-ethoxycarbonyl)ethenyl]-1-
methyl-2-phenylsulfanyl-1H-imidazole (9a) as an exam-
ple. DBU (11.3 mL, 75.6 mmol) was added to a stirred
solution of LiCl (3.20 g, 75.6 mmol) and triethyl phospho-
noacetate (15.0 mL, 75.6 mmol) in CH3CN (250 mL) under
N2 at 0 �C. After stirring for 10 min at the same temperature,
7a (11.000 g, 50.39 mmol) was added to the reaction mixture
and the whole was stirred for 5 h at ambient temperature. H2O
(10 mL) was added to the mixture and after evaporation of the
solvent the products were extracted with AcOEt (100 mL�
2). The organic layer was dried over anhydrous Na2SO4

and evaporated to give a crystalline residue, which was
purified by recrystallization from AcOEt/n-hexane to give
9a (E/Z¼97/3) as colorless needles (14.083 g, 97%);
mp 64–66 �C. E-9a: 1H NMR (CDCl3): d 1.33 (3H, t,
J¼7.1 Hz, CH2CH3), 3.69 (3H, s, NCH3), 4.26 (2H, q,
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J¼7.1 Hz, CH2CH3), 6.31 (1H, d, J¼15.9 Hz, C]CHCO),
7.13–7.20 (5H, m, Ph), 7.48 (1H, dd, J¼0.5, 15.9 Hz,
CH]CHCO), 7.58 (1H, s, 4-H); 13C NMR (CDCl3):
d 14.3, 32.0, 60.7, 117.2, 127.2, 129.0, 129.4, 129.5, 131.5,
132.2, 133.4, 142.5, 166.7; IR (CHCl3): nmax 2964, 1699,
1630, 1441, 1303, 1276, 1178, 1155 cm�1; MS (EI): m/z
288 (M+, 100), 259 (31), 243 (15), 215 (87), 121 (15), 109
(16), 91 (30), 80 (16), 65 (8), 51 (10); HRMS (EI) m/z
288.0930 (M+) (requires C15H16N2O2S: 288.0932). Found:
C, 62.66; H, 5.65; N, 9.69; C15H16N2O2S requires C,
62.48; H, 5.59; N, 9.71.

4.1.9. 5-[(2-Ethoxycarbonyl)ethenyl]-1-methoxymethyl-
2-phenylsulfanyl-1H-imidazole (9b). Starting with 7b
(4.924 g, 19.83 mmol), DBU (4.4 mL, 29.7 mmol), LiCl
(1.26 g, 29.7 mmol), triethyl phosphonoacetate (5.9 mL,
29.7 mmol), and CH3CN (100 mL), 9b was purified by col-
umn chromatography (AcOEt/n-hexane¼1/3) and recrystal-
lized from AcOEt/n-hexane as colorless needles (6.301 g,
100%, E/Z¼99/1); mp 71–73 �C. E-9b: 1H NMR (CDCl3):
d 1.32 (3H, t, J¼7.1 Hz, CH2CH3), 3.22 (3H, s, OMe), 4.25
(q, 2H, J¼7.1 Hz, CH2CH3), 5.47 (2H, s, NCH2), 6.37 (1H,
d, J¼16.1 Hz, C]CHCO), 7.22–7.32 (5H, m, Ph), 7.58
(1H, dd, J¼0.6, 15.9 Hz, CH]CHCO), 7.58 (1H, s, 4-H);
13C NMR (CDCl3): d 14.2, 56.1, 60.6, 75.1, 118.1, 127.5,
129.0, 129.3, 129.4, 131.4, 132.8, 132.9, 143.3, 166.6; IR
(CHCl3): nmax 2961, 1699, 1629, 1477, 1366, 1303, 1182,
1148, 1110 cm�1; MS (EI): m/z 318 (M+, 100), 275 (20),
227 (26), 121 (20), 91 (14); HRMS (EI) m/z 318.1027 (M+)
(requires C16H18N2O3S: 318.1038). Found: C, 60.11; H, 5.80;
N, 8.71; C16H18N2O3S requires C, 60.36; H, 5.70; N, 8.80.

4.1.10. 2-tert-Butyldimethylsilyl-5-(2-ethoxycarbonyl-
ethenyl)-1-methyl-1H-imidazole (9d). Starting with 7d
(449 mg, 2.00 mmol), DBU (0.45 mL, 3.00 mmol), LiCl
(127 mg, 3.00 mmol), triethyl phosphonoacetate (0.60 mL,
3.00 mmol), and CH3CN (15 mL), 9d was purified by col-
umn chromatography (AcOEt/n-hexane¼1/1) and isolated
as a yellow viscous oil (507 mg, 86%, E/Z¼99/1). E-9d: 1H
NMR (CDCl3): d 0.33 (6H, s, SiMe2), 0.87 (9H, s, CMe3),
1.23 (3H, t, J¼7.1 Hz, CH2CH3), 3.67 (3H, s, NMe), 4.14
(2H, q, J¼7.1 Hz, CH2CH3), 6.20 (1H, d, J¼15.9 Hz,
C]CHCO), 7.46 (1H, d, J¼15.9 Hz, CH]CHCO), 7.54
(1H, s, 4-H); 13C NMR (CDCl3): d �4.8, 14.2, 17.7, 26.4,
32.9, 60.4, 116.2, 129.6, 131.0, 132.8, 154.4, 167.0; IR
(CHCl3): nmax 2928, 1694, 1627, 1303, 1271, 1250, 1201,
1147 cm�1; MS (EI): m/z 294 (M+, 11), 279 (5), 249 (7),
237 (100), 165 (37), 135 (6), 113 (10), 75 (41), 59 (8);
HRMS (EI) m/z 294.1764 (M+) (requires C15H26N2O2Si:
294.1763).

4.1.11. 4-[(2-Ethoxycarbonyl)ethenyl]-2-phenylsulfanyl-
1H-imidazole (9c). A solution of 9b (200 mg, 0.63 mmol)
in HCl aq (10%, 3 mL) and EtOH (3 mL) was heated at
60 �C for 2 h. The reaction mixture was basified by adding
K2CO3 and the products were extracted with AcOEt
(10 mL�2). The organic layer was dried over anhydrous
Na2SO4 and evaporated to give an oily residue, which was
purified by column chromatography (AcOEt) to give 9c as
a yellow viscous oil (122 mg, 71%). E-9c: 1H NMR
(CDCl3): d 1.27 (3H, t, J¼7.1 Hz, CH2CH3), 4.18 (2H, q, J¼
7.1 Hz, CH2CH3), 6.34 (1H, d, J¼15.9 Hz, C]CHCO), 7.14
(1H, s, 5-H), 7.15–7.22 (5H, m, Ph), 7.46 (1H, d, J¼15.9 Hz,
CH]CHCO), 11.99 (br s, 1H, NH); 13C NMR (CDCl3):
d 14.2, 60.4, 116.2, 126.0, 127.5, 129.3, 129.9, 132.9,
133.7, 136.1, 141.3, 167.4; IR (CHCl3): nmax 3115, 3013,
2832, 1689, 1635, 1472, 1295, 1255, 1170, 972 cm�1;
MS (EI): m/z 274 (M+, 100), 227 (47), 201 (40), 109 (19),
66 (10); HRMS (EI) m/z 274.0775 (M+) (requires
C14H14N2O2S: 274.0776).

4.1.12. 5-[(2-Carbamoyl)ethenyl]-1-methyl-2-phenyl-
sulfanyl-1H-imidazole (9f). A solution of 9a (507 mg,
1.76 mmol) in MeOH (3 mL, saturated with NH3 gas) was
stirred for 3 days at room temperature. After evaporation of
the solvent, a crystalline residue was purified by recrystalli-
zation from MeOH to give 9f as colorless prisms (270 mg,
59%); mp 142–145 �C. E-9f: 1H NMR (CDCl3): d 3.66
(3H, s, NMe), 5.99 (1H, br s, NH2), 6.15 (1H, br s, NH2),
6.41 (1H, d, J¼15.4 Hz, C]CHCO), 7.15–7.30 (5H, m,
Ph), 7.47 (1H, d, J¼15.4 Hz, CH]CHCO), 7.54 (1H, s,
4-H); 13C NMR (CDCl3): d 31.8, 119.1, 127.2, 127.4,
128.8, 129.4, 130.9, 131.9, 133.5, 141.7, 167.3; IR (CHCl3):
nmax 3291, 2971, 1672, 1627, 1594, 1443, 1399, 1345,
1288 cm�1; MS (EI): m/z 259 (M+, 100), 241 (6), 215 (40),
150 (10), 121 (12), 109 (8), 91 (17), 80 (12), 66 (7), 51 (7);
HRMS (EI) m/z 259.0783 (M+) (requires C13H13N3OS:
259.0779). Found: C, 59.97; H, 5.24; N, 15.95;
C13H13N3OS requires C, 60.21; H, 5.05; N, 16.20.

4.1.13. General procedure for 5-ethenylimidazoles (10–
12), synthesis of 1-methyl-4-(1-methyl-2-phenylsulfanyl-
1H-imidazol-5-yl)-2-phenylsulfanyl-4,5,6,7-tetrahydro-
1H-benzimidazole (10a) as an example (condition A in
Table 1). A solution of 8a (50 mg, 0.23 mmol) in xylene
(1 mL) was refluxed under N2 for 30 h. After evaporation
of the solvent, the crystalline residue was purified by prepar-
ative TLC (PTLC) (AcOEt/n-hexane¼1/1) to give 10a as
a yellow amorphous (46 mg, 92%); 1H NMR (CDCl3):
d 1.83–2.02 (3H, m, 6-CH2 and 5-H), 2.04–2.13 (1H, m,
5-H), 2.51–2.65 (2H, m, 7-CH2), 3.50 (3H, s, NMe), 3.66
(3H, s, NMe), 4.10 (1H, t, J¼4.4 Hz, 4-H), 6.73 (1H, d,
J¼0.5 Hz, 40-H), 7.10–7.29 (10H, m, Ph); 13C NMR
(CDCl3): d 19.6, 21.1, 29.2, 30.9, 31.5, 32.1, 126.1, 126.4,
127.4, 127.7, 128.6, 129.1, 129.2, 130.8, 135.3, 135.6,
135.9, 136.9, 137.1, 137.9; IR (CHCl3): nmax 2925, 1474,
1439, 1174, 1092 cm�1; MS (EI): m/z 432 (M+, 100), 417
(3), 404 (5), 374 (11), 355 (7), 341 (46), 323 (10), 295 (14),
243 (10), 110 (7), 91 (5); HRMS (EI) m/z 432.1436 (M+)
(requires C24H24N4S2: 432.1442).

4.1.14. 2-Phenylsulfanyl-4-{2-phenylsulfanyl-1-[2-(tri-
methylsilyl)ethoxymethyl]-1H-imidazol-5-yl}-4,5,6,7-
tetrahydro-1H-benzimidazole (10b). Starting with 8b
(33 mg, 0.10 mmol) by the reaction condition B, 10b was
isolated as a colorless viscous oil (12 mg, 36%); 1H NMR
(CDCl3): d �0.09 (9H, s, SiMe3), �0.06 (s, 9H, SiMe3),
0.80 (4H, m, 2�CH2CH2Si), 1.82–1.88 (2H, m, 6-CH2),
2.17–2.27 (2H, m, 5-CH2), 2.61–2.70 (2H, m, 7-CH2),
3.31–3.42 (4H, m, 2�CH2CH2Si), 4.18 (1H, br t,
J¼5.3 Hz, 4-H), 5.22, 5.28 (1H each, each d, J¼10.6 Hz,
NCH2), 5.30, 5.35 (1H each, each d, J¼10.6 Hz, NCH2),
6.91 (1H, d, J¼0.7 Hz, 40-H), 7.10–7.26 (10H, m, Ph); 13C
NMR (CDCl3): d �1.5, �1.4, 17.7, 17.8, 19.9, 21.3, 30.1,
34.6, 66.1, 66.2, 73.3, 75.4, 122.3, 126.2, 126.3, 127.3, 127.5,
128.3, 129.1, 129.2, 135.7, 135.8, 136.0, 136.4, 139.4, 146.8;
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IR (CHCl3): nmax 2930, 1244, 1220, 1170, 1086, 1023, 856,
834 cm�1; MS (EI): m/z 664 (M+, 100), 563 (15), 555 (25),
548 (21), 534 (11), 490 (13), 429 (10), 355 (9), 277 (6),
110 (25), 73 (46); HRMS (EI) m/z 664.2771 (M+) (requires
C34H48N4O2S2Si2: 664.2757).

4.1.15. (4R*,5R*,6R*)-1,5,6-Trimethyl-4-(1-methyl-2-
phenylsulfanyl-1H-imidazol-5-yl)-2-phenylsulfanyl-
4,5,6,7-tetrahydro-1H-benzimidazole (10c). Starting with
8c (23 mg, 0.10 mmol) by the reaction condition B, 10c
was isolated as a yellow viscous oil (10 mg, 43%); 1H
NMR (CDCl3): d 1.02 (3H, d, J¼6.4 Hz, 5-Me), 1.16 (3H,
d, J¼6.4 Hz, 6-Me), 1.66–1.84 (2H, m, 5- and 6-H), 2.31
(1H, ddd, J¼2.4, 10.4, 15.9 Hz, 7-H), 2.66 (1H, ddd,
J¼1.1, 5.1, 15.9 Hz, 7-H), 3.46 (3H, s, NMe), 3.52 (3H, s,
NMe), 3.69 (1H, br d, J¼10.1 Hz, 4-H), 7.00 (1H, s, 40-H),
7.02–7.26 (10H, m, Ph); 13C NMR (CDCl3): d 17.1, 19.9,
30.0, 30.9, 32.1, 35.7, 41.1, 41.2, 125.8, 126.3, 126.8,
127.7, 128.9, 129.1�2, 129.2, 135.3, 135.9, 136.1, 136.7,
136.8, 138.1; IR (CHCl3): nmax 3044, 1579, 1474, 1447,
1371, 1092 cm�1; MS (EI): m/z 460 (M+, 73), 445 (8), 404
(48), 369 (15), 327 (9), 295 (100), 230 (10), 202 (10), 150
(8), 109 (9), 91 (10), 77 (9); HRMS (EI) m/z 460.1764
(M+) (requires C26H28N4S2: 460.1755).

4.1.16. (4R*,5S*,6S*)-5,6-Bis(ethoxycarbonyl)-1-methyl-
4-(1-methyl-2-phenylsulfanyl-1H-imidazol-5-yl)-2-phe-
nylsulfanyl-4,5,6,7-tetrahydro-1H-benzimidazole (10d)
and (4R*,5S*,6R*)-5,6-bis(ethoxycarbonyl)-1-methyl-4-
(1-methyl-2-phenylsulfanyl-1H-imidazol-5-yl)-2-phenyl-
sulfanyl-4,5,6,7-tetrahydro-1H-benzimidazole (11a).
Starting with 9a (29 mg, 0.10 mmol) by the reaction condi-
tion A, a mixture of 10d and 11a (16 mg, 55%, 10d/
11a¼50/1) was obtained and 10d was isolated from the sec-
ond fraction as a yellow amorphous and 11a was isolated
from the first fraction as a yellow viscous oil. Compound
10d; 1H NMR (CDCl3): d 1.15 (3H, t, J¼7.1 Hz, CH2CH3),
1.20 (3H, t, J¼7.1 Hz, CH2CH3), 2.94–3.04 (2H, m,
7-CH2), 3.25–3.39 (2H, m, 5- and 6-H), 3.51 (3H, s, NMe),
3.57 (3H, s, NMe), 3.96–4.14 (4H, m, 2�CH2CH3), 4.49
(1H, br d, J¼8.2 Hz, 4-H), 6.86 (1H, s, 40-H), 7.09–7.24
(10H, m, Ph); 13C NMR (CDCl3): d 13.95, 14.01, 22.9,
31.2, 31.9, 35.9, 41.8, 47.8, 61.2, 61.4, 126.1, 126.6, 127.3,
127.6, 128.0, 129.1, 129.2, 129.7, 133.8, 134.6, 135.4,
135.5, 137.7, 137.8, 172.3, 172.6; IR (CHCl3): nmax 3017,
1725, 1474, 1447, 1368, 1266, 1229, 1177, 1091,
1032 cm�1; MS (EI): m/z 576 (M+, 100), 531 (7), 503 (93),
429 (20), 404 (47), 295 (61), 241 (12), 191 (9), 150 (8),
110 (12), 91 (12), 77 (12); HRMS (EI) m/z 576.1859 (M+) (re-
quires C30H32N4O4S2: 576.1865). Compound 11a: 1H NMR
(CDCl3): d 1.22 (3H, t, J¼7.1 Hz, CH2CH3), 1.27 (3H, t,
J¼7.1 Hz, CH2CH3), 2.99 (1H, dd, J¼5.0, 14.5 Hz, 7-H),
3.06–3.11 (1H, m, 6-H), 3.16 (1H, ddd, J¼0.9, 10.4,
14.7 Hz, 7-H), 3.37 (1H, dd, J¼2.0, 2.9 Hz, 5-H), 3.54 (3H,
s, NMe), 3.75 (3H, s, NMe), 4.10–4.25 (4H, m, 2�CH2CH3),
4.71 (1H, br t, J¼0.8 Hz, 4-H), 6.55 (1H, d, J¼0.6 Hz, 40-H),
7.10–7.29 (10H, m, Ph); 13C NMR (CDCl3): d 14.0, 14.1,
20.8, 31.1, 31.3, 34.2, 36.9, 46.1, 61.2, 61.3, 126.5, 126.6,
127.81, 127.87, 129.19, 129.25, 129.27, 129.6, 134.2,
134.66, 134.68, 136.4, 137.8, 138.4, 170.9, 172.3; IR
(CHCl3): nmax 2949, 1723, 1579, 1474, 1446, 1367, 1264,
1022 cm�1; MS (EI): m/z 576 (M+, 81), 503 (100), 429
(26), 404 (25), 295 (51), 241 (14), 217 (10), 191 (19), 110
(18), 91 (14), 77 (10), 57 (8); HRMS (EI) m/z 576.1866
(M+) (requires C30H32N4O4S2: 576.1865).

4.1.17. (4R*,5S*,6S*)-5,6-Bis(ethoxycarbonyl)-1-meth-
oxymethyl-4-(1-methoxymethyl-2-phenylsulfanyl-1H-
imidazol-5-yl)-2-phenylsulfanyl-4,5,6,7-tetrahydro-1H-
benzimidazole (10e) and (4R*,5S*,6R*)-5,6-bis(ethoxy-
carbonyl)-1-methoxymethyl-4-(1-methoxymethyl-2-phe-
nylsulfanyl-1H-imidazol-5-yl)-2-phenylsulfanyl-4,5,6,7-
tetrahydro-1H-benzimidazole (11b). Starting with 9b
(57 mg, 0.18 mmol) by the reaction condition C, a mixture
of 10e and 11b (8 mg, 14%, 10e/11b¼4/1) was obtained by
PTLC (CHCl3/MeOH¼20/1) and 10e was isolated from the
second fraction as a yellow viscous oil and 11b was
isolated from the first fraction as a yellow viscous oil. Com-
pound 10e: 1H NMR (CDCl3): d 1.16 (3H, t, J¼7.1 Hz,
CH2CH3), 1.20 (3H, t, J¼7.1 Hz, CH2CH3), 3.05 (2H, dd, J¼
1.3, 7.5 Hz, 7-CH2), 3.14 (3H, s, OMe), 3.19 (3H, s, OMe),
3.30–3.36 (1H, m, 6-H), 3.59 (1H, dd, J¼8.4, 9.2 Hz, 5-H),
3.96–4.15 (4H, m, 2�CH2CH3), 4.67 (1H, d, J¼8.4 Hz, 4-
H), 5.19 (1H, br s, NCHH), 5.28 and 5.33 (1H each, each d,
J¼10.8 Hz, NCH2O), 5.61 (1H, br d, J¼10.8 Hz, NCHH),
6.93 (1H, s, 40-H), 7.11–7.23 (10H, m, Ph); 13C NMR
(CDCl3): d 14.0, 14.1, 22.7, 35.4, 41.8, 47.4, 55.7, 56.0,
61.1, 61.3, 75.3, 75.7, 126.5, 126.9, 127.7, 127.9, 128.3,
129.18, 129.22, 130.5, 134.0, 134.6, 135.1, 136.2, 138.4,
139.0, 172.4, 172.7; MS (EI): m/z 636 (M+, 100), 621 (20),
604 (91), 591 (50), 563 (43), 531 (30), 513 (13), 485 (27),
441 (12), 413 (23), 323 (9), 239 (8), 121 (9), 91 (7); HRMS
(EI) m/z 636.2079 (M+) (requires C32H36N4O6S2:
636.2076). Compound 11b: 1H NMR (CDCl3): d 1.19 (3H,
t, J¼7.1 Hz, CH2CH3), 1.25 (3H, t, J¼7.1 Hz, CH2CH3),
3.04–3.19 (3H, m, 6-H and 7-CH2), 3.14 (3H, s, OMe),
3.33 (3H, s, OMe), 3.81 (1H, br t, J¼2.2 Hz, 5-H), 4.09–
4.24 (4H, m, 2�CH2CH3), 4.85 (1H, br t, J¼0.9 Hz, 4-H),
5.30 and 5.35 (1H each, each d, J¼10.6 Hz, NCH2O), 5.51
and 5.57 (1H each, each d, J¼11.1 Hz, NCH2O), 6.55 (1H,
s, 40-H), 7.15–7.38 (10H, m, Ph).

4.1.18. (4R*,5S*,6S*)-5,6-Dicarbamoyl-1-methyl-4-(1-
methyl-2-phenylsulfanyl-1H-imidazol-5-yl)-2-phenylsul-
fanyl-4,5,6,7-tetrahydro-1H-benzimidazole (10f) and
(4R*,5S*,6S*)-1-methyl-4-(1-methyl-2-phenylsulfanyl-
1H-imidazol-5-yl)-2-phenylsulfanyl-4,5,6,7-tetrahydro-
1H-benzimidazole-5,6-dicarboxamide (12). Starting with
9f (52 mg, 0.20 mmol) by the reaction condition D, 10f
was isolated from the second fraction as a yellow viscous
oil (14 mg, 27%) and 12 was isolated from the first fraction
as a yellow viscous oil (16 mg, 32%). Compound 10f: 1H
NMR (CD3OD): d 2.94–2.98 (2H, m, 7-CH2), 3.02 (1H, t,
J¼10.8 Hz, 5-H), 3.13 (1H, dt, J¼5.9, 10.8 Hz, 6-H), 3.53
(3H, s, NMe), 3.56 (3H, s, NMe), 4.43 (1H, d, J¼10.4 Hz,
4-H), 6.99 (1H, s, 40-H), 7.06–7.28 (10H, m, Ph); 13C NMR
(CD3OD): d 18.2, 25.7, 31.7, 32.6, 37.3, 45.4, 115.3, 127.5,
128.0, 128.2, 129.1�2, 130.5, 130.6, 134.1, 135.9, 136.4,
137.7, 138.7, 141.6, 176.8, 177.5; IR (KBr): nmax 3316, 3199,
2905, 1667, 1630, 1591, 1450 cm�1; HRMS (FAB) m/z
519.1629 (M+H)+ (requires C26H27N6O2S2: 519.1637).
Compound 12: 1H NMR (CDCl3): d 2.97 (1H, dd, J¼7.4,
16.0 Hz, 7-H), 3.27 (1H, dd, J¼1.4, 16.0 Hz, 7-H), 3.50
(3H, s, NCH3), 3.52–3.62 (2H, m, 5- and 6-H), 3.80 (3H, s,
NCH3), 4.80 (1H, br s, 4-H), 6.71 (1H, d, J¼0.6 Hz, 40-H),
7.06–7.28 (10H, m, Ph), 8.51 (1H, br s, NH); 13C NMR
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(CDCl3): d 20.6, 31.3, 31.9, 33.1, 40.5, 46.5, 126.1, 126.8,
126.9, 127.4, 128.1, 128.2, 129.3, 129.4, 134.3�2, 135.5,
135.8, 137.8, 156.5, 177.2, 178.6; IR (CHCl3): nmax 3126,
2928, 1776, 1714, 1578, 1473, 1437, 1347 cm�1; MS (EI):
m/z 501 (M+, 100), 429 (10), 404 (27), 295 (27), 142 (25),
110 (16), 77 (6); HRMS (EI) m/z 501.1289 (M+) (requires
C26H23N5O2S2: 501.1293).

4.1.19. (4R*,5R*,6S*)-5,6-Bis(hydroxymethyl)-1-methyl-
4-(1-methyl-2-phenylsulfanyl-1H-imidazol-5-yl)-2-phe-
nylsulfanyl-4,5,6,7-tetrahydro-1H-benzimidazole (13).
Lithium aluminum hydride (602 mg, 15.9 mmol) was added
to a stirred solution of 10d (3.000 g, 5.20 mmol) in THF
(30 mL) under N2 at 0 �C. After stirring for 21 min at ambient
temperature, saturated NaHCO3 aq (20 mL) was added to the
mixture and after evaporation of the solvent the products
were extracted with CHCl3 (100 mL�3). The organic layer
was dried over Na2SO4 and evaporated to give a crystalline
residue, which was purified by recrystallization from
EtOH/Et2O to give 13 as colorless powder (2.522 g, 98%);
mp 119–123 �C; 1H NMR (DMSO-d6): d 1.93–2.00 (1H,
m, 5-H), 2.07–2.15 (1H, m, 6-H), 2.59 (1H, ddd, J¼2.0,
10.1, 16.3 Hz, 7-H), 2.74 (1H, dd, J¼5.5, 15.6 Hz, 7-H),
3.30–3.35 (1H, m, CH2OH), 3.48 (3H, s, NMe), 3.55 (3H,
s, NMe), 3.62–3.65 (3H, m, CH2OH), 4.15 (1H, br d,
J¼9.3 Hz, 4-H), 4.65 (1H, t, J¼5.0 Hz, OH), 4.70 (1H, t, J¼
5.0 Hz, OH), 6.83 (1H, s, 40-H), 6.97–7.28 (10H, m, Ph); 13C
NMR (DMSO-d6): d 23.3, 30.8, 31.7, 33.5, 37.3, 42.4, 58.9,
62.4, 126.0, 126.1, 126.3, 126.7, 128.1, 129.35, 129.40,
130.0, 133.9, 134.7, 135.6, 135.9, 137.3, 137.7; IR (KBr):
nmax 3371, 2874, 1474, 1448, 1386, 736 cm�1; MS (EI):
m/z 492 (M+, 62), 461 (29), 404 (49), 295 (100), 241 (20),
191 (11), 150 (12), 109 (15), 77 (19), 51 (7); HRMS (EI)
m/z 492.1667 (M+) (requires C26H28N4O2S2: 492.1653).
Found: C, 63.11; H, 5.84; N, 11.16; C26H28N4O2S2 requires
C, 63.39; H, 5.73; N, 11.37.

4.1.20. (4R*,5R*,6S*)-5,6-Bis[(1,3-dihydro-1,3-dioxo-
2H-isoindol-2-yl)methyl]-1-methyl-4-(1-methyl-2-phe-
nylsulfanyl-1H-imidazol-5-yl)-2-phenylsulfanyl-4,5,6,7-
tetrahydro-1H-benzimidazole (14). DEAD (40% in tolu-
ene, 1.28 mL, 2.94 mmol) was added to a stirred solution
of 13 (181 mg, 0.37 mmol), triphenylphosphine (771 mg,
2.94 mmol), and phthalimide (433 mg, 2.94 mmol) in THF
(2 mL) under N2 at 0 �C. The reaction mixture was stirred
for 18 h at ambient temperature. HCl aq (10%, 1 mL) was
added to the mixture and the aqueous phase was washed
with AcOEt (10 mL�2), basified by K2CO3, and extracted
with AcOEt (10 mL�3). The organic layer was dried over
anhydrous Na2SO4 and evaporated to give an oily residue,
which was purified by column chromatography (AcOEt/
n-hexane¼1/1) and recrystallization from AcOEt/n-hexane
gave 14 as colorless needles (174 mg, 63%); mp 124–
125 �C; 1H NMR (CDCl3): d 2.30–2.35 (1H, m, 6-H), 2.58
(1H, dd, J¼3.3, 16.5 Hz, 7-H), 2.73–2.78 (1H, m, 5-H),
2.95 (1H, dd, J¼5.7, 16.5 Hz, 7-H), 3.23 (1H, dd, J¼2.7,
13.8 Hz, NCH2), 3.56 (3H, s, NMe), 3.79 (3H, s, NMe),
3.86 (1H, dd, J¼5.3, 14.1 Hz, NCH2), 3.94 (1H, dd, J¼9.8,
14.1 Hz, NCH2), 3.97 (1H, dd, J¼11.0, 13.8 Hz, NCH2),
4.10 (1H, d, J¼1.5 Hz, 4-H), 6.76 (1H, d, J¼0.9 Hz, 40-H),
7.01–7.31 (10H, m, Ar), 7.67–7.84 (8H, m, Ar); 13C NMR
(CDCl3): d 20.8, 31.2, 31.6, 35.0, 35.2, 41.1�2, 41.2,
123.3, 123.4, 126.1, 126.4, 127.4, 127.6, 128.1, 129.2�2,
129.3, 131.6, 131.7, 133.7, 134.1, 134.3, 135.3�2, 136.9,
137.65, 137.69, 168.3, 168.5; IR (CHCl3): nmax 2919, 1708,
1375, 1354, 1174, 1092 cm�1; MS (EI): m/z 750 (M+, 14),
590 (100), 429 (21), 403 (6), 295 (16), 254 (9), 181 (13),
131 (15), 110 (38), 91 (14), 69 (42), 57 (19); HRMS (EI)
m/z 750.2069 (M+) (requires C42H34N6O4S2: 750.2083).
Found: C, 66.73; H, 4.82; N, 10.81; C42H34N6O4S2$1/3H2O
requires C, 66.65; H, 4.62; N, 11.10.

4.1.21. General procedure for 15 and 18 by desulfuriza-
tion, synthesis of (4R*,5R*,6S*)-5,6-bis[(1,3-dihydro-
1,3-dioxo-2H-isoindol-2-yl)methyl]-1-methyl-4-(1-methyl-
1H-imidazol-5-yl)-4,5,6,7-tetrahydro-1H-benzimidazole
(15) as an example. NaBH4 (45 mg, 1.18 mmol) was
added to a stirred solution of 14 (45 mg, 0.060 mmol) and
NiCl2$6H2O (21 mg, 0.89 mmol) in THF (2 mL) and
MeOH (6 mL) under N2 at 0 �C. The reaction mixture was
stirred for 1 h at ambient temperature. HCl aq (36%, 2 mL)
was added to the mixture and the whole was stirred for
10 min and was basified by 28% NH3 aq. The products
were extracted with AcOEt (20 mL�5). The organic layer
was dried over anhydrous Na2SO4 and evaporated to give
an oily residue, which was purified by PTLC (CHCl3/
MeOH¼5/1) to give 15 as a colorless amorphous (20 mg,
62%); 1H NMR (CD3OD): d 2.38–2.46 (1H, m, 6-H), 2.55
(1H, dd, J¼3.6, 16.4 Hz, 7-H), 2.72–2.78 (1H, m, 5-H),
2.90 (1H, dd, J¼5.8, 16.6 Hz, 7-H), 3.23 (1H, dd, J¼3.6,
13.8 Hz, NCH2), 3.60 (3H, s, NMe), 3.79 (3H, s, NMe),
3.81–3.89 (3H, m, NCH2), 4.06 (1H, br s, 4-H), 6.44 (1H,
s, 40-H), 7.54 (1H, s, 20-H), 7.62 (1H, s, 2-H), 7.71–7.80
(8H, m, Ar). 13C NMR (CD3OD): d 30.1, 31.5, 32.4, 34.9,
36.3, 41.8, 41.9, 42.3, 124.1, 124.2, 126.4, 127.1, 128.2,
128.5, 130.5, 133.1, 135.4, 135.5, 138.9, 139.3, 169.87,
169.93; IR (KBr): nmax 3365, 2908, 1763, 1702, 1395,
1357, 715 cm�1; MS (EI): m/z 534 (M+, 12), 374 (100),
213 (11), 187 (21), 160 (12), 132 (9), 104 (7), 77 (7); HRMS
(EI) m/z 534.2027 (M+) (requires C30H26N6O4: 534.2015).

4.1.22. General procedure for pyrrole-imidazole dim-
mers (16a,b), synthesis of (4R*,5R*,6S*)-5,6-bis[(4-bromo-
1H-pyrrol-2-yl)-carbonylaminomethyl]-1-methyl-4-(1-
methyl-2-phenylsulfanyl-1H-imidazol-5-yl)-2-phenylsul-
fanyl-4,5,6,7-tetrahydro-1H-benzimidazole (16a) as an
example. A solution of 14 (57 mg, 0.08 mmol) in hydrazine
monohydrate (3 mL) was heated at 70 �C under N2 for 9 h.
After evaporation of the solvent, the residue was dissolved
in DMAc (3 mL). 4-Bromo-2-(trichloroacetyl)pyrrole24

(177 mg, 0.61 mmol) and K2CO3 (84 mg, 0.61 mmol)
were added to the reaction mixture and the whole was stirred
for 3 h at room temperature. After evaporation of the
solvent, H2O (1 mL) was added and the products were
extracted with CHCl3 (20 mL�2). The organic layer was
dried over anhydrous Na2SO4 and evaporated to give an
oily residue, which was purified by column chromatography
(CHCl3/MeOH¼10/1) to give 16a as a yellow amorphous
(31 mg, 49%); 1H NMR (CD3OD): d 2.35–2.43 (2H, m,
5- and 6-H), 2.61 (1H, dd, J¼4.5, 16.5 Hz, 7-H), 2.84
(1H, dd, J¼5.2, 16.4 Hz, 7-H), 3.29–3.34 (2H, m, NCH2),
3.39 (1H, dd, J¼5.9, 14.1 Hz, NCH2), 3.53 (3H, s, NMe),
3.55 (3H, s, NMe), 3.66 (1H, dd, J¼4.8, 14.1 Hz, NCH2),
4.08 (1H, d, J¼4.6 Hz, 4-H), 6.76 (1H, d, J¼1.5 Hz, pyr-
role), 6.82 (1H, d, J¼1.5 Hz, pyrrole), 6.83 (1H, s, 40-H),
6.90 (1H, d, J¼1.5 Hz, pyrrole), 6.91 (1H, d, J¼1.6 Hz,
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pyrrole), 7.04–7.25 (m, 10H, Ph); 13C NMR (CD3OD): d 23.0,
31.6, 32.5, 35.7, 37.8, 41.9, 43.0, 43.6, 97.5, 97.6, 113.3,
113.7, 114.1, 122.9, 123.1, 127.3, 127.4, 127.6, 127.9,
128.4, 128.8, 129.7, 130.5�2, 131.1, 135.7, 136.1, 136.3,
138.4, 139.0, 162.7, 162.8; IR (KBr): nmax 3392, 2973,
1629, 1577, 1449, 1380, 1318, 919 cm�1; HRMS (FAB) m/z
833.0703 (M+H)+ (requires C36H35Br2N8O2S2: 833.0691).

4.1.23. (4R*,5R*,6S*)-5,6-Bis[(4-bromo-1H-pyrrol-2-yl)-
carbonylaminomethyl]-1-methyl-4-(1-methyl-1H-imid-
azol-5-yl)-4,5,6,7-tetrahydro-1H-benzimidazole (16b).
Starting with 15 (49 mg, 0.09 mmol), hydrazine mono-
hydrate (3 mL), DMAc (3 mL), 4-bromo-2-(trichloroacetyl)-
pyrrole24 (213 mg, 0.73 mmol), and K2CO3 (101 mg,
0.73 mmol), 16b was purified by column chromatography
(CHCl3/MeOH¼5/1) and isolated as a colorless amorphous
(41 mg, 72%); 1H NMR (CD3OD): d 2.29–2.36 (2H, m,
5- and 6-H), 2.57 (1H, dd, J¼4.6, 16.7 Hz, 7-H), 2.82 (1H,
dd, J¼4.2, 13.6 Hz, 7-H), 3.34–3.40 (3H, m, NCH2), 3.55
(3H, s, NMe), 3.57 (3H, s, NMe), 3.65 (1H, dd, J¼4.0,
13.9 Hz, NCH2), 3.98 (1H, d, J¼4.2 Hz, 4-H), 6.61 (1H, s,
40-H), 6.77 (1H, d, J¼1.5 Hz, pyrrole), 6.84 (1H, d,
J¼1.6 Hz, pyrrole), 6.91 (1H, d, J¼1.6 Hz, pyrrole), 6.93
(1H, d, J¼1.5 Hz, pyrrole), 7.50 (2H, s, 2- and 20-H); 13C
NMR (CD3OD): d 21.3, 31.4, 32.2, 35.5, 38.4, 41.8, 43.4,
43.5, 97.47, 97.54, 113.3, 113.7, 122.9, 123.0, 126.7,
127.40, 127.43, 128.1, 134.7, 135.1, 138.5, 139.4, 162.7,
162.8; IR (KBr): nmax 3371, 3262, 2937, 1723, 1622, 1271,
1119 cm�1; HRMS (FAB) m/z 617.0627 (M+H)+ (requires
C24H27Br2N8O2: 617.0624).

4.1.24. (4R*,5R*,6S*)-5,6-Bis[(tert-butyldiphenylsiloxy)-
methyl]-1-methyl-4-(1-methyl-2-phenylsulfanyl-1H-imid-
azol-5-yl)-2-phenylsulfanyl-4,5,6,7-tetrahydro-1H-
benzimidazole (17). TBDPSCl (2.54 mL, 9.76 mmol) was
added to a solution of 12 (2.186 g, 4.44 mmol) and imidazole
(1.51 g, 22.19 mmol) in DMF (5 mL). After stirring for 7 h at
room temperature, saturated NaHCO3 aq (3 mL) was added
to the reaction mixture and the products were extracted
with Et2O (20 mL�2). The organic layer was dried over
anhydrous Na2SO4 and evaporated to give an oily residue,
which was purified by column chromatography (AcOEt/
n-hexane¼1/3) to give 17 as a colorless amorphous
(4.261 g, 99%); 1H NMR (CDCl3): d 0.99 (9H, s, CMe3),
1.02 (9H, s, CMe3), 2.17–2.23 (1H, m, 5- or 6-H), 2.39–
2.47 (1H, m, 5- or 6-H), 2.55 (2H, br d, J¼6.6 Hz, 7-CH2),
3.40 (3H, s, NMe), 3.46 (3H, s, NMe), 3.69–3.84 (4H, m,
2�OCH2), 4.31 (1H, br d, J¼6.2 Hz, 4-H), 6.65 (1H, s,
40-H), 7.01–7.42 (22H, m, Ph), 7.44–7.61 (8H, m, Ph); 13C
NMR (CDCl3) d: 19.28, 19.32, 23.0, 26.9�2, 30.8, 31.8,
33.6, 37.4, 42.0, 62.2, 65.1, 125.8, 126.4, 126.8, 127.7,
127.9, 128.6, 128.9, 129.10, 129.13, 129.69, 129.74, 129.8,
133.07, 133.12, 133.4, 133.5, 135.2, 135.4, 135.51, 135.53,
135.9, 136.3, 136.6, 136.8, 136.9; IR (CHCl3): nmax 2916,
1467, 1437, 1100 cm�1; HRMS (FAB) m/z 969.4097
(M+H)+ (requires C58H65N4O2S2Si2: 969.4087).

4.1.25. (4R*,5R*,6S*)-5,6-Bis[(tert-butyldiphenylsiloxy)-
methyl]-1-methyl-4-(1-methyl-1H-imidazol-5-yl)-4,5,6,7-
tetrahydro-1H-benzimidazole (18). Starting with 17
(485 mg, 0.50 mmol), NiCl2$6H2O (1.663 g, 7.00 mmol),
NaBH4 (794 mg, 21.00 mmol), THF (15 mL), and MeOH
(45 mL), 18 was purified by PTLC (CHCl3/MeOH¼20/1)
and isolated as a colorless amorphous (263 mg, 70%); 1H
NMR (CDCl3): d 0.99 (9H, s, CMe3), 1.04 (9H, s, CMe3),
2.11 (1H, br t, J¼9.9 Hz, 5-H), 2.38–2.47 (1H, m, 6-H),
2.53 (1H, dd, J¼1.8, 15.4 Hz, 7-H), 2.60 (1H, dd, J¼5.9,
15.2 Hz, 7-H), 3.44 (3H, s, NMe), 3.46 (3H, s, NMe), 3.76
(2H, d, J¼2.6 Hz, 5-CH2O), 3.84 (1H, dd, J¼4.9, 10.3 Hz,
6-CH2O), 3.88 (1H, dd, J¼3.3, 10.4 Hz, 6-CH2O), 4.24
(1H, br d, J¼9.7 Hz, 4-H), 6.55 (1H, s, 40-H), 7.19–7.55
(18H, m, Ph), 7.57–7.62 (4H, m, Ph); 13C NMR (CDCl3):
d 19.28, 19.30, 22.7, 26.7, 26.9, 30.8, 31.8, 32.6, 37.5,
42.2, 61.3, 65.0, 125.0, 126.4, 127.56, 127.59, 127.62,
129.6, 129.7, 132.7, 133.19, 133.22, 133.4, 133.6, 135.4,
135.5, 135.6, 136.4, 136.7, 137.8; IR (KBr): nmax 3339,
2908, 1498, 1466, 1445, 1105, 820 cm�1; MS (EI): m/z 752
(M+, 53), 695 (8), 483 (100), 319 (7), 263 (10), 213 (17),
159 (9), 135 (33), 95 (10), 57 (6); HRMS (EI) m/z
752.3941 (M+) (requires C46H56N4O2Si2: 752.3941).

4.1.26. (4R*,5R*,6S*)-2-Azido-4-(2-azido-1-methyl-1H-
imidazol-5-yl)-5,6-bis[(tert-butyldiphenylsiloxy)methyl]-
1-methyl-4,5,6,7-tetrahydro-1H-benzimidazole (19).
sec-BuLi (1.0 M in cyclohexane, 3.4 mL, 3.4 mmol) was
added to a stirred solution of 18 (855 mg, 1.14 mmol) in
THF (6 mL) and DME (6 mL) under N2 at�40 �C. After stir-
ring for 10 min at the same temperature, trisyl azide (738 mg,
2.39 mmol) was added to the reaction mixture and the whole
was stirred for 30 min at �40 �C. H2O (1 mL) was added to
the mixture and after evaporation of the solvent the products
were extracted with CHCl3 (20 mL�3). The organic layer
was dried over anhydrous Na2SO4 and evaporated to give
a crystalline residue, which was purified by column chroma-
tography (CHCl3/MeOH¼50/1) to give 19 as a yellow amor-
phous (521 mg, 55%); 1H NMR (CDCl3): d 0.99 (9H, s,
CMe3), 1.02 (9H, s, CMe3), 2.11–2.17 (1H, m, 5-H), 2.34–
2.40 (1H, m, 6-H), 2.45–2.48 (2H, m, 7-CH2), 3.21 (3H, s,
NMe), 3.23 (3H, s, NMe), 3.72 (2H, d, J¼2.6 Hz,
5-CH2O), 3.78 (1H, dd, J¼5.9, 10.3 Hz, 6-CH2O), 3.83 (1H,
dd, J¼3.9, 10.2 Hz, 6-CH2O), 4.07 (1H, br d, J¼8.6 Hz,
4-H), 6.35 (1H, d, J¼0.5 Hz, 40-H), 7.24–7.44 (12H, m, Ph),
7.46–7.49 (4H, m, Ph), 7.56–7.59 (4H, m, Ph); IR (CHCl3):
nmax 2933, 2126, 1482, 1108 cm�1; HRMS (FAB) m/z
835.4042 (M+H)+ (requires C46H55N10O2Si2: 835.4048).

4.1.27. (4R*,5R*,6S*)-2-Benzylidenamino-4-(2-benzyl-
idenamino-1-methyl-1H-imidazol-5-yl)-5,6-bis[(tert-
butyldiphenylsiloxy)methyl]-1-methyl-4,5,6,7-tetra-
hydro-1H-benzimidazole (20). A mixture of 19 (142 mg,
0.17 mmol) and Pd/C (10%, 100 mg) in AcOEt (3 mL) was
stirred under H2 (1 atm) for 12 h at room temperature. Pd/C
was removed by filtration, the filtrate was evaporated, and
the residue was dissolved in toluene (1 mL). Benzaldehyde
(0.04 mL, 0.42 mmol) was added to the mixture and the
whole was refluxed for 8 h. After evaporation of the solvent,
the residue was purified by column chromatography (AcOEt/
n-hexane¼1/3) to give 20 as a yellow amorphous (81 mg,
50%); 1H NMR (CDCl3): d 1.02 (9H, s, CMe3), 1.03 (9H,
s, CMe3), 2.26–2.32 (1H, m, 5-H), 2.42–2.51 (1H, m, 6-H),
2.63 (2H, d, J¼7.0 Hz, 7-CH2), 3.61 (3H, s, NMe), 3.63
(3H, s, NMe), 3.78–3.85 (4H, m, 2�CH2O), 4.34 (1H, d,
J¼8.2 Hz, 4-H), 6.54 (1H, s, 40-H), 7.23–7.61 (26H, m,
Ph), 7.89–7.96 (4H, m, Ph), 9.09 (1H, s, NCHPh), 9.19
(1H, s, NCHPh); 13C NMR (CDCl3): d 19.31, 19.34, 22.6,
26.9, 27.0, 28.8, 29.8, 33.4, 37.4, 42.1, 62.3, 65.2, 125.75,
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125.81, 127.6, 128.6, 128.7, 128.81, 128.83, 129.65, 129.68,
129.70, 131.19, 131.22, 133.2, 133.4, 133.5, 133.7, 134.0,
135.50, 135.58, 135.60, 136.3, 136.4, 149.4, 150.0, 158.1,
158.2; IR (CHCl3): nmax 2910, 1606, 1468, 1423,
1108 cm�1; HRMS (FAB) m/z 959.4860 (M+H)+ (requires
C60H67N6O2Si2: 959.4864).

4.1.28. (4R*,5R*,6S*)-2-Benzylidenamino-4-(2-benzyl-
idenamino-1-methyl-1H-imidazol-5-yl)-5,6-bis(hydroxy-
methyl)-1-methyl-4,5,6,7-tetrahydro-1H-benzimidazole
(21). CsF (16 mg, 0.11 mmol) was added to a solution of 20
(10 mg, 0.01 mmol) in DMF (0.1 mL) and the whole was
stirred at 80 �C for 9 h. After evaporation of the solvent,
the residue was purified by PTLC (CHCl3/MeOH¼5/1)
and recrystallization from MeOH gave 21 as yellow powder
(4 mg, 83%); mp 273–274 �C; 1H NMR (CDCl3, CD3OD):
d 1.99–2.05 (1H, m, 5-H), 2.26 (1H, ddd, J¼4.8, 9.5,
14.5 Hz, 6-H), 2.67–2.82 (2H, m, 7-CH2), 3.59 (1H, dd,
J¼3.7, 11.5 Hz, CH2O), 3.69 (3H, s, NMe), 3.71 (3H, s,
NMe), 3.77–3.87 (3H, m, CH2O), 4.20 (1H, d, J¼9.3 Hz,
4-H), 6.77 (1H, s, 40-H), 7.42–7.53 (6H, m, Ph), 7.83–7.98
(4H, m, Ph), 8.94 (1H, s, NCHPh), 9.04 (1H, s, NCHPh);
13C NMR (CDCl3, CD3OD): d 22.6, 28.3, 29.2, 33.3, 37.8,
44.6, 60.0, 63.6, 125.0, 126.1, 128.18, 128.22, 128.36,
128.42, 131.2, 131.3, 133.1, 133.2, 135.5�2, 149.1, 149.4,
158.8, 159.0; IR (CHCl3): nmax 2909, 1722, 1369, 1239,
1209, 1041 cm�1; HRMS (FAB) m/z 483.2513 (M+H)+ (re-
quires C28H31N6O2: 483.2508). Found: C, 69.46; H, 6.41; N,
17.24; C28H30N6O2 requires C, 69.69; H, 6.27; N, 17.41.

4.1.29. (4R*,5R*,6S*)-5,6-Bis(azidomethyl)-2-benzyliden-
amino-4-(2-benzylidenamino-1-methyl-1H-imidazol-5-
yl)-1-methyl-4,5,6,7-tetrahydro-1H-benzimidazole (22).
DEAD (40% in toluene, 0.18 mL, 0.42 mmol) was added
to a stirred solution of 21 (48 mg, 0.10 mmol), triphenyl-
phosphine (107 mg, 0.41 mmol), and DPPA (0.107 mL,
0.50 mmol) in THF (1 mL) under N2 at 0 �C. After stirring
for 1.5 h, the solvent was evaporated and saturated NaHCO3

aq (1 mL) was added to the residue, the products were ex-
tracted with CHCl3 (10 mL�3). The organic layer was dried
over anhydrous Na2SO4 and evaporated to give an oily res-
idue, which was purified by PTLC (AcOEt) to give 22 as a
yellow amorphous (50 mg, 95%); 1H NMR (CDCl3): d
2.13–2.19 (1H, m, 5- or 6-H), 2.27–2.36 (1H, m, 5- or 6-H),
2.69 (1H, ddd, J¼1.8, 9.0, 15.9 Hz, 7-H), 2.77 (1H, ddd,
J¼1.1, 5.7, 16.1 Hz, 7-H), 3.58–3.65 (4H, m, 2�CH2N3),
3.67 (3H, s, NMe), 3.70 (3H, s, NMe), 4.17 (1H, d,
J¼8.4 Hz, 4-H), 6.81 (1H, s, 40-H), 7.39–7.58 (6H, m, Ph),
7.88–7.97 (4H, m, Ph), 9.08 (1H, s, NCHPh), 9.23 (1H, s,
NCHPh); 13C NMR (CDCl3): d 23.8, 29.0, 30.0, 34.7,
35.9, 41.2, 51.0, 54.1, 125.5, 126.3, 128.6, 128.7, 128.87,
128.92, 131.4, 131.5, 131.9, 133.4, 136.0, 136.1, 149.9,
150.6, 158.9, 159.0; IR (CHCl3): nmax 2916, 2089, 1476,
1420, 1266, 961 cm�1; MS (EI): m/z 532 (M+, 63), 504
(17), 490 (21), 419 (50), 394 (39), 292 (31), 250 (60), 236
(100), 170 (31), 145 (29), 94 (59), 77 (46); HRMS (EI)
m/z 532.2573 (M+) (requires C28H28N12: 532.2559).

4.1.30. (4R*,5R*,6S*)-2-Benzylidenamino-4-(2-benzyl-
idenamino-1-methyl-1H-imidazol-5-yl)-5,6-bis[(4-bromo-
1H-pyrrol-2-yl)-carbonylaminomethyl]-1-methyl-
4,5,6,7-tetrahydro-1H-benzimidazole (23). Triphenyl-
phosphine (56 mg, 0.21 mmol) and 1 drop of H2O were
added to a stirred solution of 22 (50 mg, 0.09 mmol) in
THF (0.5 mL) and the whole was stirred for 1.5 h at room
temperature. After evaporation of the solvent, the residue
was dissolved in DMAc (0.5 mL). 4-Bromo-2-(trichloro-
acetyl)pyrrole24 (164 mg, 0.56 mmol) and K2CO3 (78 mg,
0.56 mmol) were added to the reaction mixture and the whole
was stirred for 3 h at room temperature. K2CO3 was removed
by filtration and the filtrate was evaporated to give an oily
residue, which was purified by PTLC (CHCl3/MeOH¼10/1)
to give 23 as a yellow amorphous (16 mg, 21%); 1H NMR
(CD3OD): d 2.37–2.42 (1H, m, 5- or 6-H), 2.46–2.52 (1H,
m, 5- or 6-H), 2.66 (1H, dd, J¼6.0, 17.2 Hz, 7-H), 2.89–
2.94 (1H, m, 7-H), 3.42–3.47 (3H, m, NCH2), 3.65–3.71
(1H, m, NCH2), 3.68 (3H, s, NMe), 3.70 (3H, s, NMe),
4.06 (1H, br d, J¼5.3 Hz, 4-H), 6.70 (1H, s, 40-H), 6.77
(1H, d, J¼1.5 Hz, pyrrole), 6.81 (1H, d, J¼1.5 Hz, pyrrole),
6.86 (1H, d, J¼1.5 Hz, pyrrole), 6.90 (1H, d, J¼1.5 Hz, pyr-
role), 7.43–7.53 (6H, m, Ph), 7.89–7.95 (4H, m, Ph), 8.94
(2H, s, NCHPh); 13C NMR (CD3OD): d 21.3, 29.5, 30.3,
35.5, 37.8, 38.4, 42.9, 43.4, 97.5�2, 113.3, 113.6, 122.9,
123.0, 127.3, 127.4, 127.5, 129.88, 129.93, 129.97, 130.08,
130.17, 130.21, 132.9, 133.1, 135.4, 137.36, 137.40,
151.2�2, 160.9�2, 162.7, 162.8; IR (KBr): nmax 3340,
2903, 1617, 1583, 1317 cm�1; HRMS (FAB) m/z 823.1465
(M+H)+ (requires C38H37Br2N10O2: 823.1468).

4.1.31. (4R*,5R*,6S*)-2-Amino-4-(2-amino-1-methyl-
1H-imidazol-5-yl)-5,6-bis[(4-bromo-1H-pyrrol-2-yl)-
carbonylaminomethyl]-1-methyl-4,5,6,7-tetrahydro-1H-
benzimidazole (24) (12,120-dimethylageliferin). A solu-
tion of 23 (6 mg, 0.007 mmol) in EtOH (0.5 mL) and HCl
(0.5 M, 0.5 mL) was stirred for 30 min at room temperature.
After evaporation of the solvent, the residue was washed with
AcOEt (10 mL) and dried to give 24 as a yellow amorphous
(4 mg, 76%); 1H NMR (CD3OD): d 2.37–2.44 (1H, m, 5- or
6-H), 2.44–2.50 (1H, m, 5- or 6-H), 2.55 (1H, br d, J¼
17.0 Hz, 7-H), 2.75 (1H, dd, J¼17.0, 5.0 Hz, 7-H), 3.406
(3H, s, NMe), 3.414 (3H, s, NMe), 3.42–3.49 (2H, m,
NCH2), 3.56 (1H, dd, J¼9.5, 5.1 Hz, NCH2), 3.67 (1H, dd,
J¼9.5, 4.2 Hz, NCH2), 3.95 (1H, br s, 4-H), 6.73 (1H, br s,
40-H), 6.83 (1H, d, J¼1.5 Hz, pyrrole), 6.90 (1H, d,
J¼1.5 Hz, pyrrole), 6.92 (1H, d, J¼1.5 Hz, pyrrole), 6.95
(1H, d, J¼1.5 Hz, pyrrole); IR (KBr): nmax 3285, 2993,
1659, 1634 cm�1; HRMS (FAB) m/z 647.0839 (M+H)+

(requires C24H29Br2N10O2: 647.0842).

4.2. X-ray crystallography

4.2.1. Compound 17. Crystal data: C58H64N4O2S2Si2,
M¼969.46, triclinic, a¼14.419(7), b¼14.670(3), c¼
13.487(5) Å, a¼101.91(2)�, b¼102.32(4)�, g¼82.14(2)�;
V¼2714(1) Å3; Z¼2, m(Cu Ka)¼16.53 cm�1; T¼296 K;
R1¼0.075 for 8620 observations, space group P-1(#2).
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Abstract—Large-scale syntheses of aminimide surfactants that serve as low temperature drag-reducing agents in ethylene glycol–water mix-
tures are described. Preliminary drag reduction results are presented and the susceptibility of the surfactants to methanolysis is discussed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Addition of small amounts of materials to turbulent flow sys-
tems can reduce the pressure drop over a range of turbulent
flow rates. This phenomenon is called drag reduction (DR).1

Surfactant DR additives are of interest because they can be
used to save pumping energy in district cooling systems
wherein fluids are circulated through a closed loop (for ex-
ample in buildings in large airports, urban districts, college
campuses, and in hotel complexes). Such systems are widely
used in the US and in Japan.

Surfactants constitute one family of DR additive.2 These
materials have the advantage over polymeric DR additives
that they can recover from mechanical degradation by self-
assembling into micelle structures responsible for DR.3

Though cationic surfactants have been widely studied as
DR additives and are effective, they are not easily biodegrad-
able and could be an environmental hazard in case of a spill
or leak into a stream, river or lake. Therefore, more easily
biodegraded zwitterionic surfactants are of interest for use
as drag-reducing additives. Aminimides derived from fatty
acids (1) (Fig. 1) constitute a family of zwitterionic surfac-
tants that have been used as detergents and adhesives, but
never evaluated as DR additives.4 We have examined the
use of these materials as DR additives with some success in
ethylene glycol (EG)–water. This article describes scaleable

Keywords: Aminimides; N-Acylhydrazides; District cooling; Drag reduc-
tion; Methanolysis.
* Corresponding author. Tel.: +1 614 292 1677; fax: +1 614 292 1685;

e-mail: hart@chemistry.ohio-state.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.023
procedures for the preparation of these materials, presents
preliminary results of DR studies in EG–water, and de-
scribes stability studies that reveal some new chemistry of
aminimides.

2. Synthesis of aminimides

Aminimides derived from carboxylic acids have been pre-
pared by two principle methods: (1) alkylation of the basic
nitrogen of acylhydrazides5 and (2) acylation of trialkyl-
ammonium amides with appropriate carboxylic acid deriva-
tives.6 The former method was used in what appears to be
the first preparation of an aminimide surfactant7 and the lat-
ter method has been used to prepare aminimides derived
from fatty acids as long ago as 1972.8 Our studies adopted
the former method because it seemed to have the greatest
flexibility for the preparation of a series of aminimides and
it also seemed the most amenable to scale-up using simple
laboratory equipment.

Scheme 1 outlines the preparation of seven aminimides
based on a simple two-reaction sequence. Thus, treatment
of commercially available oleoyl chloride (2) with slightly
over 1 equiv of N,N-dimethylhydrazine in the presence of

Figure 1. Structure of aminimide surfactants.
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triethylamine provided N-acylhydrazide 3 in 96% yield after
filtration through alumina to remove traces of amine salts.
Treatment of 3 with a suitable alkyl halide in the presence
of potassium carbonate using methanol as the solvent pro-
vided aminimides 4–10 in good yields after purification by
chromatography over silica gel. Iodomethane was used for
the synthesis of 4 while alkyl bromides were used for amin-
imides 5–10. The yields are shown in parentheses in Scheme
1. These procedures were used to prepare multi-gram quan-
tities of all aminimides shown in Scheme 1 (see Section 7).
Scheme 2 describes the synthesis of an aminimide based on
N-acylhydrazide 11, prepared in 89% yield by reaction of
oleoyl chloride with commercially available N-aminomor-
pholine. Alkylation of 11 with iodomethane provided amin-
imide 12 in 63% yield (Scheme 2).

Whereas the use of alkyl iodides and bromides provided
materials that were pure enough for drag reduction studies,
the aminimides derived from iodomethane (4 and 12) were
usually more yellow in appearance than those derived from
bromides. We suspected that this color was associated with
iodine or traces of iodide that might be present in the prod-
ucts. Thus, for the synthesis of 4 we also examined dimethyl
sulfate as the alkylating agent. This provided material that
was less colored and did not become more yellow over time.

3. Characterization of N-acylhydrazides and aminimides

N-Acylhydrazides 3 and 11 exhibited isomerism characteris-
tic of such compounds.9 For example, the 1H NMR spectrum
of 3 exhibited two NH signals as broad singlets at d 8.1 (mi-
nor isomer) and 8.7 (major isomer) in DMSO-d6. In addition,
two triplets were observed for the a-methylene (CH2C]O)
at d 1.9 (major isomer) and 2.3 (minor isomer) and two sin-
glets were observed for the N(CH3)2 groups at d 2.41 (minor
isomer) and 2.43 (major isomer). The 13C NMR spectrum of

Scheme 1. Synthesis of aminimides 4–10.

Scheme 2. Synthesis of surfactant 12.
3 (DMSO-d6) also showed two signals for the C]O groups
at d 174.3 and 169.4 and two signals for the N(CH3)2 groups
at d 47.7 and 46.2. The major and minor isomers appeared in
a 62:38 ratio (based on integration of NH or CH2C]O sig-
nals in 1H NMR spectrum). The major isomer was assigned
E-geometry about the amide NC bond based on NOE exper-
iments that established the proximal relationship between
the NH and CH2C]O groups. The NMR spectra of 3 in
CDCl3 also showed the aforementioned geometrical isomer-
ism. N-Acylhydrazide 11 exhibited similar spectroscopic
behavior to 3.

The spectroscopic behavior of aminimides 4–10 and 12 was
more straightforward. All of these compounds exhibited the
typical C]O stretch at approximately 1575 cm�1.4,10

Table 1 shows the average chemical shifts of seven 13C
NMR signals (C]O, C]C, NCH3, allylic CH2’s, a-CH2

relative to C]O, b-CH2 relative to C]O, and terminal
CH3) and six 1H NMR signals (CH]CH, NCH3,
CH2C]O, CH2C], CH2CH2C]O, and terminal CH3) ob-
served for the eight aminimides prepared in this study. The
assignments were based on chemical shift values and were
supported by 1H–13C COSY experiments on aminimide 4
and selected DEPT experiments. These signals provide a
signature for oleic acid derived aminimides. Appropriate
signals unique to each aminimide, resulting from the differ-
ent alkyl groups introduced in the N-acylhydrazide, were
also observed in each case. Finally, the elemental composi-
tion of the aminimides was supported by HRMS (electro-
spray ionization).

All of the aforementioned aminimides were isolated as oils.
A selection of these materials (4, 6–9, 12) exhibited hydro-
gen and nitrogen combustion analyses in accord with their
elemental compositions. All of these compounds, however,
gave combustion analyses that were slightly low in carbon.
The IR spectra of all aminimides showed the presence of
some water (approximately 3380 cm�1). Karl Fischer titra-
tion indicated that the water content ranged from 1 to 6%
by weight depending on the preparation. Spectral data, how-
ever, indicated that the materials prepared by the aforemen-
tioned procedures were pure enough for use in DR studies
(see Supplementary data).

Table 1. Selected spectral data from aminimides

Spectrum Observed Signal

IRa C]O stretch 1575
13C NMRb C]O 176.7

CH]CH 129.7, 129.8
NCH3 53.7
CH2C]O 36.5
CH2CH]CHCH2 27.10, 27.15
CH2CH2C]O 26.7
R–CH3

c 14.0
1H NMRb CH]CH 5.3

NCH3 3.3
CH2C]O 2.0
CH2CH]CHCH2 1.95
CH2CH2C]O 1.55
R–CH3

c 0.8

a cm�1.
b Parts per million from TMS in CDCl3.
c From oleoyl group.
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4. Drag reduction studies

4.1. Drag reduction measurement procedures

Drag reduction experiments were performed in a circulation
flow system. The schematic is shown in Figure 2. The test
section was a 2.18 m long stainless steel tube with a diameter
of 10.9 mm. Two 4-gallon stainless steel surge tanks were

G. Oba et al. / Tetrahedro
screening of small surfactant samples were needed to focus
on the most promising aminimides. For screening, approxi-
mately 60 mL of surfactant solution was stirred in a beaker
by a magnetic stirrer. After the stirrer is stopped, the solution
slows down in the direction of the swirling motion. Then, if it
is viscoelastic, it will swirl in the opposite direction. The
shorter the time between stopping the stirrer and the start
of the back-swirl (swirl decay time), the greater the
Tank 2 Tank 1 
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Differential Pressure Transducer Charge

Drain
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Test Section (L=2.18m; D=10.9mm)

Figure 2. Schematic of drag reduction measurement flow loop.
installed to dampen pressure fluctuations in the loop. Other
sections of the system were composed of all stainless steel
parts and ½-inch tubing. Fluid temperatures at the inlet and
outlet of the test section were measured by K-type thermo-
couples. A 2 kW heater, connected to a Variac, supplied
the heat for high temperature runs. Pressure drops were
measured by a Validyne differential pressure transducer.
Flow rates were measured with a Rosemount Series 8700
magnetic flow meter. The system was equipped with a Poly-
Science chilling unit (Model KR-60A) to remove heat from
the test system. The cooling temperature was controlled by
a thermo-regulator (ranging from �30 to +30 �C, �1%).
The lowest temperature attainable in the test system was
about �7 �C.

Drag reduction in turbulent flow was determined from com-
parisons of measured pressure gradients (DP/L) for the solu-
tion with additives and the pure solvent (DP/L)S at the same
flow rate. Drag reductions at different temperatures were cal-
culated from the following equation over a Reynolds number
range of 3�103–3�105:

% DR¼
ðDP=LÞS�

�
DP=L

�

ðDP=LÞS
� 100

4.2. Screening of surfactant DR candidates

Since approximately 30 g of surfactant was needed for
drag reduction measurements in the recirculation system,
viscoelasticity. Although some non-viscoelastic surfactant
systems have been observed with DR effectiveness, most
surfactant DR additives are viscoelastic and have a distinct
swirl decay time. To the best of our knowledge, a non-drag
reducing but viscoelastic surfactant system in its dilute re-
gime has never been reported. Therefore, this method was
applied to screen small samples of the synthesized surfac-
tants to select the most promising ones for preparing larger
samples for drag reduction measurements.

4.3. Drag reduction results

On the basis of the aforementioned swirl test, and with the
objective of testing a variety of structural types, aminimides
4, 9, and 12 were selected for evaluation as DR additives.
These studies were conducted in the circulation flow system
described in Section 4.1 over a Reynolds number range of
3�103–3�105 in 20% ethylene glycol–80% water. The be-
havior of DR additives in 20% EG–water is of special inter-
est because its useful operating temperature range in district
cooling systems (�5 to +15 �C) is twice the temperature
range available in water (+5 to +15 �C), thus reducing the
mass flow requirements by about half.

Table 2 documents the maximum % drag reduction at two
temperatures in 20% EG–water. The aminimide surfactants
clearly behave as good DR additives over a potentially useful
range of temperatures in district cooling systems. The appa-
ratus used to obtain the results shown in Table 2 holds a vol-
ume of about 30 L of fluid. Evaluation of aminimide 4 in
a 1000-L system indicates that it remains a good DR additive
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at even lower concentrations (% DR at 25 and �5 �C¼59
and 47%, respectively, at 50 ppm).11 Finally, cryo-TEM
evaluation of 20% EG–water solutions of 4 indicated the
presence of thread-like micelles at �5 �C.12 It is generally
believed that such micelles are an indication that a given sur-
factant will behave as an effective DR additive. Additional
details of DR studies of these aminimides are reported else-
where.13

4.4. Comparisons with commercial zwitterionics

DR results of three commercial zwitterionic surfactants in
20% ethylene glycol–80% water solvents are shown in Table
3 for comparison with the results in Table 2.14 DR0206
(Akzo Nobel) has 20% myristylamidopropylbetaine, 10%
rapeseedamidopropylbetaine, and 5% sodium alkylbenzene-
sulfonate (C10–C13). It was not DR effective in 20% EG–
water alone but showed DR above 50% with the addition
of 145 mM NaNO2. Chemoxide OL (Chemron) is largely
N,N-dimethyloleoylamine oxide. No DR effectiveness was
observed for 5 mM (w2000 ppm) solutions of Chemoxide
OL in 20% EG–water unless NaNO2 was added. Results
with 5 mM Chemoxide OL+10 mM NaNO2 are shown in
Table 3. Chembetaine OL (Chemron) is composed of oleyl
betaine and was used with the addition of sodium dodecyl-
benzenesulfonate (SDBS) as a DR additive. The results of
4.8 mM Chembetaine OL+1.2 mM SDBS+6 mM NaNO2

are also shown in Table 3. Thus, the aminimides evaluated
in Table 2 compare very favorably with several commer-
cially available surfactants used as DR additives.

5. Stability studies

District cooling systems normally operate at basic pH’s to
minimize corrosion in the pipes. Nonetheless, the stability
of aminimide surfactants under DR conditions was a matter
of concern. This concern was in part prompted by the

Table 2. Drag reduction of aminimide surfactants in 20% ethylene glycol–
80% water at selected temperatures

[Surfactant] Temperature (�C) Max % drag reduction

[4]¼6 mM 20 80
[4]¼6 mM �5 64
[9]¼6 mM 20 72
[9]¼6 mM �1 67
[12]¼6 mM 20 81
[12]¼6 mM �5 83

Table 3. Drag reduction of selected commercial zwitterionic surfactant sys-
tems in 20% ethylene glycol–80% water at selected temperatures

Surfactant Temperature (�C) Max % drag
reduction

DR0206 (9 mM)–NaNO2 (145 mM) 15 45
DR0206 (9 mM)–NaNO2 (145 mM) 2 52
Chemoxide OL (5 mM)–NaNO2

(10 mM)
20 69

Chemoxide OL (5 mM)–NaNO2

(10 mM)
5 57

Chembetaine OL (4.8 mM)–SDBS
(1.2 mM)–NaNO2 (6 mM)

20 0

Chembetaine OL (4.8 mM)–SDBS
(1.2 mM)–NaNO2 (6 mM)

�4 8
observation that attempts to remove the tetrahydropyranyl
acetal group of 10 using methanol and Dowex-50 (H+) at
room temperature for 6.25 h led to methanolysis of the
aminimide with formation of methyl oleate (15) in 66%
yield (Fig. 3). These concerns were eliminated when it
was shown that aminimide 4 could be recovered unchanged
from a 20% EG–water solution that had been used in DR
studies and stored for periods up to one month. Nonetheless,
the behavior of 10 led us to evaluate the stability of amini-
mide 4, and other oleic acid derivatives, under the aforemen-
tioned methanolysis conditions. In contrast to 10, aminimide
4 did not undergo methanolysis under the aforementioned
conditions. Instead, it was adsorbed on the Dowex-50 resin,
presumably by protonation of the acylated nitrogen to form
an ionic complex.15 Warming the mixture at 70 �C, however,
resulted in gradual production of methyl oleate (15) and after
24 h 15 could be isolated in 70% yield. For the purpose of
comparison, acylhydrazine 3, N,N-dimethyloleamide (13),
and ethyl oleate (14) were also treated with Dowex-50 in
methanol at 70 �C for 24 h. Whereas acylhydrazide 3 gave
a 94% yield of methyl oleate under these conditions, amide
13 was recovered unchanged and ethyl oleate (14) was con-
verted to a 62:38 mixture of the methyl and ethyl esters 15
and 14, respectively. Therefore, under the acidic conditions
described above, the relative rates of methanolysis of a series
of carboxylic acid derivatives qualitatively appear to be
amides<<<esters<aminimideswN-acylhydrazides.

The facile methanolysis of aminimide 10 can be explained
(in part) by neighboring group participation (Scheme 3). Ini-
tial methanolysis of the THP ether would afford 16. Intramo-
lecular acyl transfer from nitrogen to oxygen would provide
ester 17 and methanolysis of 17 would then provide the
observed product 15.

Scheme 3. Methanolysis of aminimide 10.

Supporting evidence for this supposition follows. On one
occasion it was found that treatment of 10 with CuCl2

Figure 3. Selected oleic acid derivatives.
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dihydrate in methanol at reflux for several hours provided
a compound whose spectral data were consistent with those
of ester 17 (or its conjugate base). Critical 1H and 13C NMR
chemical shifts of 17 were consistent with those observed for
methyl oleate (15) and not with those observed for amini-
mides. For example, the a-CH2C]O signal appears at
d 2.4 in the 1H NMR spectrum of the presumed 17. This sig-
nal appears at d 2.35 in esters 14 and 15, and at d 2.0 for
typical aminimides. The Cu(II)-mediated methanolysis,
however, was difficult to reproduce. Therefore, an indepen-
dent synthesis of 17 was undertaken to confirm the structure
assignment and to see if 17 was kinetically competent to be
an intermediate in the Dowex-50 mediated conversion of 10
to 15. Treatment of oleoyl chloride (2) with 2-bromoethanol
provided ester 18 (Fig. 3) in 94% yield. Reaction of 18 with
N,N-dimethylhydrazine in tetrahydrofuran gave 17 (97%)
with 1H and 13C NMR spectra identical to the material ob-
tained from the Cu(II)-mediated methanolysis experiment.16

In addition, the structure assignment of 17 was supported by
the presence of ester (1740 cm�1) and amine (3150 and
3210 cm�1) stretching frequencies in its IR spectrum. Fi-
nally, when 17 was subjected to the methanolysis conditions
used with aminimide 10 (methanol, Dowex-50, room tem-
perature, 6.25 h), methyl oleate (15) was obtained in 77%
yield. These experiments support the mechanistic hypothesis
set forth in Scheme 3. The ease with which aminimides 4 and
10 and ester 17 undergo methanolysis is notable. A compar-
ison of their rates of hydrolysis with a variety of acylating
agents, including choline derivatives, will be reported in
due course.17

6. Summary

This article describes the large-scale synthesis of aminimide
surfactants that show promise as DR additives in 20% ethyl-
ene glycol–80% water. Procedures have been reported that
are amenable to the synthesis of the quantities of material
needed for large-scale DR experiments.18 Stability studies
reveal that standard aminimide surfactants are slightly
more susceptible to methanolysis than esters under one set
of acidic conditions. It has also been shown that one N-hy-
droxyethyl substituted aminimide undergoes methanolysis
at faster rate than standard aminimides due (in part) to
neighboring group participation.

7. Experimental

7.1. General experimental procedures

Solvents were purchased from commercial sources and used
without purification. All reagents were purchased from com-
mercial sources and not purified prior to use unless stated
otherwise. Dowex-50WX8-100 was purchased from Aldrich
Chemical Company and was used without purification or
acid/base washing. Chromatography was conducted over
silica gel. NMR spectra are reported in d units from external
tetramethylsilane. Copies of all spectra, including 13C
expansions, DEPT, and NOE experiments, are provided as
Supplementary data. Combustion analytical data are re-
ported as Supplementary data (for 4, 6–9, and 12) along
with adjustments for the presence of water, determined by
Karl Fischer titration.19
7.1.1. N-Acylhydrazide 3. A three-neck flask equipped with
a mechanical stirrer was charged with 220 g (0.73 mol) of
freshly distilled oleoyl chloride in 1.0 L of toluene. The flask
was cooled to 5 �C using an ice water bath and 68 mL
(52.6 g, 0.88 mol) of 1,1-dimethylhydrazine was carefully
added using a pressure equalizing addition funnel. The reac-
tion was stirred for an additional 5 min and 123 mL (88.5 g,
0.88 mol) of triethylamine was added. The cold bath was re-
moved and the reaction was stirred at room temperature for
24 h. The resulting heterogeneous mixture was filtered and
the precipitate was rinsed with 200 mL of benzene. The
combined filtrates were concentrated in vacuo to afford
234 g (97%) of crude 3 as a yellow liquid suitable for use
in the next reaction. On one occasion when the reaction
was performed on a 0.37 mol scale, the crude product was
purified by chromatography over 800 g of neutral alumina
(eluted with 1:1 ethyl acetate–hexanes) to give 114 g
(96%) of acylhydrazide 3 as a pale yellow liquid: IR (neat)
3194, 1650 cm�1; 1H NMR (CDCl3, 250 MHz) d 0.8 (t,
J¼7.5 Hz, 3H, CH3), 1.1–1.4 (m, 20H), 1.5–1.7 (m, 2H,
CH2CH2CO), 1.8–2.1 (m, 4H, H2CC]), 2.3–2.6 (m, 8H,
CH3N, CH2CO), 5.2–5.4 (m, 2H, CH]CH), 6.1–6.2 (1H,
NH, isomer 1), 6.2–6.3 (1H, NH, isomer 2); 13C NMR
(CDCl3, 62.9 MHz) d 14.0, 22.6, 24.8, 27.1, 29.06, 29.11,
29.15, 29.25, 29.39, 29.45, 29.63, 29.7, 31.84, 31.92, 47.5,
48.6, 129.6, 129.8, 171.0 (isomer 1), 176.0 (isomer 2);
HRMS (ESI) calcd for C20H40N2O+H+: m/z 325.3219,
found: m/z 325.3216.

7.1.2. Aminimide 4. To a one-neck round bottom flask
equipped with a football shaped stir bar and a condenser fit-
ted with a calcium chloride drying tube were added 132.9 g
(0.41 mol) of N-acylhydrazide 3, 300 mL of methanol,
135.8 g (0.98 mol) of potassium carbonate, and 76.6 mL
(174.7 g, 1.23 mol) of methyl iodide. The mixture was
warmed under reflux for 24 h, cooled to room temperature,
and 300 mL of dichloromethane was added. The solution
was filtered and the filtrate was concentrated in vacuo. The
crude product was chromatographed over 600 g of silica
gel (eluted with ethyl acetate followed by 1:1 ethyl ace-
tate–methanol) to give 94 g (68%) of the aminimide 4 as
a pale yellow oil: IR (CCl4) 1577 cm�1; 1H NMR (CDCl3,
400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.3 (m, 20H),
1.4–1.6 (m, 2H, CH2CH2CO), 1.8–2.0 (m, 6H, CH2CO,
CH2CH]), 3.3 (s, 9H, CH3N), 5.2–5.3 (m, 2H, CH]CH);
13C NMR (CDCl3, 100 MHz) d 14.1 (q), 22.6 (t), 26.7 (t,
Cb), 27.15 (t, C8 or C11), 27.18 (t, C11 or C8), 29.40 (t),
29.46 (t), 29.49 (t), 29.72 (t), 31.8 (t), 36.6 (t, Ca), 55.4 (q,
NMe), 129.80 (d), 129.85 (d), 177.0 (s) (four aliphatic car-
bons were not observed due to suspected overlap of signals
around d 29); HRMS (ESI) calcd for C21H40N2ONa: m/z
361.3189, found: m/z 361.3200.

7.1.3. Aminimide 5. A mixture of 15.0 g (46.3 mmol) of
N-acylhydrazide 3, 50 mL of methanol, 15.3 g (0.11 mol)
of potassium carbonate, and 28.0 mL (41.8 g, 0.37 mol) of
ethyl bromide was warmed at 70 �C for 48 h, cooled to room
temperature, and 60 mL of dichloromethane was added.
The solution was filtered and the filtrate was concentrated
in vacuo. The crude product was purified by chromatography
over 150 g of silica gel (eluted with ethyl acetate followed by
9:1 ethyl acetate–methanol) to give 6.1 g (38%) of the ami-
nimide 5 as a colorless oil: IR (CCl4) 1578 cm�1; 1H NMR
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(CDCl3, 400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.3 (m,
21H), 1.5 (m, 2H, CH2CH2CO), 1.95 (m, 4H, CH2C]), 2.0
(t, J¼7 Hz, 2H, CH2CO), 3.3 (s, 6H, CH3N), 3.7 (q,
J¼7.5 Hz, 2H, CH2N), 5.2–5.3 (m, 2H, CH]); 13C NMR
(CDCl3, 100 MHz) d 8.9, 13.9, 22.5, 26.7, 26.99, 27.02,
29.1, 29.25, 29.30, 29.40, 29.56, 29.58, 31.7, 36.3, 52.8
(NCH3), 60.3, 129.62, 129.70, 176.4 (two carbons were
not observed due to suspected overlap of signals around
d 29); HRMS (ESI) calcd for C22H42N2O+H+: m/z
353.3532, found: m/z 353.3521.

7.1.4. Aminimide 6. A mixture of 15.0 g (46.3 mmol) of
N-acylhydrazide 3, 50 mL of methanol, 15.3 g (0.11 mol)
of potassium carbonate, and 13.8 mL (19.8 g, 115.8 mmol)
of benzyl bromide was warmed overnight at 60 �C for 48 h,
cooled to room temperature, and 60 mL of dichloromethane
was added. The solution was filtered and the filtrate was con-
centrated in vacuo. The crude product was chromatographed
over 150 g of silica gel (eluted with ethyl acetate followed by
9:1 ethyl acetate–hexanes) to give 10.5 g (55%) of the ami-
nimide 6 as a colorless oil: IR (CCl4) 1573 cm�1; 1H NMR
(CDCl3, 400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.3 (m,
20H), 1.4–1.6 (m, 2H, CH2CH2CO), 1.95 (m, 6H, CH2CO,
CH2C]), 3.3 (s, 6H, CH3N), 4.9 (s, 2H, CH2N), 5.2–5.3
(m, 2H, CH]CH), 7.3–7.5 (m, 5H); 13C NMR (CDCl3,
100 MHz) d 14.0, 22.6, 26.7, 27.18, 27.21, 29.27, 29.45,
29.48, 29.6, 29.75, 29.77, 31.9, 36.8, 52.8 (NCH3), 67.7
(NCH2), 128.74, 129.8, 129.9, 132.4, 176.9 (two aromatic
and two aliphatic carbons were not observed due to overlap
of signals); HRMS (ESI) calcd for C27H46N2ONa: m/z
437.3508, found: m/z 437.3513.

7.1.5. Aminimide 7. A mixture of 15.0 g (46.3 mmol) of
N-acylhydrazide 3, 50 mL of methanol, 15.3 g (0.18 mol) of
potassium carbonate, and 7.8 mL (11.2 g, 92.6 mol) of allyl
bromide was warmed at 60 �C for 24 h, cooled to room tem-
perature, and 60 mL of dichloromethane was added. The so-
lution was filtered and the filtrate was concentrated in vacuo.
The crude product was chromatographed over 150 g of silica
gel (eluted with ethyl acetate followed by 20:1 ethyl acetate–
methanol) to give 11.6 g (69%) of the aminimide 7 as a color-
less oil: IR (CCl4) 1576 cm�1; 1H NMR (CDCl3, 400 MHz)
d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.3 (m, 20H), 1.5 (m, 2H,
CH2CH2CO), 1.95 (m, 6H, CH2CO and CH2C]), 3.2 (s,
6H, CH3N), 4.3 (d, J¼7.5 Hz, 2H, CH2N), 5.2–5.3 (m, 2H,
CH]CH), 5.4–5.5 (m, 2H, ]CH2), 5.9–6.1 (m, 1H, CH);
13C NMR (CDCl3, 100 MHz) d 13.9, 22.5, 26.6, 27.02,
27.05, 29.1, 29.27, 29.33, 29.42, 29.59, 29.61, 31.7, 36.4,
52.8 (NCH3), 67.3 (NCH2), 125.0, 127.4, 129.65, 129.73,
176.6 (two aliphatic carbons were not observed due to sus-
pected overlap of signals around d 29); HRMS (ESI) calcd
for C23H44N2ONa: m/z 365.3532, found: m/z 365.3532.

7.1.6. Aminimide 8. A mixture of 10.0 g (30.9 mmol) of
N-acylhydrazide 3, 40 mL of methanol, 10.3 g (74.2 mmol)
of potassium carbonate, and 14.1 mL (18.7 g, 139.1 mol) of
3-bromo-2-methylpropene was warmed at 70 �C for 48 h,
cooled to room temperature, and 60 mL of dichloromethane
was added. The solution was filtered and the filtrate was con-
centrated in vacuo. The crude product was chromatographed
over 120 g of silica gel (eluted with ethyl acetate followed
by 7:3 ethyl acetate–methanol) to give 8.5 g (73%) of the
aminimide 8 as a colorless oil: IR (CCl4) 1576 cm�1;
1H NMR (CDCl3, 400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3),
1.1–1.3 (m, 20H), 1.55 (m, 2H, CH2CH2CO), 1.9–2.0 (m,
9H, CH3C], CH2C]O, CH2C]), 3.3 (s, 6H, CH3N), 4.4
(s, 2H, CH2N), 5.1 (s, 2H, ]CH2), 5.2–5.3 (m, 2H,
CH]CH); 13C NMR (CDCl3, 100 MHz) d 13.8 (q), 22.4
(t), 22.8 (q), 26.3 (t), 26.90 (t), 26.93 (t), 29.01 (t), 29.16
(t), 29.22 (t), 29.38 (t), 29.48 (t), 29.50 (t), 31.6 (t), 36.5
(t), 53.4 (q, NCH3), 69.4 (t, NCH2), 123.3 (t), 129.5 (d),
129.6 (d), 136.6 (s), 176.5 (s) (two aliphatic carbons were
not observed due to suspected overlap of signals around
d 29); HRMS (ESI) calcd for C24H46N2ONa: m/z
401.3508, found: m/z 401.3513.

7.1.7. Aminimide 9. To a one-neck round bottom flask
equipped with a football shaped stir bar and a condenser fit-
ted with a calcium chloride drying tube were added 70 g
(0.22 mol) of the N-acylhydrazide 3, 200 mL of absolute
ethanol, 72.8 g (0.53 mol) of potassium carbonate, and
61.2 g (0.44 mol) of 2-bromoethyl methyl ether. The mix-
ture was warmed under reflux for four days, cooled to
room temperature, 200 mL of dichloromethane was added,
and the heterogeneous mixture was filtered. The filtrate
was concentrated in vacuo and the crude product was puri-
fied by chromatography over 300 g of silica gel (eluted
with ethyl acetate followed by 4:1 ethyl acetate–methanol)
to give 51.5 g (61%) of the aminimide 9 as a pale yellow
oil: IR (CCl4) 1573 cm�1; 1H NMR (CDCl3, 400 MHz)
d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.4 (m, 20H), 1.5 (quintet,
J¼7 Hz, 2H, CH2CH2CO), 1.9–2.1 (m, 6H, CH2CO,
CH2C]), 3.20–3.23 (two s, 9H, CH3O, CH3N), 3.6–3.7
(m, 2H), 3.9–4.0 (m, 2H), 5.27 (m, 2H, CH]CH); 13C
NMR (CDCl3, 100 MHz) d 14.0, 22.6, 26.7, 27.1, 27.18,
29.24, 29.38, 29.44, 29.53, 29.7, 29.74, 31.8, 36.4, 55.0,
58.7, 64.1, 67.0, 129.77, 129.83, 176.6 (two aliphatic car-
bons were not observed due to suspected overlap of signals
around d 29); HRMS (ESI) calcd for C23H46N2O2Na: m/z
405.3424, found: m/z 405.3451.

7.1.8. Aminimide 10. To a one-neck round bottom flask
equipped with a football shaped stir bar and a condenser fit-
ted with a calcium chloride drying tube were added 6.8 g
(0.021 mol) N-acylhydrazide 3, 150 mL of absolute ethanol,
6.9 g (0.05 mol) of potassium carbonate, and 9.1 g
(44 mmol) of the tetrahydropyranyl ether of 2-bromoetha-
nol.20 The mixture was warmed under reflux for five days,
cooled to room temperature, 80 mL of dichloromethane
was added, and the mixture was filtered. The filtrate was con-
centrated in vacuo and the crude product was purified by
chromatography over 120 g of silica (eluted with ethyl ace-
tate followed by 4:1 ethyl acetate–methanol) to afford 7 g
(77%) of the aminimide 10 as a pale yellow oil: IR (CCl4)
1574 cm�1; 1H NMR (CDCl3, 400 MHz) d 0.8 (t,
J¼7.5 Hz, 3H, CH3), 1.1–1.4 (m, 20H), 1.4–1.6 (m, 6H),
1.6–1.8 (m, 2H), 1.8–2.0 (m, 6H), 3.30 and 3.35 (two s,
6H, CH3N), 3.45 (m, 1H), 3.75 (m, 2H), 3.85 (m, 1H), 4.0
(m, 2H), 4.55 (m, 1H, OCHO), 5.3 (m, 2H, CH]); 13C
NMR (CDCl3, 100 MHz) d 14.0, 19.5, 22.5, 25.1, 26.8,
27.09, 27.13, 29.19, 29.35, 29.39, 29.53, 29.66, 29.69,
30.4, 31.8, 36.5, 54.5, 54.9, 62.11, 62.7, 64.2, 99.2, 129.7,
129.8, 176.7 (one aliphatic carbon was not observed due to
suspected overlap of signals around d 29); HRMS (ESI)
calcd for C27H52N2O2+H+: m/z 453.4056, found: m/z
452.4048.
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7.1.9. N-Acylhydrazide 11. A one-neck round bottom flask
equipped with a football shaped stir bar and an addition fun-
nel was charged with 25 g (0.24 mol) of N-aminomorpholine
and 350 mL of benzene. The addition funnel was charged
with 80 g (0.22 mol) of oleoyl chloride (85% solution) and
the acid chloride was added dropwise to the hydrazine at
5 �C over a period of 25 min. Upon completion of the addi-
tion, 150 mL of benzene was added, the cold bath was re-
moved, and the heterogeneous reaction mixture was stirred
for 24 h at room temperature. The resulting mixture was fil-
tered and the filter cake was rinsed with 80 mL of benzene.
The combined filtrates were concentrated in vacuo to afford
71.4 g (89%) of acylhydrazide 11 as a yellow solid, suitable
for use in subsequent reactions without further purification:
mp 87–88 �C; IR (neat) 3250, 3196, 1649 cm�1; 1H NMR
(CDCl3, 400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.3
(m, 20H), 1.4–1.6 (m, 2H, CH2CH2CO), 1.8–2.0 (m, 5H),
2.3 (t, J¼7.5 Hz, 1H), 2.4–2.9 (m, 4H), 3.4–3.8 (m, 4H),
5.2–5.3 (m, 2H), 7.0–7.1 (m, 1H); 13C NMR (CDCl3,
100 MHz, diagnostic signals) d 55.4 and 56.6 (CH2N of geo-
metrical isomers), 66.1 and 66.2 (CH2O of geometrical iso-
mers), 170.4 and 176.4 (C]O of geometrical isomers);
HRMS (ESI) calcd for C22H42N2O2Na: m/z 389.3144,
found: m/z 389.3139.

7.1.10. Aminimide 12. To a one-neck round bottom flask
equipped with a football shaped stir bar and a condenser fitted
with a calcium chloride drying tube were added 35.5 g
(97 mmol) of N-acylhydrazide 11, 120 mL of methanol, 32 g
(23 mmol) of potassium carbonate, and 41.3 g (29 mmol) of
methyl iodide. The mixture was warmed under reflux for
24 h, cooled to room temperature, 100 mL of dichlorome-
thane was added, and the mixture was filtered. The filtrate
was concentrated in vacuo and the residual crude product
was purified by chromatography over 250 g of silica gel
(eluted with ethyl acetate followed by methanol) to give
23 g (63%) of the aminimide 12 as a yellow semi-solid: IR
(CCl4) 1577 cm�1; 1H NMR (CDCl3, 400 MHz) d 0.8 (t,
J¼7.5 Hz, 3H, CH3), 1.1–1.4 (m, 20H), 1.5 (quintet, J¼
7 Hz, 2H, CH2CH2CO), 1.9–2.0 (m, 4H, CH2C]), 2.1 (t,
J¼7 Hz, 2H, CH2CO), 3.1 (td, J¼7, 1.2 Hz, 2H), 3.4 (s, 3H,
CH3N), 3.7 (d, J¼12 Hz, 2H), 4.2 (t, J¼12 Hz, 2H), 4.3 (d,
J¼12 Hz, 2H), 5.23 (m, 2H, CH]CH); 13C NMR (CDCl3,
100 MHz) d 14.1, 22.6, 26.8, 27.19, 27.2, 29.3, 29.4, 29.5,
29.60, 29.67, 29.75, 29.77, 31.8, 36.9, 53.4 (NCH3), 61.6,
62.2, 129.85, 129.86, 176.9 (one carbon was not observed
due to suspected overlap of signals around d 29); HRMS
(ESI) calcd for C23H44N2O2Na: m/z 403.3281, found: m/z
403.3294.

7.1.11. Methanolysis of aminimide 10. A mixture of
200 mg (0.44 mmol) of aminimide 10, 10 mL of methanol,
and 400 mg of acidic Dowex-50WX8-100 was stirred at
room temperature for 12 h. The mixture was filtered and
the filtrate was concentrated in vacuo to afford 120 mg
(92% yield) of pure methyl oleate (15): 1H NMR (CDCl3,
400 MHz) d 0.8 (t, J¼7.5 Hz, 3H, CH3), 1.1–1.4 (m, 20H),
1.6 (quintet, J¼7 Hz, 2H, CH2CH2CO), 2.0 (m, 4H,
CH2C]), 2.3 (t, J¼7 Hz, 2H, CH2CO), 3.6 (s, 3H,
CH3O), 5.3 (m, 2H, CH]CH); 13C NMR (CDCl3,
100 MHz) d 14.1 (q), 22.7 (t), 24.9 (t), 27.1 (t), 27.2 (t),
29.07 (t), 29.11 (t), 29.13 (t), 29.3 (t), 29.5 (t), 29.67 (t),
29.75 (t), 31.9 (t), 34.1 (t), 51.4 (q), 129.7 (d), 129.9 (d),
174.2 (s) (the signal at d 29.3 represents two carbons based
on intensity).

7.1.12. Methanolysis of N-acylhydrazide 3. A mixture of
200 mg (0.61 mmol) of N-acylhydrazide 3, 10 mL of meth-
anol, and 400 mg of acidic Dowex-50WX8-100 was stirred
at 70 �C (oil bath temperature) for 24 h. The mixture was fil-
tered and the filtrate was concentrated in vacuo to afford
170 mg (94%) of methyl oleate (15).

7.1.13. Methanolysis of aminimide 4. A mixture of 200 mg
(0.59 mmol) of aminimide 4, 10 mL of methanol, and
400 mg of acidic Dowex-50WX8-100 was stirred at 70 �C
(oil bath temperature) for 24 h. The mixture was filtered
and the filtrate was concentrated in vacuo and the residue
was purified by chromatography over 15 g of silica gel
(eluted with 7:3 hexane–ethyl acetate) to afford 120 mg
(70%) of methyl oleate (15).

7.1.14. Attempted methanolysis of amide 13. A mixture of
200 mg (0.66 mmol) of amide 14,21 10 mL of methanol, and
400 mg of acidic Dowex-50WX8-100 was stirred at 70 �C
(oil bath temperature) for 24 h. The mixture was filtered
and the filtrate was concentrated in vacuo to afford 190 mg
(95%) of unchanged amide 13.

7.1.15. Methanolysis of ethyl oleate (14). A mixture of
200 mg (0.65 mmol) of ethyl oleate (14), 10 mL of metha-
nol, and 400 mg of acidic Dowex-50WX8-100 was stirred
at 70 �C (oil bath temperature) for 12 h. The mixture was fil-
tered and the filtrate was concentrated in vacuo to afford
200 mg of a 62:38 mixture of methyl oleate and ethyl oleate,
respectively. When the reaction was analyzed after 5.5 h and
four days, the ratios of methyl:ethyl esters were 11:89 and
96:4, respectively.

7.1.16. 2-Bromoethyl oleate (18). To a solution of 2.0 g
(6.6 mmol) of oleoyl chloride in 50 mL of benzene were
added sequentially 0.87 g (0.49 mL, 6.93 mmol) of 2-bro-
moethanol and 1.33 g (1.8 mL, 13.2 mmol) of triethylamine
via syringe. The mixture was stirred at room temperature for
15 h, filtered, and the filtrate was concentrated in vacuo. The
residue was purified by chromatography over 60 g of silica
(eluted with hexanes–ethyl acetate, 95:5) to give 2.42 g
(94%) of ester 18 as yellow oil: IR (neat) 1743 cm�1; 1H
NMR (CDCl3, 250 MHz) d 0.8 (t, J¼7 Hz, 3H, CH3), 1.1–
1.4 (m, 20H), 1.5–1.7 (m, 2H, CH2CH2CO), 1.8–2.0 (m,
4H, CH2C]), 2.3 (t, J¼7.3 Hz, 2H, CH2CO), 3.5 (t,
J¼7.3 Hz, 2H, CH2Br), 4.4 (t, J¼7.3 Hz, 2H, CH2O), 5.2–
5.3 (m, 2H, CH]); 13C NMR (CDCl3, 62.9 MHz) d 14.1,
22.6, 24.8, 27.1, 27.1, 28.7, 29.0, 29.1, 29.3, 29.5, 29.6,
29.7, 31.8, 34.0, 63.5, 129.6, 129.9, 173.2 (two carbons
were not observed due to suspected overlap of signals
around d 29); HRMS (ESI) calcd for C20H37O2

79BrNa: m/z
411.1875, found: m/z 411.1862.

7.1.17. Ester 17. To a solution of 0.3 g (0.77 mmol) of bro-
mide 18 in 1.5 mL of tetrahydrofuran was added 0.29 g
(0.36 mL, 4.77 mmol) of 1,1-dimethylhydrazine in one por-
tion. The mixture was stirred in a sealed tube with warming
at 60 �C (oil bath temperature) for 5.5 h. The reaction was
allowed to cool to room temperature and the solvent and ex-
cess 1,1-dimethylhydrazine were removed in vacuo to give



10200 G. Oba et al. / Tetrahedron 62 (2006) 10193–10201
0.34 g (97%) of ester 17 as a yellow gel: IR (neat) 3214,
3111, 1740 cm�1; 1H NMR (CDCl3, 250 MHz) d 0.8 (t,
J¼7 Hz, 3H, CH3), 1.1–1.4 (m, 20H), 1.5–1.7 (m, 2H,
CH2CH2CO), 1.8–2.0 (m, 4H, CH2C]), 2.3 (t, J¼7.3 Hz,
2H, CH2CO), 3.6 (s, 6H, CH3N), 4.0–4.1 (m, 2H, CH2O or
CH2N), 4.5–4.6 (m, 2H, CH2N or CH2O), 5.2–5.3 (m, 2H,
CH]); 13C NMR (CDCl3, 62.9 MHz) d 14.0, 22.5, 24.5,
27.0, 27.1, 28.96, 29.04, 29.13, 29.34, 29.54, 29.57, 31.7,
33.9, 56.9, 57.5, 67.5, 129.5, 129.8, 172.8 (two carbons
were not observed due to suspected overlap of signals
around d 29); HRMS (ESI) calcd for C22H45N2O2: m/z
369.3481, found: m/z 369.3477. This material contained
traces of contamination by both 1H and 13C NMR spectros-
copies (see Supplementary data).

7.1.18. Methanolysis of aminimide 10. To a solution of
100 mg (0.22 mmol) of aminimide 10 in 5.0 mL of methanol
was added 200 mg of Dowex-50X8-100 in one portion. The
mixture was stirred at room temperature for 6.25 h, filtered,
and the filtrate was concentrated in vacuo. The residue
was purified by column chromatography over 20 g of
silica gel (eluted with hexanes–ethyl acetate, 90:10) to
give 42 mg (66%) of the methyl oleate (15) as a pale yellow
liquid.

7.1.19. Methanolysis of ester 17. To a solution of 49 mg
(0.11 mmol) of ester 17 in 2.5 mL of methanol was added
100 mg of Dowex-50X8-100 in one portion. The mixture
was stirred at room temperature for 6.25 h, filtered, and
the filtrate was concentrated in vacuo. The residue was puri-
fied by column chromatography over 15 g of silica gel
(eluted with hexanes–ethyl acetate, 90:10) to give 25 mg
(77%) of the methyl oleate (15) as a pale yellow liquid. 1H
NMR analysis prior to chromatography indicated a 95:5
mixture of 15 and 17, respectively.
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Abstract—An efficient enantioselective synthesis of (�)-chloramphenicol (1) and (+)-thiamphenicol (2) is described. These antibiotics have
been synthesized from commercially available 4-nitrobenzaldehyde and 4-(methylthio)benzaldehyde, respectively, using tethered amino-
hydroxylation and Sharpless asymmetric epoxidation as the chirality inducing steps.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

(�)-Chloramphenicol 1 and (+)-thiamphenicol 2 (Fig. 1)
are broad-spectrum antibiotics with a range of biological ac-
tivities.1 The antibiotic chloramphenicol is active only in its
D-threo configuration and is especially effective in the treat-
ment of typhus, dysentery and ocular bacterial infections.2

(+)-Thiamphenicol 2, a synthetic analogue of chloramphen-
icol 1, is bacteriostatic for both Gram-positive and Gram-
negative aerobes and for some anaerobes.3 Owing to their
potential biological activity, a number of syntheses have
been described.4–7

Sharpless asymmetric epoxidation has previously been used
for the syntheses of 1 and 2.5c,d,j,7c,e In one of these reports,
the authors made use of a Z-cinnamyl alcohol for which the
asymmetric epoxidation required a long reaction time.5c

Further, in some cases, the use of E-cinnamyl alcohol re-
sulted in the increase of the number of steps.5d,7c,e In another
report, the use of Sharpless asymmetric epoxidation under
kinetic resolution conditions required expensive, unnatural
(�)-diisopropyl tartrate [(�)-DIPT].5j However, we are
able to replace the unnatural (�)-diisopropyl tartrate with

OH

OH

NHCOCHCl2R
R= NO2;  (-)-Chloramphenicol, 1

R= SO2Me;  (+)-Thiamphenicol, 2

Figure 1.

Keywords: Asymmetric synthesis; Asymmetric epoxidation; Kinetic resolu-
tion; Tethered aminohydroxylation.
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e-mail: a.sudalai@ncl.res.in
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.019
naturally occurring and cheaply available (+)-diisopropyl
tartrate for the enantioselective syntheses of 1 and 2.

The tethered aminohydroxylation (TA),8 an intramolecular
asymmetric aminohydroxylation of alkenes, has become
a reliable method in recent years for achieving excellent
levels of syn selectivity while providing at the same time
complete control over the regio- and chemoselectivity of
the oxidation. We describe herein a new, short approach
for the stereoselective synthesis of (�)-chloramphenicol 1
and (+)-thiamphenicol 2 by employing two key reactions,
namely, Sharpless asymmetric epoxidation11 and the teth-
ered aminohydroxylation.8

2. Result and discussion

Our synthesis of (�)-chloramphenicol 1 (Scheme 1) starts
with the reaction of 4-nitrobenzaldehyde 3a with divinyl-
zinc9 to give 1-(4-nitrophenyl)allyl alcohol 4a in 68% yield.
Allylic alcohol 4a was then subjected to Sharpless asymmet-
ric epoxidation under kinetic resolution conditions10 using
the naturally occurring (+)-diisopropyl tartrate [(+)-DIPT]
to furnish the corresponding chiral allylic alcohol, 1-(S)-4-
(nitrophenyl)-2-propen-1-ol 6a, in 44% chemical yield and
98% ee (optical purity was determined by 1H NMR analysis
of the corresponding Mosher’s ester 10a, see Section 4 for
details) along with the corresponding epoxide 7a in 49%
yield. Both chiral alcohol 6a and epoxide 7a could be easily
separated by column chromatographic purification. Alcohol
6a was then treated with trichloroacetyl isocyanate11 in
CH2Cl2 to give the corresponding isocyanate, which on
treatment with K2CO3 and methanol in the presence of
H2O gave the carbamate 8a in 90% yield.

The carbamate 8a thus obtained was converted into the ox-
azolidinone 9a by a tethered aminohydroxylation protocol8b

mailto:a.sudalai@ncl.res.in
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CHO

R

OH

R

OH

a or a' c

3a R= NO2
3b R= SMe (44%) 6a R= NO2

(43%) 6b R= SO2Me 

R
(method a, 68%) 4a R= NO2

(method a', 96%) 4b R= SMe
(95%) 5 R= SO2Me b

+
R

OH

O

(49%) 7a R= NO2
(48%) 7b R= SO2Me

R

O NH2

O

R

OH

NHCOCHCl2

OHd e
6a,6b

(90%) 8a R= NO2
(86%) 8b R= SO2Me 

(69%) 9a R= NO2
(65%) 9b R= SO2Me 

O

NH
OH

R

O

(78%) 1 R= NO2
(77%) 2 R= SO2Me 

f

Scheme 1. Reagents and conditions: (a) divinylzinc, THF, Et2O, �78–25 �C, 10 h; (a0) vinylmagnesium bromide, THF, 0–25 �C, 2 h; (b) oxone, THF/MeOH/
H2O (1:1:1), 0–25 �C, 30 min, 95%; (c) (+)-DIPT, Ti(OiPr)4, TBHP, CH2Cl2, �20 �C, 14–24 h; (d) (i) trichloroacetyl isocyanate, CH2Cl2, 0–25 �C, 2 h; (ii)
K2CO3, MeOH, H2O, 0–25 �C, 18 h; (e) K2Os(OH)4O2, t-BuOCl, NaOH, EtN-i-Pr2, n-PrOH/H2O (1:1), 25 �C, 3 h; (f) (i) 1 N NaOH, MeOH, 25 �C, overnight;
(ii) methyl dichloroacetate, 90 �C, 3 h.
using tert-butyl hypochlorite as the oxidant in the presence
of potassium osmate, 0.08 M NaOH, diisopropyl ethylamine
and propan-1-ol as the solvent. The reaction proceeded
smoothly to furnish the protected aminoalcohol 9a as a single
isomer with complete regiocontrol and excellent syn selec-
tivity (syn:anti>20:1, determined by 1H NMR analysis) giv-
ing 69% yield. The compound 9a was then hydrolyzed using
1 N NaOH in methanol5h to furnish the crude aminoalcohol,
which was then taken in methyl dichloroacetate4a,5h and
heated at 90 �C for 3 h to give (�)-chloramphenicol 1
in 78% yield. [a]D

25 �25.4 (c 1, EtOAc) [lit.12 [a]D
23 �25.5

(c 1, EtOAc)]. The spectral data of 1 was in complete agree-
ment with the reported values.1b

The same strategy was extended to the synthesis of
(+)-thiamphenicol 2 (Scheme 1). Commercially available
4-(methylthio)benzaldehyde 3b was converted to the allyl
alcohol 4b using vinylmagnesium bromide in THF.5j The
thioether 4b was then oxidized using oxone13 to give the cor-
responding sulfonyl ester 5 in 95% yield. Allyl alcohol 5 was
then subjected to Sharpless asymmetric epoxidation10 using
(+)-diisopropyl tartrate under kinetic resolution conditions to
furnish the chiral alcohol 6b in 43% yield and 98% ee (the
optical purity was determined by 1H NMR analysis of the
corresponding Mosher’s ester 10b, see Section 4 for details)
along with the epoxide 7b. Both alcohol 6b and epoxide 7b
could be easily separated by column chromatography. The
carbamate 8b obtained from 6b under the same experimental
conditions11 as explained earlier was converted into the oxa-
zolidinone 9b using tethered aminohydroxylation.8b The de-
sired isomer of the oxazolidinone 9b was obtained with high
stereoselectivity (syn:anti>20:1, determined by 1H NMR
analysis) giving 65% yield. Finally, the hydrolysis of 9b
with 1 N NaOH in methanol5h followed by the treatment
with methyl dichloroacetate4a,5h gave the final product
thiamphenicol 2 in 77% yield. [a]D

25 +12.7 (c 1, EtOH) [lit.3

[a]D
25 +12.9 (c 1, EtOH)]. The spectral data of 2 was in com-

plete agreement with the reported values.5j,14

3. Conclusion

In conclusion, we have achieved an efficient synthesis
of (�)-chloramphenicol (overall yield 29%, 98% ee) and
(+)-thiamphenicol (overall yield 34%, 98% ee) using
tethered aminohydroxylation and Sharpless asymmetric ep-
oxidation as the two key chirality inducing steps. The major
advantages of this work are the use of naturally occurring
(+)-DIPT for the kinetic resolution and the use of tethered
aminohydroxylation for the induction of second chiral centre
in the molecule in a highly diastereoselective fashion
(dr¼98:2).

4. Experimental

4.1. General

Solvents were purified and dried by standard procedures
before use;15 petroleum ether of boiling range 60–80 �C
was used. Melting points are uncorrected. Optical rotations
were measured using sodium D line on a JASCO-181 digital
polarimeter. Infrared spectra were recorded on Shimadzu
FTIR-8400 spectrometer. 1H NMR and 13C NMR were
recorded on Bruker AV-200, AV-400 and BRX-500 NMR
spectrometers, respectively. Elemental analysis was carried
on a Carlo Erba CHNS-O analyzer.

4.2. 1-(4-Nitrophenyl)-2-propen-1-ol (4a)

To a stirred solution of vinylmagnesium bromide [prepared
from vinyl bromide (8.49 g, 79.4 mmol) and magnesium
(1.93 g, 79.4 mmol)] in THF (90 mL), freshly fused ZnCl2
(5.40 g, 39.7 mmol) dissolved in THF (30 mL) was added
at 0 �C under nitrogen atmosphere. This solution was stirred
at 55 �C for 18 h, after which it was cooled to 10 �C and dry
ether (150 mL) was added and stirred for 10 min. The reac-
tion mixture was allowed to settle for 30 min. The superna-
tant liquid was transferred through a canula to another flask.
This solution was allowed to cool to �78 �C, then 4-nitro-
benzaldehyde 3a (1.5 g, 9.92 mmol) in THF (20 mL) was
added over a period of 15 min. The reaction mixture was
allowed to warm to room temperature and stirring continued
for 10 h. The reaction mixture was then quenched at�20 �C
by the addition of aqueous ammonium chloride. The aque-
ous layer was extracted with ethyl acetate (3�100 mL)
and the combined organic fractions collected and washed
with water and brine solution, then dried over Na2SO4 and
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concentrated under reduced pressure. The crude compound
was purified by column chromatography using petroleum
ether/EtOAc (8:2) to afford compound 4a (1.21 g, 68%) as
a pale yellow amorphous solid. Mp: 48–49 �C; IR (CHCl3)
nmax 3433, 2858, 1606, 1519, 1348, 1217, 1108, 1041,
989, 854, 757 cm�1; 1H NMR (200 MHz, CDCl3) d 8.21
(d, J¼8.8 Hz, 2H), 7.56 (d, J¼8.5 Hz, 2H), 5.91–6.05 (m,
1H), 5.25–5.45 (m, 3H), 2.04 (br s, 1H); 13C NMR
(50 MHz, CDCl3) d 149.6, 147.1, 139.1, 126.9, 123.5,
116.6, 74.4. Anal. Calcd for C9H9NO3 (179.18): C, 60.33;
H, 5.06; N, 7.82. Found: C, 60.45; H, 5.09; N, 7.94%.

4.3. 1-(S)-(4-Nitrophenyl)-2-propen-1-ol (6a)

To a stirred suspension of powdered 4 Å molecular sieves
(1.5 g) in dry CH2Cl2 (25 mL), Ti(OiPr)4 (1.27 g,
4.47 mmol) was added under nitrogen atmosphere. The
reaction mixture was cooled to �20 �C and (+)-diisopropyl
tartrate (1.25 g, 5.36 mmol) was added and stirred for
10 min, after which allyl alcohol 4a (0.8 g, 4.5 mmol) dis-
solved in CH2Cl2 (20 mL) was added and stirred at �20 �C
for 30 min. To the above solution tert-butyl hydroperoxide
(0.22 g, 2.5 mmol) dissolved in toluene was added and stirred
at �20 �C for 14 h. After completion of half of the reaction
(monitored by TLC), the reaction mixture was quenched
with 10% aqueous solution of tartaric acid (25 mL), after
which stirring was continued for 1 h at �20 �C and 2 h at
room temperature. The organic layer was separated, washed
with water and dried over Na2SO4, and concentrated under
reduced pressure. The residue was diluted with ether
(75 mL) and stirred with 1 M NaOH (25 mL) for 1 h at
0 �C. The organic layer was then separated, washed with
brine solution, dried over Na2SO4 and concentrated under
reduced pressure. The crude compound was purified by
column chromatography using petroleum ether/EtOAc
(8:2) to afford compound 6a (0.35 g, 44%) as a pale yellow
amorphous solid. Mp: 48–49 �C; [a]D

25 +41.3 (c 1, CHCl3);
IR (CHCl3) nmax 3433, 2858, 1606, 1519, 1348, 1217,
1108, 1041, 989, 854, 757 cm�1; 1H NMR (200 MHz,
CDCl3) d 8.21 (d, J¼8.8 Hz, 2H), 7.56 (d, J¼8.5 Hz, 2H),
5.91–6.05 (m, 1H), 5.25–5.45 (m, 3H), 2.04 (br s, 1H); 13C
NMR (50 MHz, CDCl3) d 149.6, 147.1, 139.1, 126.9,
123.5, 116.6, 74.4. Anal. Calcd for C9H9NO3 (179.18):
C, 60.33; H, 5.06; N, 7.82. Found: C, 60.45; H, 5.09; N,
7.94%.

4.4. (1R,2S)-1-(4-Nitrophenyl)oxiranemethanol (7a)

White amorphous solid. Mp: 74–75 �C; [a]D
25 +60.8 (c 1,

CHCl3); 1H NMR (200 MHz, CDCl3) d 8.23 (d, J¼9.0 Hz,
2H), 7.57 (d, J¼9.0 Hz, 2H), 5.01 (br d, J¼3.0 Hz, 1H),
3.20 (ddd, J¼2.6, 3.0, 4.2 Hz, 1H), 2.88 (dd, J¼2.6,
4.9 Hz, 1H), 2.72 (dd, J¼4.2, 4.9 Hz, 1H), 2.45 (br s, 1H).

4.5. Preparation of Mosher’s ester of 1-(S)-(4-nitro-
phenyl)-2-propen-1-ol (10a)

A two-neck 10 mL flask with septum was charged with
(44 mg, 0.21 mmol) N,N0-dicyclohexylcarbodiimide (DCC),
catalytic amount of 4-dimethylaminopyridine (DMAP) and
CH2Cl2 (2 mL) under argon atmosphere. The flask was
allowed to cool at 0 �C for 10 min and a solution of alcohol
6a (32 mg, 0.18 mmol) in CH2Cl2 (2 mL) was introduced
through a syringe. It was allowed to stir for additional
10 min, followed by dropwise addition of (R)-a-methoxy-
a-trifluoromethylphenyl acetic acid (46 mg, 0.196 mmol)
in CH2Cl2 (2 mL). This reaction mixture was then stirred at
0 �C for additional 1 h and then at room temperature over-
night. The reaction mixture was diluted with CH2Cl2
(50 mL), washed with saturated sodium bicarbonate solution
(50 mL), dried over Na2SO4 and then concentrated under re-
duced pressure to give Mosher’s ester of the alcohol (53 mg,
70%) as a thick syrup. [a]D

25 +39.5 (c 0.4, CHCl3); IR (CHCl3)
nmax 3158, 2952, 2927, 2850, 2250, 1753, 1606, 1519, 1495,
1348, 1268, 1242, 1217, 1153, 1122, 1015, 957, 911, 735,
650 cm�1; 1H NMR (200 MHz, CDCl3) d 8.15 (d, J¼9 Hz,
2H), 7.32–7.53 (m, 7H), 6.48 (d, J¼6.6 Hz, 1H), 5.90–6.06
(m, 1H), 5.36–5.47 (m, 2H), 3.55 (s, 3H). 13C NMR
(100 MHz, CDCl3) d 165.27, 147.98, 144.53, 134.09, 133.87,
132.04, 129.79, 128.45, 127.68, 127.24, 123.86, 119.95,
77.06, 55.56. Anal. Calcd for C19H16F3NO5 (395.10): C,
57.72; H, 4.08; F, 14.42; N, 3.54. Found: C, 57.94; H, 3.82;
F, 14.68; N, 3.21.

4.6. 1-(S)-(4-Nitrophenyl)allyl carbamate (8a)

To a stirred solution of alcohol 6a (0.45 g, 2.5 mmol) in
dichloromethane (12 mL) at 0 �C was added dropwise tri-
chloroacetyl isocyanate (0.36 mL, 3 mmol). The resulting
solution was stirred for 2 h and then concentrated in vacuo.
The residue was diluted with MeOH (13 mL), cooled
to 0 �C and a solution of potassium carbonate (1.04 g,
7.5 mmol) in H2O (2.4 mL) was added. The resulting suspen-
sion was stirred at 0 �C for 2 h, then at room temperature for
16 h. The reaction was concentrated in vacuo, diluted with
H2O (50 mL) and brine (50 mL) and extracted with dichloro-
methane (2�50 mL). The combined organic extracts were
dried over MgSO4 and concentrated in vacuo. The crude ma-
terial was purified by column chromatography using petro-
leum ether/EtOAc (6:4) to give 8a (0.5 g, 90%) as a pale
yellow crystalline solid. Mp: 101 �C; [a]D

25 +12.39 (c 1,
CHCl3); IR (CHCl3) nmax 3471, 3280, 3178, 1724, 1620,
1514, 1386, 1346, 1328, 1215, 925, 854, 756 cm�1; 1H
NMR (200 MHz, CDCl3) d 8.23 (d, J¼8.8 Hz, 2H), 7.53
(d, J¼8.7 Hz, 2H), 6.23 (d, J¼6 Hz, 1H), 5.89–6.06 (m,
1H), 5.35 (t, J¼7.3 Hz, 2H), 4.86 (br s, 2H); 13C NMR
(50 MHz, CDCl3) d 155.5, 147.5, 146.3, 135.2, 127.5,
123.7, 118.2, 75.7. Anal. Calcd for C10H10N2O4 (222.22):
C, 54.05; H, 4.54; N, 12.62. Found: C, 54.16; H, 4.50; N,
12.61%.

4.7. (5R,6R)-4-(Hydroxymethyl)-5-(4-nitrophenyl)-2-
oxazolidinone (9a)

A fresh aqueous solution of sodium hydroxide (0.08 M,
0.9 equiv) was prepared. All but a few drops of this were
added in one portion to a stirred solution of the allylic carba-
mate (0.222 g, 1 mmol) in propan-1-ol (12 mL). The solu-
tion was allowed to stir for 5 min, before freshly prepared
tert-butyl hypochlorite (0.114 mL, 1 mmol) was added.
The mixture was again allowed to stir for 5 min. To this
was added diisopropyl ethylamine (5 mol %) in one portion.
The mixture was allowed to stir for a further 5 min before the
final addition of a solution of potassium osmate (4 mol %) in
the remainder of the sodium hydroxide solution made ear-
lier. The reaction was monitored by TLC and halted when



10205S. George et al. / Tetrahedron 62 (2006) 10202–10207
no further change was detected. The reaction was quenched
by the addition of sodium sulfite (500 mg), and allowed to
stir for 30 min. The mixture was extracted with ethyl acetate
(2�50 mL). The combined organics were washed with
brine, dried over sodium sulfate and concentrated under re-
duced pressure. The crude material was purified by flash col-
umn chromatography on silica using petroleum ether/EtOAc
(4:6) to give 9a (0.16 g, 69%) as a gum. [a]D

25 �4.08 (c 1.1,
EtOH); IR (CHCl3) nmax 3351, 2944, 2832, 2523, 1755,
1607, 1527, 1450, 1416, 1351, 1112, 666 cm�1; 1H NMR
(200 MHz, acetone-d6) d 8.33 (d, J¼8.3 Hz, 2H), 7.75 (d,
J¼8.7 Hz, 2H), 6.96 (s, 1H), 5.61 (m, 1H), 4.49 (s, 1H),
3.81 (m, 3H); 13C NMR (125 MHz, acetone-d6) d 158.3,
148.6, 148.3, 127.3, 124.4, 78.6, 63.7, 62.1. Anal. Calcd
for C10H10N2O5 (238.22): C, 50.42; H, 4.23; N, 11.77.
Found: C, 50.36; H, 4.36; N, 11.86%.

4.8. (1R,2R)-2-(Dichloroacetamido)-1-(4-nitrophenyl)-
1,3-propanediol (1)

A solution of 1 N NaOH was made in methanol. The above
solution (10 mL) was added to 9a (0.95 g, 0.4 mmol) and
stirred overnight at room temperature. The reaction mixture
was filtered and the filtrate concentrated in vacuum. The
crude compound was taken in methyl dichloroacetate
(2 mL) and heated at 90 �C for 3 h. The excess ester was re-
moved under reduced pressure and the crude compound was
purified by column chromatography using petroleum ether/
EtOAc (3:7) to give the product 1 (0.1 g, 78%) as a white
amorphous solid. Mp: 151–152 �C [lit.11 149.7–150.7 �C];
[a]D

25 �24.9 (c 1, EtOAc) [lit.11 [a]D
23 �25.5 (c 1, EtOAc)];

IR (CHCl3) nmax 3420, 3020, 2929, 1686, 1604, 1523,
1454, 1403, 1348, 1216, 1049, 850 cm�1; 1H NMR
(400 MHz, DMSO-d6) d 8.31 (d, J¼9 Hz, 1H), 8.15 (d,
J¼8.3 Hz, 2H), 7.58 (d, J¼8.5 Hz, 2H), 6.47 (s, 1H), 6.04
(br s, 1H), 4.83–5.05 (m, 2H), 3.90–3.95 (m, 1H), 3.56–
3.61 (m, 1H), 3.33–3.40 (m, 1H); 13C NMR (100 MHz, ace-
tone-d6) d 164.3, 150.1, 147.3, 128.2, 123.2, 70.6, 66.6, 61.6,
56.9. Anal. Calcd for C11H12Cl2N2O5 (323.15): C, 40.89; H,
3.74; Cl, 21.94; N, 8.68. Found: C, 40.93; H, 3.82; Cl, 21.89;
N, 8.66%.

4.9. 1-(4-Methylsulfanylphenyl)-2-propen-1-ol (4b)

To a stirred suspension of Mg (7.1 g, 296 mmol) in THF
(75 mL), vinyl bromide (15.82 g, 147.81 mmol) in THF
(45 mL) was added at 0 �C under nitrogen atmosphere over
a period of 15 min and continued stirring at room tempera-
ture for a further 30 min. The reaction mixture was cooled
to 0 �C and 4-(methylthio)benzaldehyde 3b (7.5 g,
49.26 mmol) dissolved in THF (75 mL) was added over a
period of 10 min. After the addition was completed, the reac-
tion mixture was allowed to return to room temperature
and stirring continued for another 2 h. The reaction mixture
was quenched by the addition of aqueous ammonium chlo-
ride and extracted with ethyl acetate (3�100 mL). The com-
bined organic fractions were collected and washed with
water and brine solution, then dried over Na2SO4 and con-
centrated under reduced pressure. The crude compound
was purified by column chromatography using petroleum
ether/EtOAc (8:2) to afford compound 4b (8.5 g, 96%) as
a thick syrup; IR (CHCl3) nmax 3398, 3078, 2981, 2920,
1639, 1598, 1492, 1431, 1404, 1219, 1093, 989, 927,
815 cm�1; 1H NMR (200 MHz, CDCl3) d 7.30 (d,
J¼8.7 Hz, 2H), 7.24 (d, J¼8.7 Hz, 2H), 5.95–6.11 (m, 1H),
5.17–5.39 (m, 3H), 2.48 (s, 3H), 1.97 (br s, 1H); 13C NMR
(50 MHz, CDCl3) d 139.9, 139.4, 137.5, 126.7, 126.5,
114.9, 74.6, 15.74. Anal. Calcd for C10H12OS (180.27): C,
66.63; H, 6.71; S, 17.79. Found: C, 66.79; H, 6.89; S,
17.68%.

4.10. 1-(4-Methylsulfonylphenyl)-2-propen-1-ol (5)

To a vigorously stirred solution of sulfide 4b (3.78 g,
21 mmol) in THF (20 mL), MeOH (20 mL) and H2O
(20 mL) at 0 �C was added oxone (36 g, 59 mmol) portion-
wise. After 5 min at 0 �C, the white suspension was warmed
to room temperature and stirred for 30 min. The reaction was
poured into H2O (200 mL) and extracted with CH2Cl2
(3�100 mL), and the combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure. The
crude compound was purified by column chromatography
using petroleum ether/EtOAc (6:4) to give sulfone 5
(4.25 g, 95%) as a white amorphous solid. Mp: 56.5–
57.5 �C; IR (CHCl3) nmax 3481, 3020, 2927, 2360, 1639,
1598, 1407, 1303, 1149, 1087, 958, 761 cm�1; 1H NMR
(200 MHz, CDCl3) d 7.91 (d, J¼8.5 Hz, 2H), 7.58 (d,
J¼8.2 Hz, 2H), 5.99 (m, 1H), 5.23–5.43 (m, 3H), 3.03 (s,
3H), 2.20 (br s, 1H); 13C NMR (50 MHz, CDCl3) d 149.0,
139.3, 139.1, 127.3, 127.1, 116.2, 74.34, 44.39. Anal. Calcd
for C10H12O3S (212.27): C, 56.58; H, 5.69; S, 15.11. Found:
C, 56.69; H, 5.76; S, 15.23%.

4.11. 1-(S)-(4-Methylsulfonylphenyl)-2-propen-1-ol (6b)

To a stirred suspension of powdered 4 Å molecular sieves
(7 g) in dry CH2Cl2 (75 mL), Ti(OiPr)4 (3.12 g, 11 mmol)
was added under nitrogen atmosphere. The reaction mixture
was cooled to �20 �C and (+)-diisopropyl tartrate (3.1 g,
13.2 mmol) was added and stirred for 10 min, after which al-
lyl alcohol 5 (2.3 g, 11 mmol) dissolved in CH2Cl2 (60 mL)
was added and stirred at �20 �C for about 30 min. To the
above solution tert-butyl hydroperoxide (0.59 g, 6.6 mmol)
dissolved in toluene was added and stirred at �20 �C for
about 24 h. After completion of half of the reaction (moni-
tored by TLC), the reaction mixture was quenched with
10% aqueous solution of tartaric acid (80 mL), after which
stirring was continued for 1 h at�20 �C and 2 h at room tem-
perature. The organic layer was separated, washed with water
and dried over Na2SO4 and concentrated under reduced pres-
sure. The residue was diluted with ether (250 mL) and stirred
with 1 M NaOH (100 mL) for about 1 h at 0 �C. The organic
layer was then separated, washed with brine solution, dried
over Na2SO4 and then concentrated under reduced pressure.
The crude compound was purified by column chromato-
graphy using petroleum ether/EtOAc (6:4) to afford
compound 6b (1 g, 43%) as white amorphous solid. Mp:
56.5–57.5 �C; [a]D

25 +28.38 (c 1, CHCl3); IR (CHCl3) nmax

3481, 3020, 2927, 2360, 1639, 1598, 1407, 1303, 1149,
1087, 958, 761 cm�1; 1H NMR (200 MHz, CDCl3) d 7.91
(d, J¼8.5 Hz, 2H), 7.58 (d, J¼8.2 Hz, 2H), 5.99 (m, 1H),
5.23–5.43 (m, 3H), 3.03 (s, 3H), 2.20 (br s, 1H); 13C NMR
(50 MHz, CDCl3) d 149.0, 139.3, 139.1, 127.3, 127.1,
116.2, 74.34, 44.39. Anal. Calcd for C10H12O3S (212.27):
C, 56.58; H, 5.69; S, 15.11. Found: C, 56.55; H, 5.61; S,
15.26%.
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4.12. (1R,2S)-1-(4-Methylsulfonylphenyl)oxirane-
methanol (7b)

Thick syrup. [a]D
25 +47.3 (c 1, CHCl3); 1H NMR (200 MHz,

CDCl3) d 7.91 (d, J¼8.3 Hz, 2H), 7.59 (d, J¼8.3 Hz, 2H),
4.96 (br d, J¼3.0 Hz, 1H), 3.19 (m, 1H), 3.02 (s, 3H), 2.88
(dd, J¼3.0, 5.2 Hz, 1H), 2.73 (dd, J¼3.7, 5.2 Hz, 1H),
2.50 (br s, 1H).

4.13. Preparation of Mosher’s ester of 1-(S)-(4-methyl-
sulfonylphenyl)-2-propen-1-ol (10b)

A two-neck 10 mL flask with septum was charged with
(44 mg, 0.21 mmol) N,N0-dicyclohexylcarbodiimide (DCC),
catalytic amount of 4-dimethylaminopyridine (DMAP) and
CH2Cl2 (2 mL) under argon atmosphere. The flask was
allowed to cool at 0 �C for 10 min and a solution of alcohol
6b (38 mg, 0.179 mmol) in CH2Cl2 (2 mL) was introduced
through a syringe. It was allowed to stir for additional
10 min, followed by dropwise addition of (R)-a-methoxy-
a-trifluoromethylphenyl acetic acid (46 mg, 0.196 mmol)
in CH2Cl2 (2 mL). This reaction mixture was then stirred
at 0 �C for additional 1 h and then at room temperature over-
night. The reaction mixture was diluted with CH2Cl2
(50 mL), washed with saturated sodium bicarbonate solution
(50 mL), dried over Na2SO4 and then concentrated under
reduced pressure to get Mosher’s ester of the alcohol
(53 mg, 70%) as a thick syrup. [a]D

25 +42.5 (c 0.4, MeOH);
IR (CHCl3) nmax 3156, 3069, 2951, 2930, 2851, 2255,
1754, 1644, 1601, 1496, 1452, 1410, 1318, 1243, 1154,
1016, 957, 910, 737, 650 cm�1; 1H NMR (200 MHz,
CDCl3) d 7.87 (d, J¼8.5 Hz, 2H), 7.35–7.45 (m, 7H), 6.48
(d, J¼6.5 Hz, 1H), 5.89–6.06 (m, 1H), 5.35–5.47 (m,
2H), 3.55 (s, 3H), 3.04 (m, 3H); 13C NMR (100 MHz,
CDCl3) d 165.33, 147.44, 143.67, 140.73, 134.17, 131.99,
129.77, 128.43, 127.78, 127.24, 119.84, 77.31, 55.55,
44.44. Anal. Calcd for C20H19F3O5S (428.42): C, 56.07;
H, 4.47; F, 13.30; S, 7.48. Found: C, 57.24; H, 4.24; F,
13.06; S, 7.71.

4.14. 1-(S)-(4-(Methylsulfonyl)phenyl)allyl carbamate
(8b)

To a stirred solution of alcohol 6b (1 g, 4.7 mmol) in di-
chloromethane (23 mL) at 0 �C was added dropwise trichlo-
roacetyl isocyanate (0.71 mL, 5.64 mmol). The resulting
solution was stirred for 2 h and then concentrated in vacuo.
The residue was diluted with MeOH (25 mL), cooled to
0 �C and a solution of potassium carbonate (1.95 g,
14.1 mmol) in H2O (5 mL) was added. The resulting suspen-
sion was stirred at 0 �C for 2 h, then at room temperature for
16 h. The reaction was concentrated in vacuo, diluted with
H2O (50 mL) and brine (50 mL) and extracted with dichloro-
methane (2�50 mL). The combined organic extracts were
dried over MgSO4 and concentrated in vacuo. The crude ma-
terial was purified by column chromatography using petro-
leum ether/EtOAc (4:6) to give 8b (0.99 g, 86%) as a white
crystalline solid. Mp: 159 �C; [a]D

25 �10.23 (c 1, MeOH);
IR (neat) nmax 3421, 3265, 2906, 1720, 1608, 1406, 1379,
1298, 1145, 1041, 947, 769 cm�1; 1H NMR (500 MHz,
DMSO-d6) d 7.93 (d, J¼7.8 Hz, 2H), 7.58 (d, J¼7.8 Hz,
2H), 6.84 (s, 1H), 6.61 (s, 1H), 6.10 (d, J¼5.5 Hz, 1H),
5.97–6.04 (m, 1H), 5.32 (d, J¼16.9 Hz, 1H), 5.22 (d,
J¼10.1 Hz, 1H), 3.20 (s, 3H); 13C NMR (50 MHz, DMSO-
d6) d 155.7, 146.1, 140.2, 136.9, 127.5, 127.4, 117.0, 74.5,
43.7. Anal. Calcd for C11H13NO4S (255.30): C, 51.75; H,
5.13; N, 5.49; S, 12.56. Found: C, 51.79; H, 5.27; N, 5.40;
S, 12.49%.

4.15. (5R,6R)-4-(Hydroxymethyl)-5-(4-(methyl-
sulfonyl)phenyl)-2-oxazolidinone (9b)

A fresh aqueous solution of sodium hydroxide (0.08 M,
0.9 equiv) was prepared. All but a few drops of this were
added in one portion to a stirred solution of the allylic car-
bamate (0.76 g, 3 mmol) in propan-1-ol (30 mL). The solu-
tion was allowed to stir for 5 min, before freshly prepared
tert-butyl hypochlorite (0.4 mL, 3 mmol) was added. The
mixture was again allowed to stir for 5 min. To this was
added diisopropyl ethylamine (5 mol %) in one portion.
The mixture was allowed to stir for a further 5 min before
the final addition of a solution of potassium osmate
(4 mol %) in the remainder of the sodium hydroxide solu-
tion made earlier. The reaction was monitored by TLC
and halted when no further change was detected. The reac-
tion was quenched by the addition of sodium sulfite (1.5 g),
and allowed to stir for 30 min. The mixture was extracted
with ethyl acetate (2�50 mL). The combined organics
were washed with brine, dried over sodium sulfate and con-
centrated under reduced pressure. The crude material was
purified by flash column chromatography on silica using
petroleum ether/EtOAc (2:8) to give 9b (0.53 g, 65%) as
a pale yellow amorphous solid. Mp: 152 �C; [a]D

25 +9.74
(c 1.16, MeOH); IR (neat) nmax 3259, 3020, 2929, 2399,
2360, 1716, 1602, 1407, 1299, 1215, 1149, 1089, 1026,
954, 769 cm�1; 1H NMR (200 MHz, DMSO-d6) d 7.98 (d,
J¼8.5 Hz, 2H), 7.95 (br s, 1H), 7.62 (d, J¼8.3 Hz, 2H),
5.45 (d, J¼3.9 Hz, 1H), 5.20 (t, J¼5.3 Hz, 1H), 3.46–3.59
(m, 3H), 3.22 (s, 3H); 13C NMR (125 MHz, DMSO-d6)
d 158.1, 146.0, 140.8, 127.8, 126.6, 77.8, 62.6, 61.3, 43.7.
Anal. Calcd for C11H13NO5S (271.30): C, 48.69; H, 4.83;
N, 5.17; S, 11.82. Found: C, 48.62; H, 4.94; N, 5.23; S,
11.76%.

4.16. (1R,2R)-2-(Dichloroacetamido)-1-[(4-methyl-
sulfonyl)phenyl]-1,3-propanediol (2)

A solution of 1 N NaOH was made in methanol. The above
solution (10 mL) was added to 9b (0.14 g, 0.4 mmol) and
stirred overnight at room temperature. The reaction mixture
was filtered and the filtrate concentrated in vacuum. The
crude compound was taken in methyl dichloroacetate
(2 mL) and heated at 90 �C for 3 h. The excess ester was re-
moved under reduced pressure and the crude compound was
purified by column chromatography using petroleum ether/
EtOAc (1:9) to give the product 2 (0.11 g, 77%) as a white
amorphous solid. Mp: 164–165 �C [lit.2 164.3–166.3 �C];
[a]D

25 +12.5 (c 1, EtOH) [lit.2 [a]D
25 +12.9 (c 1, EtOH)]; IR

(neat) nmax 3481, 3407, 3242, 3082, 3020, 2925, 1699,
1562, 1406, 1282, 1215, 1145, 1033, 906, 806, 767 cm�1;
1H NMR (200 MHz, acetone-d6) d 7.93 (d, J¼8.5 Hz,
2H), 7.71 (d, J¼8.2 Hz, 2H), 7.70 (d, J¼8.2 Hz, 1H), 6.41
(s, 1H), 5.31 (d, J¼2.4 Hz, 1H), 5.27 (d, J¼3.8 Hz, 1H)
4.28 (t, J¼4.7 Hz, 1H), 4.10–4.20 (m, 1H), 3.77–3.89 (m,
1H), 3.63–3.72 (m, 1H), 3.10 (s, 3H); 13C NMR
(100 MHz, acetone-d6) d 164.42, 149.59, 140.95, 127.85,
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127.77, 71.21, 67.51, 62.08, 57.99, 44.34. Anal. Calcd for
C12H15Cl2NO5S (356.23): C, 40.46; H, 4.24; Cl, 19.9; N,
3.93, S, 9.0. Found: C, 40.59; H, 4.38; Cl, 19.85; N, 4.05;
S, 8.96%.
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Abstract—A series of poly(phenyl ketone) dendrons have been constructed using a convergent strategy. An aryl fluoro-substituent is deac-
tivated towards nucleophilic substitution by protection of a para-ketone as an acetal. This allows coupling to an activated aryl fluoride.
Subsequent deprotection of the acetyl group then activates the first fluoro-substituent and allows the next generation of the dendron to be
added. The synthesis of higher generations is complicated by a scrambling reaction, which lowers the yields.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Ever since their realisation in the 1980s,1 dendrimers have
been widely studied due to their unique properties.2 The
exterior or interior can be decorated with functional groups
for applications such as encapsulation,3 light harvesting,4

catalysis5 or electroluminescence.6 Most dendrimers are
constructed using flexible linkers, as their chemistry and
processing tend to be easier. However, in certain applications
where structural integrity is important, rigid branches may
prove important. Examples of rigid dendrimers include those
based on branched phenylenes7 and phenylacetylenes.8

While dendrimers have been the focus of research in the
past, more recently dendrons have proved their importance
in their own right as solubilising and rigidifying modifiers
for polymers.9

There are two distinct routes for dendrimer/dendron synthe-
sis, namely the divergent or convergent step-wise growth
methods. The divergent method of dendrimer synthesis
involves the build up of successive layers of protected, poly-
functional monomers starting from a central core. Several
addition/activating steps are carried out until the desired
dendrimer size is obtained. An increasing number of chain
end monomers at the periphery is produced as the dendrimer
is built up. An example of this is the synthesis of poly(amido-
amine) PAMAM Starburst dendrimers,1c,d where ammonia
acts as the core molecule. As successive generations are built
up it gets increasingly difficult to obtain high yielding reac-
tions and the maximum size of the dendrimer is limited due
to the level of steric crowding at the surface. Another prob-
lem is in the purification at each generation, as any single

Keywords: Dendron; Dendrimer; Aromatic nucleophilic substitution;
Acetal.
* Corresponding author. Tel.: +44 1223 740244; e-mail: scm1001@cam.

ac.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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defect in the dendrimer makes only a small difference to
its properties.

The convergent method on the other hand differs in the fact
that the synthesis starts from the periphery monomer units
and works inwards to form dendrons or ‘wedges’. These
wedges (once the desired size is obtained) can be attached
to a polyfunctional core to form the dendrimer. The conver-
gent method has the advantage in the fact that in each step
there are only two reactions (i.e., two monomers/dendrons
in the nth generation couple to the appropriate functionality
of the monomer unit in the (n�1)th generation) and the num-
ber of reaction sites does not increase with increasing size of
the dendrimer, unlike in the divergent approach. However,
if the dendrons become too big, reactivity may become
impaired due to the large amount of crowding that develops
near the focal point.

We were interested in the possible use of dendrimers and
dendrons as high glass transition temperature (Tg) cross-
linkers and polymer modifiers. For these purposes, the exte-
rior needed to be decorated with (protected) phenolic
groups, and the branching linkers needed to be thermally
and oxidatively stable. The high Tg was hoped to be afforded
by the use of rigid branching units. While the Tg of un-cross-
linked dendrimers seems to be determined by the outer sur-
face functionality as much by the nature of the branching
linkages,10 no studies have been made on cross-linked mate-
rials. The diaryl ketone linkage was chosen as being suitable
as the Tg of linear poly(phenyl ketones) ranges from 150 to
220 �C.11 There are two main routes known for the synthesis
of polyphenyl ketone dendrimers. The first was a convergent
route, which used an oxidative step to activate the fluoro-
phenyl group towards further nucleophilic substitution
(Scheme 1a).12 This was ruled out in the present case for
two reasons. The branching units in our case were ethers,
which may activate the phenyl unit towards oxidation. As

mailto:scm1001@cam.ac.uk
mailto:scm1001@cam.ac.uk
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well, the oxidation may prove less selective or lower yield-
ing as the size of the dendrimer increases. The second di-
vergent method used the deprotection of methoxy phenyl
ethers with BBr3 or AlCl3 to expose new phenoxy-groups
(Scheme 1b).13

Dendrimers normally use a protection–deprotection scheme
in order to selectively couple units together. The most obvi-
ous protection chemistry for the aromatic ketones would
appear to be the use of cyclic acetals, which can be cleanly
deprotected under mildly acidic conditions. Cyclic acetals
have been used to protect fluorophenyl ketones in the synthe-
sis of pharmaceutical derivatives, though in these instances
the acetal groups were used to protect the ketone than to con-
trol the activation of the fluoro-substituent as here.14 They
have also been used to functionalise the carbonyl groups
of poly(phenyl ketones) to give improved solubility over
the parent polymer.15 In that particular case, though, the ace-
tal groups were added after the nucleophilic polymerisation
step.

2. Results

We were unsure whether a simple acetal could withstand the
high temperatures and polar solvents usually used in aro-
matic nucleophilic substitutions. To this end, some model
chemistry was undertaken in order to prove the concept.
Formation of an acetal of 4-hydroxyphenyl ketone 1 was
attempted under standard conditions (ethylene glycol, acid,
azeotropic removal of water), but even after 5 days, only
starting material could be recovered. It was possibly due to
that the phenolic group was interfering in the reaction.
Diaryl ketones appear difficult to protect with acetal groups
at the best of times and prolonged reaction times (5 days
or more) have often been employed.15 A milder literature
procedure to protect aromatic ketones involving 1,2-bis(tri-
methylsiloxy)ethane was then tried.16 This reaction, which
requires the use of a catalyst, trimethylsilyl trifluoromethane-
sulfonate, went in reasonable yield (71%) after only 3 h,
the remainder being the starting material (Scheme 2). The
unprotected phenolic group did not appear to interfere in
the reaction. The protected ketone 2 was then reacted with
4-fluorophenyl phenyl ketone 3 using sodium carbonate as
base at 160 �C to give 6 in 81% isolated yield without any
apparent side products (Scheme 2). The reaction appeared
clean, with no other products isolated. Gratifyingly, the
cyclic acetal showed no signs of instability at those temper-
atures and conditions. Deprotection was cleanly performed
by heating in acetone in the presence of an acid catalyst to
give diketone 4 in 93% yield from 3. Our work would
seem to be the first to directly protect an activated aryl-
fluorine group via the use of acetal protection chemistry.

The key dihydroxyketone 6 was prepared in two steps from
the reaction of 4-fluorophenyl magnesium chloride with 3,5-
dimethoxybenzoyl chloride to give 5, followed by deprotec-
tion of the methoxy groups with BBr3 (Scheme 3). The diol 6
was then protected with 1,2-bis(trimethylsiloxy)ethane. The
resulting product 7, isolated in 70% yield, proved only mod-
erately stable and decomposed upon standing after a week.
Undoubtedly, the presence of the mildly acidic phenolic pro-
tons was catalysing the attack on the acetal functionality.
However, 7 could be kept indefinitely in solution (in THF)
if stored over sodium carbonate. In practise, the compound
was used immediately after preparation and purification.

The reaction between 4-fluoro-30,50-dihydroxybenzophe-
none and 7 proceeded in 73% yield to give a waxy amor-
phous solid 8. Sodium carbonate was used as a base, as it
has been reported that the use of potassium carbonate can
catalyse transetherification reactions in similar systems.17

This is because the bi-product, potassium fluoride, is soluble
in DMSO solvent and can attack the existing diphenyl
ketone ether structures, whereas sodium fluoride is insolu-
ble. While this is of little consequence when producing poly-
mers, in the present case any transetherification will produce
scrambling of the dendrimer leading to defects in the struc-
tures. We looked at DMF as an alternative solvent. However,
at high temperatures needed for the coupling, we found some
O
OH OH
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Scheme 3. Synthesis of generation one dendron 9.
substitution of fluoride with dimethylamine had occurred.
This side-product, probably arose via decomposition of the
solvent under the basic conditions.

The NMR of 8 showed that the acetal ring survived during
the reaction and work-up. Again, the reaction appeared clean
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Figure 1. Structure and atom numbering of dendrons 10 and 11.
with only one product seen on TLC analysis and isolated.
Compound 8 was deprotected cleanly to give the first gener-
ation product 9. Coupling of 9 with 7 under identical condi-
tions as before gave the protected second generation wedge
10 in a reduced yield of 48% (Fig. 1). Unlike previous cou-
plings, several other compounds could be seen under TLC
analysis, suggesting that the reaction was not quite as clean
as hoped. Deprotection as before gave 11 in 83% yield as an
amorphous white solid. While the deprotection was very
clean by TLC analysis, some of the compounds appeared
to irreversibly bind to the silica column, perhaps accounting
for the less than quantitative yields.

Attempted preparation of the third generation wedge pro-
duced a complex mixture that couldn’t be purified further.
It was obvious that side reactions were competing with the
desired coupling reactions. In order to determine the possi-
ble cause, a model study was performed. Coupling of
4-hydroxybenzophenonewith 1, under conditions used previ-
ously, gave an isolated yield of 87% of the expected product
12, along with 3% of the side-product 13. The side-product
was clearly being produced by the attack of phenoxide on
the product (Scheme 4). Transetherification in benzophenone
derivatives has been noted before,17 and we were unable to
find any different conditions (temperature, solvents or
base) to eliminate the formation of this side-product. It ap-
pears that the rate difference in the nucleophilic aromatic
substitution between an aryl fluoride and aryl phenyl ether
F
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OCH3
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Scheme 4. Model coupling reaction.
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may be fairly insensitive to conditions. Three percent trans-
etherification is of minor consequence in the formation of
lower generation dendrimers. However, by the time a genera-
tion three product is required, there are six times more
potentially reactive aryl ether sites than fluoride sites in the
starting material. Added to this is the strong possibility that
the terminal fluoride group may have lower reactivity than
expected due to steric crowding at the apex of the dendron.
The net result appears to be the scrambling of dendrimeric
structure at high generation, which appears to be a limitation
in the use of a nucleophilic route to higher poly(phenyl ether)
structures at present.

The purity of the generations one and two wedges was
checked for any scrambling. The 1H and 13C NMR spectra
of both products were very clean, and all the carbons could
be accounted for, with no extra peaks. The carbon and proton
spectra were fully assigned by use of model compounds and
peak intensities. Gel permeation chromatography of the
generations one and two structures showed a monodisperse
product (polydispersity<1.05) (Fig. 2), and mass spectral
analysis (ESI) showed no higher molecular weight products.
The dendrimers were all amorphous, waxy materials,
perhaps suggesting a low Tg for the un-cross-linked material.
DSC measurements did not reveal an obvious glass tran-
sition point, perhaps due to the variety of the structural
elements present.

3. Conclusions

Protection of an aryl fluoride towards nucleophilic substitu-
tion can be achieved via acetylisation of a para-ketone
substituent. The best reagent for the protection was found
to be trimethylsilyl trifluoromethanesulfonate. Deprotection
can be achieved under mild acidic conditions to activate the
fluoro-group. This protection–deprotection strategy allows
the formation of phenyl ketone denritic wedges and possibly
dendrimers to be constructed in a convergent fashion. A
generation two dendritic wedge was ultimately constructed.
This method works well for lower generations, but trans-
etherification produces scrambling at higher generation
that limits the utility of this method at this time for larger
structures until more selective reaction conditions are found.

Figure 2. Size exclusion chromatographs of dendrons 9 and 11.
4. Experimental

4.1. General

1H NMR spectra were recorded using Bruker DPX-250
(250 MHz), DPX-400 (400 MHz) and DPX-500 (500 MHz)
using the indicated deuterated solvent. Chemical shifts
(d in parts per million) are quoted relative to residual proton
signals in chloroform where d (CHCl3)¼7.26. Signal multi-
plets are quoted as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet) and br (broad). Infrared spectra
were recorded on a Nicolet 510 FT-IR spectrometer. The
samples were prepared as KBr discs or as thin films on
NaCl plates as an oil. Microanalysis was performed by the
University Chemical Laboratory Microanalytical Depart-
ment. Melting points were determined using a Gallenkamp
melting point apparatus and are not corrected. Flash chroma-
tography was carried out on Merck Silica Gel 60. Thin layer
chromatography (TLC) was carried out on a pre-coated
0.2 mm Merck 60 F254 silica plates, visualised by either
UV light (366 nm) or potassium permanganate oxidation.
Size exclusion chromatography was carried out using 3
Polymer Laboratories PL Gel mixed C (cross-linked poly-
styrene/divinylbenzene) columns, chloroform solvent, flow
rate 1 mL/min and at 30 �C.

4.1.1. 4-(2-Phenyl-[1,3]dioxolan-2-yl)-phenol (2). To a
solution of 4-hydroxybenzophenone 1 (0.60 g, 3.0 mmol)
in dry DCM (15 mL), at 0 �C under nitrogen, was added
1,2-bis(trimethylsilyloxy)ethane (1.40 mL, 6.1 mmol). The
mixture was left for 30 min under nitrogen and then tri-
methylsilyl trifluoromethanesulfonate (0.06 mL, 0.3 mmol)
was added under nitrogen. After 30 min the temperature
was raised to room temperature for 5 h. Pyridine (0.1 mL)
was added to the mixture and then it was placed into water
(40 mL) and extracted with ethyl acetate (3�30 mL). The
combined extracts were then dried over magnesium sulfate,
filtered and concentrated in vacuo. Column chromatography
on silica gel, using 82:18 hexane/ethyl acetate yielded 0.52 g
(71%) of a white solid, 2; Rf (hexane/ethyl acetate 1:1) 0.85;
mp 107–109 �C; IR (KBr) 3100–3000, 2900, 1590, 1555,
1500, 1250, 1180 cm�1; 1H NMR (400 MHz) d (CDCl3)
7.49 (d, 2H, H-3, 3JHH¼8.0 Hz), 7.37–7.25 (m, 5H,
aromatic), 6.74 (d, 2H, H-8, 3JHH¼9.0 Hz), 4.93 (s, 1H,
OH), 4.04 (m, 4H, H-10); m/z (ESI) 265.08 [M+Na+.
C15H14O3Na requires M+Na, 265.08406]; m/z (ESI) 265.1
(M+Na+, 100%), 243.1 (23%); found C, 74.0%; H, 5.8%.
C15H14O3 requires C, 74.4%; H, 5.8%.

4.1.2. Phenyl-4-{[4-(2-phenyl-[1,3]dioxolan-2-yl)-phen-
oxy]-phenyl}-methanone (3). To a solution of compound
2 (0.50 g, 2.1 mmol) and 4-fluorobenzophenone (0.46 g,
2.1 mmol) in dry DMSO (20 mL) was added Na2CO3

(0.22 g, 2.1 mmol). The mixture was heated to 160 �C for
24 h and then cooled to room temperature. Water (40 mL)
was then added and the mixture was extracted with ethyl
acetate (3�30 mL). The combined extracts were then dried
over magnesium sulfate, filtered and concentrated in vacuo.
Recrystallisation from hexane/ether yielded 0.72 g (84%) of
a white solid, 3; Rf (hexane/ethyl acetate 1:1) 0.69; mp 119–
121 �C; IR (KBr) 3050, 2900, 1660, 1590, 1310, 1250, 1180,
1080 cm�1; 1H NMR (400 MHz) d (CDCl3) 7.79 (d, 2H,
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H-16, 3JHH¼7.0 Hz), 7.76 (d, 2H, H-12, 3JHH¼7.0 Hz),
7.58–7.50 (m, 4H, aromatic), 7.45 (t, 2H, H-2, 3JHH¼
8.0 Hz), 7.36–7.27 (m, 4H, aromatic), 7.04 (d, 2H, H-8,
3JHH¼7.0 Hz), 7.01 (d, 2H, H-11, 3JHH¼7.0 Hz), 4.07 (m,
4H, H-19, H-20); 13C NMR (100 MHz) d (CDCl3) 195.5,
161.3, 155.4, 141.9, 138.4, 137.9, 132.4, 132.1, 132.0,
129.8, 128.2, 128.2, 128.1, 126.1, 119.6, 117.3, 109.1, 64.9;
m/z (EI) 422.15206 [M+. C28H22O4 requires M,
422.15181]; m/z (EI) 422.2 (M+, 40%), 345.1 (100%),
149.1 (57%), 68.9 (38%); found C, 79.6%; H, 5.3%.
C28H22O4 requires C, 79.4%; H, 5.3%.

4.1.3. Bis-(4-benzoylphenyl) ether (4). To a solution of 3
(0.50 g, 1.2 mmol) in acetone (15 mL) was added p-toluene-
sulfonic acid (0.33 g, 1.2 mmol). The mixture was heated at
50 �C for 3 h and then placed in water (30 mL). The mixture
was then extracted with ethyl acetate (3�30 mL). The com-
bined extracts were then dried over magnesium sulfate,
filtered and concentrated in vacuo. Recrystallisation from
ethanol yielded 0.42 g (93%) of a white solid, 4; Rf

(hexane/ethyl acetate 1:1) 0.72; mp 162–164 �C (lit.18 mp
163–165 �C); IR (KBr) 3030, 1650, 1600, 1500, 1320,
1290, 1170 cm�1; 1H NMR (400 MHz) d (CDCl3) 7.87 (d,
4H, H-7, 3JHH¼9.0 Hz), 7.79 (d, 4H, H-3, 3JHH¼7.0 Hz),
7.58 (t, 2H, H-1, 3JHH¼7.5 Hz), 7.48 (t, 4H, H-2,
3JHH¼7.5 Hz), 7.14 (d, 4H, H-8, 3JHH¼9.0 Hz); m/z (EI)
378.12547 [M+. C26H18O3 requires M, 378.12559]; m/z
(EI) 378.1 (M+, 98%), 301.1 (100%), 68.9 (97%); found
C, 82.3%; H, 4.8%. C26H18O3 requires C, 82.5%; H, 4.8%.

4.1.4. 5-(2-Phenyl-[1,3]dioxolan-2-yl)-benzene-1,3-diol
(7). To a solution of 4-fluoro-30,50-dihydroxybenzo-
phenone10c 6 (1.10 g, 4.7 mmol) in dry ether (15 mL), at
0 �C under nitrogen, was added 1,2-bis(trimethylsilyloxy)-
ethane (1.40 mL, 6.1 mmol). The mixture was left for
30 min under nitrogen and then trimethylsilyl trifluoro-
methanesulfonate (0.06 mL, 0.3 mmol) and trifluoroacetic
acid (two drops) were added. After 30 min, the temperature
was raised to room temperature for 5 h. Pyridine (0.1 mL) was
added to the mixture and, after 30 min, water (40 mL) was
added. The mixture was extracted with ethyl acetate (3�
30 mL). The combined extracts were then dried over magne-
sium sulfate, filtered and concentrated in vacuo. Column
chromatography on silica gel using 60:40 hexane/ethyl ace-
tate yielded a waxy solid. The waxy solid was stirred in
DCM where upon a precipitate was formed. The precipitate
was filtered and the filtrate was concentrated in vacuo to
yield 0.93 g (70%) of a waxy solid, 7; Rf (hexane/ethyl ace-
tate 1:1) 0.40; IR (KBr) 3100–3000, 2900, 1720, 1600, 1650,
1510, 1500, 1420, 1225, 1180 cm�1; 1H NMR (400 MHz)
d (CDCl3) 7.45 (dd, 2H, H-3, 3JHH¼9.0 Hz, 4JHF¼9.0 Hz),
6.98 (t, 2H, H-2, 3JHH¼4JHF¼9.0 Hz), 6.54 (d, 2H,
H-7, 4JHH¼2.5 Hz), 6.26 (d, 1H, H-9, 4JHH¼2.5 Hz), 5.00–
4.85 (s, 2H, OH), 4.04 (m, 4H, H-10, H-11); m/z
(EI) 276.1 (M+, 38%), 181.1 (45%), 167.1 (54%), 123.0
(54%), 95 (71%), 68.9 (100%); found C, 65.3%; H, 4.1%.
C15H13O4F requires C, 65.2%; H, 4.7%.

4.1.5. First generation protected poly(ether ketone) den-
dron (8). 4-Fluoro-30,50-dimethoxybenzophenone18 5 (0.44 g,
1.6 mmol) and 7 (0.11 g, 0.8 mmol) were dissolved in dry
DMSO (10 mL) and Na2CO3 (0.20 g) was added. The mix-
ture was heated to 160 �C for 24 h and then cooled to room
temperature. The solvent was evaporated and column chro-
matography on silica gel using 73:27 hexane/ethyl acetate
yielded 0.43 g (72%) of a waxy solid, 8; Rf (hexane/ethyl
acetate 1:1) 0.60; IR (KBr) 2900, 1725, 1600, 1505, 1480,
1380, 1160, 1100 cm�1; 1H NMR (400 MHz) d (CDCl3)
7.81 (d, 4H, H-12, 3JHH¼8.8 Hz), 7.45 (m, 2H, H-3),
7.09–6.08 (m, 8H, H-7, H-2, H-11), 6.87 (d, 4H, H-16,
3JHH¼2.3 Hz), 6.71 (t, 1H, H-9, 4JHH¼2.3 Hz), 6.65 (t,
2H, H-18, 4JHH¼2.3 Hz), 4.05 (m, 4H, H-20), 3.82 (s,
12H, H-19); 13C NMR (100 MHz) d (CDCl3) 195.0 (C14),
162.6 (d, JCF¼246 Hz, C1), 160.6 (C17, C10), 156.9 (C8),
146.4 (C6), 137.8 (C4), 132.5 (C12), 132.5 (C13), 127.8
(d, JCF¼9 Hz, C3), 117.9 (C11), 115.3 (d, JCF¼21 Hz,
C2), 113.4 (C7), 110.8 (C9), 108.3 (C5), 107.7 (C16),
104.5 (C18), 65.1 (C20), 55.6 (C19); m/z (ESI) 779.22780
[M+Na+. C45H37O10F requires M+Na, 779.22685]; m/z
(ESI) 779.23 (M+Na+, 100%); found C, 71.9%; H, 4.8%.
C45H37O10F requires C, 71.5%; H, 4.9%.

4.1.6. Deprotected first generation poly(ether ketone)
dendron (9). To the methoxy terminated poly(ether ketone)
dendron 8 (0.27 g, 0.35 mmol) in acetone (10 mL) was added
p-toluenesulfonic acid (0.2 g). The mixture was heated at
50 �C for 3 h and then placed in water (30 mL). The mixture
was then extracted with ethyl acetate (3�30 mL). The com-
bined extracts were then dried over magnesium sulfate, fil-
tered and concentrated in vacuo. Column chromatography
on silica gel using 75:25 hexane/ethyl acetate yielded
0.21 g (83%) of a waxy solid, 9; Rf (hexane/ethyl acetate
1:1) 0.67; IR (KBr) 3000, 2810, 1725, 1655, 1600, 1505,
1480, 1280, 1170, 1080 cm�1; 1H NMR (400 MHz)
d (CDCl3) 7.85 (m, 6H, H-3, H-12), 7.27 (d, 2H, H-7,
4JHH¼2.0 Hz), 7.16 (t, 2H, H-2, 3JHH¼3JHF¼8.5 Hz), 7.09
(d, 4H, H-11, 3JHH¼8.5 Hz), 7.03 (t, 1H, H-9, 4JHH¼2.0 Hz),
6.87 (d, 4H, H-16, 4JHH¼2.5 Hz), 6.65 (t, 2H, H-18,
4JHH¼2.5 Hz), 3.82 (s, 12H, H-19); 13C NMR (100 MHz)
d (CDCl3) 194.9 (C14), 193.2 (C5), 165.5 (d, JCF¼254 Hz,
C1), 160.6 (C17), 160.0 (C8), 157.4 (C10), 140.7 (C6),
139.5 (C15), 133.0 (C13), 132.9 (d, JCF¼3 Hz, C4), 132.7
(d, JCF¼9 Hz, C3), 132.6 (C12), 117.9 (C11), 116.2 (C7),
115.7 (d, JCF¼24 Hz, C2), 114.6 (C9), 107.7 (C16), 104.5
(C18), 55.6 (C19); m/z (EI) 735.20008 [M+Na+.
C43H33O9F requires M+Na, 735.20063]; m/z (ESI) 735.20
(M+Na+, 30%), 306.1 (100%); found C, 72.7%; H, 5.2%.
C43H33O9F requires C, 72.5%; H, 5.0%.

4.1.7. Second generation protected poly(ether ketone)
dendron (10). Protected dendron 9 (0.20 g, 0.275 mmol)
and diol 7 (0.038 g, 0.14 mmol) were dissolved in dry
DMSO (7 mL) and Na2CO3 (0.12 g) was added. The mixture
was heated to 160 �C for 24 h and then cooled to room tem-
perature. Column chromatography on silica gel using 55:45
hexane/ethyl acetate yielded 0.11 g (48%) of a waxy solid,
10; Rf (hexane/ethyl acetate 1:1) 0.52; IR (KBr) 3000,
2900, 1725, 1650, 1600, 1505, 1480, 1380, 1160, 1100,
1080 cm�1; 1H NMR (400 MHz) d (CDCl3) 7.87–7.79 (2d,
12H, H-12, H-21, 3JHH¼8.5 Hz), 7.43 (t, 2H, H-2, 3JHH¼
3JHF¼9.0 Hz), 7.26 (m, 4H, aromatic), 7.15–6.95 (m, 16H,
aromatic), 6.87 (d, 8H, H-25, 3JHH¼2.0 Hz), 6.70 (m, 3H,
H-18, H-9), 6.65 (t, 4H, H-27, 4JHH¼2.0 Hz), 4.03 (m, 4H,
H-29, H-30), 3.80, (s, 24H, H-28); 13C NMR (100 MHz)
d (CDCl3) 194.9 (C23), 193.3 (C14), 164.6 (d, JC–F¼
151 Hz, C1), 161.4 (C10), 161.1 (C26), 160.6 (C19), 157.2
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(C17), 156.7 (C8), 146.5 (C6), 141.0 (C15), 139.4 (C24),
132.9 (C22), 132.6 (C21), 132.5 (C12), 131.9 (C4),
131.5 (C13), 127.8 (d, JCF¼8 Hz, C3), 118.0 (C20),
117.6 (C11), 116.3 (C16), 115.2 (d, JCF¼21 Hz, C2),
114.4 (C7), 113.6 (C18), 111.1 (C9), 108.3 (C5), 107.7
(C25), 104.5 (C27), 65.1 (C29), 55.6 (C28); found C,
73.2%; H, 4.4%. C101H77O22F requires C, 73.0%; H,
4.7%.

4.1.8. Second generation deprotected poly(ether ketone)
dendron (11). To the methoxy terminated poly(ether
ketone) dendron 10 (0.11 g, 0.056 mmol) in acetone (10 mL)
was added p-toluenesulfonic acid (0.1 g). The mixture was
heated at 50 �C for 3 h and then placed in water (20 mL).
The mixture was then extracted with ethyl acetate (3�
20 mL). The combined extracts were then dried over magne-
sium sulfate, filtered and concentrated in vacuo. Column
chromatography on silica gel using 57:43 hexane/ethyl ace-
tate yielded 0.09 g (80%) of a waxy solid, 11; Rf (hexane/
ethyl acetate 1:1) 0.54; IR (KBr) 2900, 1725, 1700, 1690,
1650, 1600, 1505, 1480, 1280, 1235, 1155, 1080 cm�1; 1H
NMR (400 MHz) d (CDCl3) 7.85 (m, 14H, H-3, H-12,
H-21), 7.27–7.23 (m, 7H, aromatic), 7.15–7.00 (m, 16H,
aromatic), 6.87 (d, 8H, H-25, 3JHH¼2.3 Hz), 6.64 (t, 4H,
H-27, 4JHH¼2.3 Hz), 3.80 (s, 24H, H-28); 13C NMR
(100 MHz) d (CDCl3) 194.9 (C23), 193.2 (C14), 193.0
(C5), 160.6 (C26), 160.5 (C10), 160.1 (C19), 157.3 (C17),
157.1 (C8), 140.9 (C15), 140.8 (C6), 139.5 (C24), 133.0
(C22), 132.7 (C21+C12+C3), 132.6 (C4), 132.1 (C13),
118.0 (C11), 117.9 (C20), 116.5 (C7), 116.4 (C16), 115.7
(d, JCF¼18 Hz), 114.8 (C9), 114.5 (C18), 107.7 (C25),
104.5 (C27), 55.6 (C28); SEC (THF) Mw 1210, PD 1.05;
found C, 73.0%; H, 5.3%. C99H73O8F requires C, 73.4%;
H, 4.8%.

4.1.9. {4-[4-(3,5-Dimethoxy-benzoyl)-phenoxy]-phenyl}-
phenyl-methanone (12). To a solution of 4-fluoro-30,50-di-
methoxybenzophenone 5 (0.20 g, 0.7 mmol) and 4-hydroxy-
benzophenone (0.15 g, 0.8 mmol) in anhydrous DMSO
(20 mL) was added Na2CO3 (0.81 g, 0.8 mmol). The mix-
ture was heated to 160 �C under nitrogen for 24 h and then
cooled to room temperature. The mixture was then added
to water (40 mL) and extracted with ethyl acetate
(3�40 mL). The combined extracts were then dried over
magnesium sulfate, filtered and concentrated in vacuo. Col-
umn chromatography on silica gel using 90:10 hexane/ethyl
acetate yielded 0.30 g (89%) of product as a waxy solid, 12;
Rf (hexane/ethyl acetate 1:1) 0.82; IR (KBr) 2950, 2360,
1710, 1660, 1590, 1510, 1460, 1110 cm�1; 1H NMR
(400 MHz) d (CDCl3) 7.87 (d, 2H, H-3, 3JHH¼9.0 Hz),
7.85 (d, 2H, H-7, 3JHH¼9.0 Hz), 7.78 (d, 2H, H-3, 3JHH¼
7.0 Hz), 7.58 (t, 1H, H-1, 3JHH¼7.5 Hz), 7.48 (t, 2H, H-2,
3JHH¼7.5 Hz), 7.12 (m, 4H, H-8, H-11), 6.90 (d, 2H,
H-16, 4JHH¼2.5 Hz), 6.66 (t, 1H, H-18, 4JHH¼2.5 Hz),
3.82 (s, 6H, H-19); 13C NMR (100 MHz) d (CDCl3) 195.4,
195.0 (C5, C14), 160.6 (C17), 159.9, 159.8 (C9, C10),
139.5 (C15), 137.7 (C4), 133.5, 133.1 (C6, C13), 132.5,
132.5 (C7, C12), 132.3 (C1), 131.9, (C3), 129.8, 128.3
(C2), 118.6, 118.5 (C8, C11), 107.8 (C16), 104.5 (C18),
55.6 (C19); m/z (EI) 438.14734 [M+. C28H22O5 requires
M, 438.14673]; m/z (EI) 438.1 (30%), 301.1 (20%), 119.0
(80%), 68.8 (100%); found C, 77.1%; H, 5.7%. C28H22O5

requires C, 76.7%; H, 5.1%.
Column chromatography using 85:15 hexane/ethyl acetate
and crystallisation from ether/hexane yielded 0.009 g (3%)
of a white solid, 4.
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Abstract—Thiacalix[4]arene ionophores comprised of cyclic or linear O,S,N ligating and/or p-coordinate groups on the lower rim were
synthesized and their Ag+ binding was studied by 1H NMR methods in comparison with the respective known and novel calix[4]arene
counterparts. Calix[4](O,S,N)crowns were found stronger binders than the p-coordinate molecules and thiacalixarene ionophores were
generally superior to calixarenes. This study helped to develop silver ion-selective electrodes working in the subnanomolar region.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last two decades, considerable efforts have been
devoted to the design and synthesis of calixarene (CA)-
based ionophores and a number of functionalized derivatives
have been applied as extractants and sensors in analytical
and separation chemistry.1,2 In fact, many calixarenes con-
taining pendant ether, ester, amide and ketonic groups, in
addition to calix(mono- and biscrowns) have been used as
neutral carriers in ion-selective electrodes (ISE) exhibiting
selective responses to main group metal ions, such as Na+,
K+ and Cs+.3–14 Transition metal ion (Ag+, Hg2+, Pb2+

etc.) selective receptors are less prevalent in calixarene
chemistry,15–19 but recently Zhang’s group has published
a series of Ag+ ionophores comprised of sulfur, selenium, ni-
trogen and phosphorus atoms in the ligating groups attached
to the lower rim.20–26 The binding ability of these ligands is
based alike on the preferred interaction between the soft
donor atoms (S, Se, N) and the soft Ag+ ion. At the same
time, some recent works have demonstrated that a p-system
can be suitable binding site for soft cations via p-cation
interaction27 and in fact, a p-coordinate tetraallyloxy-CA
was already utilized in the development of a calixarene-
based Ag+ ISE.28 Although thiacalix[4]arenes (TCA) have
received growing interest since their discovery in 1997,29

so far the synthesis and application of the respective

Keywords: Thiacalix[4]arenes; Calix[4]arenes; Calix[4]crowns; Ag+ com-
plexation; NMR.
* Corresponding author. Tel.: +36 1 463 1379; fax: +36 1 463 3648; e-mail:

ibitter@mail.bme.hu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.013
thiacalixarene ionophores have remained unexplored. The
investigation of cation extraction ability of the parent TCA
revealed that it efficiently extracts a number of transition
metal ions without any selectivity at pH 7.5.30,31 Obviously,
similar to calix[4]arenes, appropriate functionalization on
the lower rim is required to achieve cation selectivities of
practical value. Probably, synthetic difficulties aroused on
the regio- and stereoselective functionalization of TCA
have prevented an extended research in this field.32 In fact,
only a few thiacalix[4]crown-6 ethers (I) have been reported
to display Cs+ selectivity in extraction experiments33,34 and
utilized as neutral carriers in ISEs.35,36 Besides, the selective
cation extraction ability of 24,26-bis(3-hydroxypropoxy)-p-
tert-butyl-TCA (Ag+)31 and 24,25,26,27-tetrakis(diethyl-
carbamoylmethoxy)-p-tert-butyl-TCA (Pb2+)37 are worth
mentioning.

Seeking a selective method for the distal dialkylation and
ring closure of TCA, we have recently recognized that the
Mitsunobu reaction is an extremely simple, efficient and
mild method to diametrically alkylate and cyclize TCA
with alcohols and diols.38–40

In this way, we have prepared a series of thiacalix[4](O,S,N-
crown-5)ethers40 and herein our studies with selected deriv-
atives, completed by new molecules containing known soft
ligating functions, are reported. For comparison, the respec-
tive calixarene counterparts including known and new iono-
phores were synthesized and their Ag+ sensing was also
investigated by 1H NMR under similar conditions. Our final
goal was to find TCA ligands for developing silver ISEs

mailto:ibitter@mail.bme.hu
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possessing high stability and sensitivity in the subnanomolar
region without the drawbacks of the known sensors. The
electroanalytical evaluation of ISEs fabricated from our
best ligands has been published elsewhere.41

2. Results and discussion

The potential silver sensing ligands are surveyed in Schemes
1 and 2. The selection of molecules requires some com-
ments. A number of thiacrown ethers were designed as neu-
tral carriers for Ag+ ISEs.1d However, the binding of Ag+

with the crown-ring sulfur atoms is strong, often causing
slow metal ion exchange equilibrium in the membrane inter-
face, which results in slow sensor response and poor selec-
tivity. These disadvantages and the alkali- and alkaline earth
metal ion interference were expected to be eliminated by
designing calix[4](O,S,N-crown-5) ethers (cone 1–4, 6, 7
and 1,3-alt 5 and 8), where the calixarene skeleton and the
conformation were varied (Scheme 1).

Podands 9 and 10, containing the same 1,3-benzothiazole
binding site attached to different calixarenes in distal posi-
tion through a spacer, represent the flexible version of recep-
tors that may have advantages over rigid ionophores. The
p–cation interaction of soft Ag+ is relatively weak, but quite
selective, thereby providing another way of sensing.28

Therefore, it seemed to be promising to test the binding abil-
ity of ligands 11–16 (including 14 as reference28), where the
number of p-donor allyl groups, the calixarene scaffold and
the conformation were varied (Scheme 2).

2.1. Synthesis

Thiacalix[4](O,S,N-crown-5)ethers 1a, 6 and 8 were de-
scribed by us40 and the analogous 1b, 3 and 7 were prepared
similarly by the Mitsunobu cyclization of TCA or p-ButCA
with diols using triphenylphosphine (TPP) and diethyl
azodicarboxylate (DEAD) coupling agents.

The O-alkylation of 1b and 3 was performed with allylbro-
mide under PTC conditions (50% aq NaOH/Bu4N+Br�)42

to afford cone 2 and 4, and with PrI or allylbromide/
Cs2CO3 to give 1,3-alt 5a–c. Bis(1,3-benzothiazol-2-yl)-
CA derivatives 10a,b were described by Zhang using the
weak base-promoted S-alkylation of 2-mercapto-1,3-benzo-
thiazole with 25,27-bis(bromoalkoxy)-p-tert-butylcalix[4]-
arene.23,25 The TCA analogue 9a was obtained by slight
modification of the literature method developed for
10a,b23 but this procedure failed to give 9b. Instead, the
Mitsunobu alkylation of p-But-TCA with 2-(3-hydroxypro-
pylthio)-1,3-benzothiazole led to success. The p-coordinate
allyloxy-TCA ligands 11 and 12 were obtained by our
regio- and conformation-selective alkylation of TCA with
allylalcohol under Mitsunobu condition,38 while 25,27-
diallyloxy-CA 13 was prepared as described earlier.43 Tetra-
substituted CA ionophores 14–16 were synthesized by our
PTC alkylation method of CA with allylbromide (14), and
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Scheme 1. Survey and synthesis of calix[4]crown ionophores to be tested for Ag+ sensing. Reagents and conditions: (a) diol, TPP/DEAD, toluene, rt (1a,b, 3, 6,
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ethanol, TPP/DEAD, toluene, rt; (ii) 2-mercapto-1,3-benzothiazole, NaHCO3, MeCN, 80 �C (9a); (a2) (i) p-But-CA, 1,2-dibromoethane, K2CO3, MeCN, 80 �C;
(ii) 2-mercapto-1,3-benzothiazole, NaHCO3, aq THF (10a,b); (b) p-But-TCA, 2-(3-hydroxypropylthio)-1,3-benzothiazole, TPP/DEAD, toluene, rt (9b); (c)
allylalcohol, TPP/DEAD, toluene, rt (11) or 80 �C (12); (d1) p-But-CA, allylbromide, K2CO3, acetone, 56 �C (13); (d2) p-But-CA, allylbromide, aq NaOH,
PTC (14); (d3) 13, aq NaOH, PTC, BnBr (15) or BuBr (16).
by that of 13 with BnBr (15) or BuBr (16)42 (Schemes 1
and 2).

2.2. Investigation of AgD binding by 1H NMR methods

Among ionophores only calix[4]arene derivatives 10a,b and
14 were applied to fabricate silver ISEs,23,25,28 therefore,
they served as references in the NMR measurements of
TCA ligands. Our aim was to recognize the dominant bind-
ing sites and events by comparing the respective 1H chemical
shift differences. Stability constants were not calculated,
although they are useful but not indispensable to estimate
the binding affinities (in ISE experiments these data are sig-
nificantly affected by the membrane composition44). The
NMR measurements were performed with equimolar quan-
tity of AgClO4 (excess of Ag+ did not change the spectra)
in CDCl3 (TCA) or CDCl3–CD3OD¼4:1 (CA) solvents at
25 �C and the chemical shift differences (Dd¼d (in the pres-
ence of Ag+)�d (metal free)) are summarized in Tables 1–4.

The spectral changes of ligands 1a–4 clearly show that the
SCH2 protons exhibit the largest Dd values suggesting that
the soft sulfur atoms are primarily involved in complexation.
The central hard oxygen atom also takes part in binding but,
as expected, to a lesser extent. The allyl groups of 2 and 4 are
assumed not to be involved in binding (little Dd values as
compared to those in Table 4). In the pyridinocrown deriva-
tive 6 the central sp2 nitrogen together with the sulfur atoms
efficiently coordinates the silver ion as reflected by the
significant downfield shifts of the heteroaromatic m- and
p-protons (0.28, 0.34) and the SCH2 protons as well. In con-
trast, the three-point ligation involving the sp2 nitrogen in the
CA counterpart 7 is suppressed (PyH 0.03m, 0.05p ppm),
similar to the respective OS2 ligand 3 (Table 1).

Table 1. Chemical shift differences (Dd, ppm) of cone thiacalix- and
calix[4]crowns 1a, 2–4, 6 and 7 upon addition of AgClO4 ([L]/[Ag+]¼1:1)

XX
X

R1R1R1R1

OO OR2 OR2

X = S: R2 = H, R1 = But (1a),  H (1b)
           R2 = allyl, R1 = H (2)

X = CH2: R1 = But, R2 = H (3), allyl (4)

O

SS

XX
X

ButButButBut

OO OH OH

SS

N

X = S(6), CH2 (7)

1

2

1

2

3

X
X

L CH2-3 SCH2-1,2 PyH ]CH ]CH2

1aa 0.39 0.51, 0.67 — — —
2 0.15 0.19, 0.18 — 0.19 0.06t, 0.19c
3 0.03 0.27, 0.17 — — —
4 0.16 0.41, 0.16 — 0.04 0.03t, 0.12c
6 — 0.36, 0.65 0.28m, 0.34p — —
7 — 0.22, 0.17 0.03m, 0.05p — —

a Ligand 1b did not give well-resolved signals on exposure to Ag+.
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The bulky p-But groups of 1,3-alt 5a,b and 8 do not prevent
the Ag+ ion from accessing the crown ring, where it is bound
analogously to the cone TCA ligands 1a and 6. The signifi-
cant increase in the Dd values of the SCH2 protons of 5 and 8
(Table 2) as compared with those of cone 1–4 (Table 1)
reveals that the 1,3-alt conformation is superior to the cone
for binding, meanwhile the coordination power of the central
oxygen and nitrogen atoms is kept.

The 1H NMR titration of ligands 5a with AgClO4 demon-
strates that the SCH2-2,3 signals are gradually broadening
and coalesce at ligand/Ag+¼0.5 ratio. Increasing further
the Ag+ ratio, the signal was enhanced reaching the final
point at 1:1 stoichiometry. A similar phenomenon appears
with the OCH2-4 signal, while the PrO group, being far
from the binding site, is lesser affected. The involvement

Table 2. Chemical shift differences (Dd, ppm) of 1,3-alt thiacalix[4]crowns
5a–c and 8 upon addition of AgClO4 ([L]/[Ag+]¼1:1)

OO
ButBut

But

S

S S

S

OO
But

N

SS

Oct Oct
OR2OR2

R1R1

R1

S

S S

S

OO
R1

O

SS

8R1 = But, R2 = Pr (5a), allyl (5b)

         R1 = H, R2 = Pr (5c)

33

2 2

4

1 1

L OCH2-1 OCH2-4 SCH2-2,3 PyH

5a 0.53 0.16 0.84, 0.54 —
5ba,b 0.44 0.17 0.78, 0.56 —
5c 0.46 0.17 1.02, 0.63 —
8 0.47 — 0.79, 0.61 0.35m, 0.27p

a ]CH �0.01.
b ]CH2 0.10 (cis), 0.05 (trans).

Table 3. Chemical shift differences (Dd, ppm) of open-chain thiacalix- and
calix[4]arenes 9–11 upon addition of AgClO4 ([L]/[Ag+]¼1:1, CDCl3,
25 �C)

X

X

X

X

But

But

But

But

O

O

OH

OH

S

S

N

S

S

N

    X = S, n = 1 (9a), n = 2 (9b)
X = CH2, n = 1 (10a), n = 2 (10b)

n

n

1
2

3

4

L BtH-1 BtH-2 BtH-3 BtH-4

9a 0.17 0.13 0.16 0.09
9b 0.42 0.12 0.13 0.06
10a 0.19 0.23 0.25 0.20
10b 0.35 0.25 0.21 0.18
of two phenol-etheric oxygen atoms (OCH2-1), as part of
the crown ring, in ligation is possible but not sure, since
the large downfield shifts of ArOCH2 protons (0.53 ppm
for 5a) may originate from a complexation-induced confor-
mational distortion of the calixarene skeleton (Fig. 1).

On the basis of data shown in Tables 1 and 2, we concluded
that the 1,3-alt crowned TCA ligands 5 and 8 can sense the
silver ion more efficiently than the respective cone TCA or
CA counterparts 1–4, 6 and 7.

The largest upfield shifts of ligands 9 and 10 were measured
for the benzothiazole aromatic protons (BtH) as shown in
Table 3. In fact, the benzothiazole rings constitute the bind-
ing site, but in TCA compounds 9 they seem not to form
a sandwich-like complex with Ag+, only a two-point ligation
occurs with the primary donor nitrogen atoms, where the cat-
ion is located in the plane of the aromatic rings. In this case
the sulfur atoms do not play considerable role in complexa-
tion as reflected by the small Dd values of BtH-4¼0.06–
0.09 ppm. The longer chain in ligand 9b is more flexible
than the shorter one in 9a, thereby it provides a more favour-
able steric arrangement of the ligating site for binding, which

Table 4. Chemical shift differences (Dd, ppm) of open-chain thiacalix- and
calix[4]arenes 11, 13, 14–16 upon addition of AgClO4 ([L]/[Ag+]¼1:1,
CDCl3, 25 �C)

XX
X

ButButButBut

OO OR OR

X = S, R = H (11)          
X = CH2, R = H (13), allyl (14),
               Bn (15), Bu (16)

X

L ]CH ]CH2 cis ]CH2 trans BnH

11 0.45 0.38 0.27 —
13 0.34 0.21 0.12 —
14 0.27 (0.26)28 0.48 (0.51)28 0.56 (0.62)28 —
15 0.11 0.02 0.27 0.28o,p, 0.09m
16 0.32 0.66 0.68 —

5a

5a + Ag+ (1:0.1)

5a + Ag+ (1:0.3)

5a + Ag+ (1:0.5)

5a + Ag+ (1:1)

∗

x

∗

x

Figure 1. 1H NMR titration of 5a with AgClO4 in CDCl3 (labelled protons:
SCH2-2�, 3B; OCH2-46, (Pr)OCH2

+, OCH2-1*).
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is shown by the larger downfield shift of the BtH-1 protons
(0.42 vs 0.17 ppm). A similar result was obtained with the
CA ligands 10a,b, where again 10b coordinates Ag+ more
strongly than 10a (BtH-1 0.35 vs 0.19 ppm). It is notable,
however, that in the latter ionophores the benzothiazole sul-
fur atom acts as an assistant donor besides the primary donor
nitrogen providing a four-point ligation by the two benzo-
thiazole rings (BtH-4 0.2, 0.18 ppm). Recent comprehensive
ISE membrane experiments and X-ray studies with CA
ligands 10 and related molecules23 give strong evidences
for this complexation pattern.

Diallyloxy-TCA ligand 11, in contrast to the allyl derivatives
of crowns 2, 4 and 5b, exhibits significant downfield shifts of
the CH]CH2 protons indicating a powerful p–cation inter-
action. Similar or larger Dd values were measured for the CA
ligands 13, 14 and 16 containing two or four allyloxy groups.
Diallyloxy-dibenzyloxy derivative 15, however, behaves
quite differently, here the Ag+ ion is probably bound by
the p-system of two parallel benzyl groups (o- and p-BnH
0.28 ppm) and the allyl groups are not involved in ligation.
The measured small downfield shifts of the ]CH and
]CH2 protons cannot stem from complexation, as only
the trans proton of the terminal ]CH2 group is shifted due
to the anisotropy caused by the ring current of benzyl groups
(Table 4).

The behaviour of 1,3-alt tetraallyloxy-TCA 12 is worth dis-
cussing in detail. NMR titration did not indicate notable
spectral changes referring to complexation up to 1 equiv
AgClO4. When 12 was exposed to a large quantity of Ag+,
however, the originally 1,3-alt conformation gradually
changed and after 24 h, ca. 15% of 1,3-alt (free) and 85%
of partial cone (complexed) ligands were detected (Fig. 2).

The structure elucidation using APT, COSY, HMQC,
HMBC and ROESY methods was based on the unambiguous
assignment of allyl protons (Table 5).

The partial cone conformer of 12-Ag+ complex contains
three syn (I and II) and one anti (III) allyl groups. It would
be reasonable to assume the involvement of the syn allyl
groups in binding, but this process should be reflected by

12

12-Ag+

12-Ag+ 1 hour later

12-Ag+ 1 day later*

**

*

* * * *
*

**

*

* **** ***

Figure 2. Time-dependent partial 1H NMR spectra of 12 on exposure to
5 equiv Ag+ in CDCl3 (labelled protons: 1,3-alt-B and paco* conformation;
CHCl3: 7.25 ppm).
downfield shifts. In contrast, the measured chemical shifts
of the complex actually fell in the region of the uncomplexed
allyl groups located in cone conformation. The anti (III)
allyl group, however, shows significant downfield shifts
(Dd ]CH 0.5, ]CH2 0.4 ppm) suggesting that the silver
ion is probably located in the calixarene cavity surrounded
by syn phenyl rings with two bridging sulfur donor atoms
that can sufficiently stabilize the thiophil cation with the
assistance of the anti allyl group (Fig. 3).

Since the 1,3-alt conformation of free 12 is stable, the bind-
ing process as a whole is assumed to take place through at
least two consecutive equilibria. First, it starts with a weak
coordination of Ag+ of the 1,3-alt conformer followed by
a slow conformational change to paco resulting in the ther-
modynamically more stable complex.

Simultaneously with the binding studies, ligands 1,3-alt 5a,
8 and cone 14 (as reference28)–16 were selected for ISE
screening experiments.41 Though a poor binder, ligand 12
was also included to affirm (or to disprove) our expectation
under quite different conditions. The potentiometric selec-
tivity coefficients were determined in PVC membranes
containing oNPOE plasticizer, sodium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate lipophilic anion additive and
the ionophores. We have found that ISEs based on p-coordi-
nate ligands 14–16 are significantly less sensitive and selec-
tive towards a series of cations than crowns 5a and 8.
Ligands 15 and 16 exhibited similar or slightly better char-
acteristics of Ag+ sensing than the reference 1428 as sup-
ported by the NMR binding studies. Ligand 12 proved to
be inferior in respect of selectivity and responses affirming
the result of NMR studies.

ISEs fabricated from 5a and 8 were chosen for further
evaluation and we established that both have excellent elec-
troanalytical characteristics including high selectivities
over a number of relevant cations (selected data are given

Table 5. Allyl proton shifts of 1,3-alt 12-Ag+ complex

OCH2 ]CH ]CH2 cis ]CH2 trans

I syn 4.70 5.99 5.38 5.29
II syna 4.30, 4.77 6.49 5.55 5.62
III anti 4.62 6.05 5.14 5.18
12 (free) 4.49 5.58 4.76 4.69

a Two distal allyl groups.

O
O

S

S

S

S

Ag+

O

O

1. 60

4.62

1.43

7.72

5.14, 5.18

6.05

7.107.47

4.30,
4.77

6.49

5.55, 5.62

7.77

1.36

4.70
5.99

5.29, 5.38

Figure 3. Proposed structure of 12-Ag+ complex based on 1H NMR
measurements.
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in Table 6). For practical use, 5a is superior to 8 (due to
proton interference of the basic nitrogen) and it has the
lowest detection limit of sensing yet measured.41,45

3. Conclusions

A series of cone- and 1,3-alt thiacalix[4]arene-based iono-
phores comprised of distal O,S,N-crown-5 bridges and soft
open-chained ligating functions, respectively, were synthe-
sized and investigated as Ag+ sensing ligands in comparison
with known and new calix[4]arene counterparts. The com-
plexation was detected in solution by 1H NMR measure-
ments and evaluated by comparing the characteristic Dd
values of groups involved in binding. In summary, we con-
cluded that crowned 1,3-alt TCA ligands OS2-5 and S2N-8
exhibit much stronger binding with Ag+ than the cone coun-
terparts irrespective of the calixarene skeleton. Ligands 1,3-
alt 5a, 8, 12 and cone 14 (as reference)–16 were selected as
promising candidates for potentiometric ISE membrane
screening experiments. Comprehensive electroanalytical
evaluation revealed41 that the p-coordinate ligands were sig-
nificantly less sensitive and selective over a series of cations
than crowns 5a and 8. To the best of our knowledge, the ISE
based on 5a has the lowest detection limit in Ag+ sensing that
has been measured until now.

4. Experimental

4.1. General

Melting points are uncorrected. NMR spectra were recorded
in CDCl3 at 500/125 MHz on a Bruker Avance DRX-500
spectrometer. FAB mass spectra were taken on a Finnigan
MAT 8430 spectrometer (ion source temperature: 25 �C,
matrix: m-nitrobenzyl alcohol, gas: xenon, accelerating volt-
age: 9 kV). Precoated silica gel plates (Merck 60 F254) were
used for analytical TLC and Kieselgel 60 for column chro-
matography. All chemicals were of reagent grade and used
without further purification. DEAD46 (Caution! DEAD
may explode if exposed to shock, friction or heating) and
ligands 1a, 5a, 8,40 10a,b,23 13,43 14–1642 were synthesized
as described in the literature.

4.2. General procedure for the synthesis of
calix[4](O3S2-crown-5)ethers (1b, 3 and 7)

To the stirred mixture of thiacalix[4]arene (0.5 g, 1 mmol for
1b) or p-tert-butylcalix[4]arene (0.65 g, 1 mmol for 3 and 7),
TPP (0.8 g, 3 mmol), 3,9-dioxa-6-thia-undecane-1,11-diol
(for 1b and 3) or 2,6-bis(1-hydroxy-3-thiabutyl)pyridine
(for 7) (1.5 mmol each) in 20 ml toluene, a 40% toluene
solution of DEAD (1.3 ml, 3 mmol) was added at room tem-
perature and allowed to react for 1 h (1b and 3) or refluxed

Table 6. Potentiometric selectivity coefficients, log KAg/M

L H+ Na+ K+ Mg2+ Ca2+ Cu2+ Pb2+

5a �10.2 �10.3 �8.4 �11.4 �11.3 �11.1 �10.4
CAba �8.9 �9.0 �8.4 �10.1 �10.2 �9.0 �8.7

a So far the best calix[4]arene-based Ag+ ISE containing 25,27-bis(2-
methylthioethoxy)-p-But-CA sensing ligand.16
(7). The solvent was then removed under reduced pressure
and the residue was triturated with MeOH to free from
by-products. Thereafter, the insoluble part was purified by
chromatography on silica with hexane–EtOAc¼8:2 eluent
to give white solids.

4.2.1. Compound 1b. Yield: 95%, mp 127–129 �C; 1H
NMR d 7.64 (d, 4H, J¼7.5, ArH), 7.54 (s, 4H, OH), 6.87
(d, 4H, J¼7.5, ArH), 6.84 (t, 2H, J¼7.5, ArH), 6.53 (t,
2H, J¼7.5, ArH), 4.71 (t, 4H, J¼7.0, ArOCH2), 3.80 (t,
4H, J¼5.5, OCH2), 3.34 (t, 4H, J¼7.0, SCH2), 2.99 (t, 4H,
J¼5.5, SCH2); 13C NMR d 158.2, 158.0, 136.9, 135.2,
130.0, 125.5, 123.1, 119.8 (Ar), 74.8, 71.7 (OCH2), 32.4,
34.2 (SCH2); FABMS m/z: 688.2 [M+H]+. Anal. Calcd for
C32H30O5S6 (686.04): C, 55.95; H, 4.40; S, 28.01. Found:
C, 55.69; H, 4.35; S, 27.67%.

4.2.2. Compound 3. Yield: 40%, mp 221–224 �C; 1H NMR
d 7.07 (s, 4+2H, ArH, OH), 6.76 (s, 2H, ArH), 4.37 (d, 4H,
J¼13.0, ArCH2Ar), 4.19 (t, 4H, J¼6.3, OCH2), 3.86 (t,
4H, J¼5.8, OCH2), 3.33 (t, 4H, J¼6.3, SCH2), 3.31 (d,
4H, J¼13.0, ArCH2Ar), 3.04 (t, 4H, J¼5.8, SCH2), 1.26
(s, 18H, C(CH3)3), 1.04 (s, 18H, C(CH3)3); 13C NMR
d 150.8, 150.1, 147.1, 132.6, 128.1, 125.7, 125.3 (Ar),
76.8, 72.5 (OCH2), 34.1, 34.0 (C(CH3)3), 33.1, 32.8
(SCH2), 31.9, 31.2 (CH3), 31.9 (ArCH2Ar); FABMS m/z:
841.2 [M+H]+. Anal. Calcd for C52H70O5S2 (839.24): C,
74.42; H, 8.41; S, 7.62. Found: C, 74.08; H, 8.49; S, 7.48%.

4.2.3. Compound 7. Yield: 37%, mp 234–237 �C; 1H NMR
d 7.89 (s, 2H, OH), 7.76 (t, 1H, J¼7.5, ArH), 7.39 (d, 2H,
J¼7.5, ArH), 7.03 (s, 4H, ArH), 7.02 (s, 4H, ArH), 4.29
(d, 4H, J¼13.0, ArCH2Ar), 4.17 (t, 4H, J¼7.5, OCH2),
4.03 (s, 4H, SCH2), 3.35 (d, 4H, J¼13.0, ArCH2Ar), 3.26
(t, 4H, J¼7.5, SCH2), 1.19 (s, 18H, C(CH3)3), 1.06 (s,
18H, C(CH3)3); 13C NMR d 158.7, 150.6, 150.1, 147.4,
141.9, 138.1, 133.3, 128.1, 126.0, 125.4, 121.5 (Ar), 75.7
(OCH2), 38.8, 30.8 (SCH2), 34.3, 34.0 (C(CH3)3), 32.5
(ArCH2Ar), 31.9, 31.3 (CH3); FABMS m/z: 874.2 [M+H]+.
Anal. Calcd for C55H69NO4S2 (872.27): C, 75.73; H, 7.97;
S, 7.34. Found: C, 75.28; H, 8.03; S, 7.27%.

4.3. General procedure for the cone-selective allylation
of 1b and 3

The same method was used as described for the PTC alkyl-
ation of calix[4]arenes.42 Thus, ligands 1b or 3 (0.5 mmol),
allylbromide (2.5 mmol), 50% aqueous NaOH (1 ml) and
TBAB catalyst (0.05 g) in toluene (10 ml) were refluxed
for 6 h under vigorous stirring to give 2 and 4 as white solids
(purified by chromatography on silica with hexane–
EtOAc¼8:2 eluent).

4.3.1. Compound 2. Yield: 52%, mp 147–148 �C; 1H NMR
d 7.62 (d, 4H, J¼8.0, ArH), 7.04 (t, 2H, J¼8.0, ArH), 6.34 (t,
2H, ArH), 6.32 (d, 4H, ArH), 6.17 (m, 2H, ]CH), 5.42 (d,
2H, J¼17.0, ]CH2 trans), 5.28 (d, 2H, J¼10.0, ]CH2

cis), 4.51 (t, 4H, J¼7.5, ArOCH2), 4.44 (d, 4H, J¼5.5,
OCH2), 3.78 (t, 4H, J¼6.0, OCH2), 3.05 (t, 4H, J¼7.5,
SCH2), 2.84 (t, 4H, J¼6.0, SCH2); 13C NMR d 160.6,
157.3, 136.8, 133.5, 132.1, 131.6, 124.8, 123.3 (Ar), 133.9,
118.7 (allyl), 77.6, 72.9, 71.2 (OCH2), 32.0, 30.7 (SCH2);
FABMS m/z: 768 [M+H]+. Anal. Calcd for C38H38O5S6
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(766.10): C, 59.50; H, 4.99; S, 25.08. Found: C, 59.28; H,
5.03; S, 24.89%.

4.3.2. Compound 4. Yield: 78%, mp 214–217 �C; 1H NMR
d 7.12 (s, 4H, ArH), 6.45 (s, 4H, ArH), 6.35 (m, 2H, ]CH),
5.42 (d, 2H, J¼17.0, ]CH2 trans), 5.32 (d, 2H, J¼10.0,
]CH2 cis), 4.37 (d, 4H, J¼12.5, ArCH2Ar), 4.26 (d, 4H,
J¼6.5, OCH2), 4.21 (t, 4H, J¼6.5, ArOCH2), 3.81 (t, 4H,
J¼6.0, OCH2), 3.27 (t, 4H, J¼6.5, SCH2), 3.15 (d, 4H,
J¼12.5, ArCH2Ar), 2.83 (t, 4H, J¼6.0, SCH2), 1.34 (s,
18H, C(CH3)3), 0.81 (s, 18H, C(CH3)3); 13C NMR
d 153.7, 151.9, 145.3, 144.4, 135.6, 131.8, 125.5, 124.5
(Ar), 135.2, 118.3 (allyl), 77.0, 73.8, 71.9 (OCH2), 34.1,
33.6 (C(CH3)3), 31.7, 31.1 (CH3), 31.5 (ArCH2Ar), 31.4,
31.3 (SCH2); FABMS m/z: 921.4 [M+H]+. Anal. Calcd for
C58H78O5S2 (919.37): C, 75.77; H, 8.55; S, 6.96. Found:
C, 75.31; H, 8.62; S, 6.88%.

4.4. General procedure for the 1,3-alt-selective
alkylation of 1b

The same method was used as described for the preparation
of 5a.40 Thus, 1b (1 mmol) was treated with allylbromide or
PrI (5 mmol), Cs2CO3 (8 mmol) in MeCN (20 ml) under
reflux for 12 h to give 5b,c as white solids.

4.4.1. Compound 5b. Yield: 93%, mp 280–282 �C; 1H
NMR d 7.34 (s, 4H, ArH), 7.25 (s, 4H, ArH), 5.39 (m, 2H,
]CH), 4.66 (dd, 2H, J¼10.5, 1.5, ]CH2 cis), 4.62 (dd,
2H, J¼12.5, 1.5, ]CH2 trans), 4.39 (d, 4H, J¼3.5,
OCH2), 3.95 (t, 4H, J¼8.0, ArOCH2), 3.47 (t, 4H, J¼5.0,
OCH2), 2.50 (t, 4H, J¼5.0, SCH2), 2.29 (t, 4H, J¼7.5,
SCH2), 1.35 (s, 18H, C(CH3)3), 1.22 (s, 18H, C(CH3)3);
13C NMR d 156.8, 156.3, 146.5, 146.0, 133.8, 128.7,
128.5, 127.5, 126.6 (Ar), 133.8, 115.6 (allyl), 74.1, 69.2,
68.2 (OCH2), 34.6, 34.4 (C(CH3)3), 33.8, 33.3 (SCH2),
31.7, 31.5 (C(CH3)3); FABMS m/z: 992.4 [M+H]+. Anal.
Calcd for C54H70O5S6 (990.35): C, 65.41; H, 7.12; S,
19.40. Found: C, 65.19; H, 7.06; S, 19.23%.

4.4.2. Compound 5c. Yield: 60%, mp 199–200 �C; 1H NMR
d 7.42 (d, 4H, J¼7.5, ArH), 7.31 (d, 4H, J¼8.0, ArH), 6.93
(t, 2H, J¼8.0, ArH), 6.89 (t, 2H, J¼7.5, ArH), 3.94 (t, 4H,
J¼8.5, ArOCH2), 3.86 (t, 4H, J¼7.0, ArOCH2), 3.62 (t,
4H, J¼5.0, OCH2), 2.62 (t, 4H, J¼5.0, SCH2), 2.15 (t, 4H,
J¼8.0, SCH2), 1.14 (m, 4H, CH2), 0.59 (t, 6H, J¼7.0,
CH3); 13C NMR d 160.1, 158.6, 131.3, 130.6, 128.9,
128.8, 123.5, 123.4 (Ar), 73.7, 70.7, 67.7 (OCH2), 33.6,
32.5 (SCH2), 22.5 (CH2), 10.3 (CH3); FABMS m/z: 771.14
[M+H]+. Anal. Calcd for C38H42O5S6 (770.14): C, 59.19;
H, 5.49; S, 24.95. Found: C, 59.28; H, 5.42; S, 24.69%.

4.5. Synthesis of 25,27-bis[1,3-benzothiazole-2-(1-thio-
alkoxy)]-p-ButTCA (9a,b)

Ligand 9a was prepared according to literature analogy by
the NaHCO3 promoted alkylation of 2-mercapto-1,3-benzo-
thiazole with 25,27-bis(2-bromoethoxy)-p-ButTCA38

changing the solvent from aqueous THF23 to boiling
MeCN. Ligand 9b was synthesized by the Mitsunobu alkyl-
ation of p-ButTCA (0.72 g, 1 mmol) with 2-(3-hydroxypro-
pylthio)-1,3-benzothiazole (0.56 g, 2.5 mmol) using TPP/
DEAD (3 mmol) coupling agents following the procedure
described in Section 4.2. The crude product was purified
by recrystallization from EtOAc–hexane.

4.5.1. Compound 9a. Yield: 52%, mp 148–150 �C; 1H
NMR d 7.82 (d, 2H, J¼8.0, ArH), 7.79 (s, 2H, OH), 7.68
(d, 2H, J¼8.0, ArH), 7.66 (s, 4H, ArH), 7.36 (t, 2H,
J¼8.0, ArH), 7.24 (t, 2H, J¼8.0, ArH), 6.95 (s, 4H, ArH),
4.95 (t, 4H, J¼6.0, ArOCH2), 4.02 (t, 4H, J¼6.0, SCH2),
1.34 (s, 18H, C(CH3)3), 0.79 (s, 18H, C(CH3)3); 13C NMR
d 166.6, 156.0, 155.9, 153.4, 148.4, 143.0, 135.7, 134.6,
133.0, 129.2, 126.1, 124.3, 122.3, 121.8, 121.1 (Ar), 73.3
(OCH2), 34.4, 34.2 (C(CH3)3), 33.4 (SCH2), 31.7, 31.0
(C(CH3)3); FABMS m/z: 1108.2 [M+H]+. Anal. Calcd for
C58H62N2O4S8 (1106.25): C, 62.89; H, 5.64; N, 2.53; S,
23.16. Found: C, 62.57; H, 5.70; N, 2.49; S, 23.05%.

4.5.2. Compound 9b. Yield: 63%, mp 154–156 �C; 1H NMR
d 7.90 (s, 2H, OH), 7.83 (d, 2H, J¼8.0, ArH), 7.68 (d, 2H,
J¼8.0, ArH), 7.66 (s, 4H, ArH), 7.34 (t, 2H, J¼8.0, ArH),
7.22 (t, 2H, J¼8.0, ArH), 7.00 (s, 4H, ArH), 4.67 (t, 4H,
J¼6.5, ArOCH2), 3.76 (t, 4H, J¼6.5, SCH2), 2.53 (quint.,
4H, J¼6.5, CH2), 1.34 (s, 18H, C(CH3)3), 0.82 (s, 18H,
C(CH3)3); 13C NMR d 167.3, 156.3, 156.0, 153.6, 148.4,
143.0, 135.5, 134.6, 133.3, 129.1, 126.1, 124.2, 122.2,
121.8, 121.1 (Ar), 74.0 (OCH2), 34.4, 34.3 (C(CH3)3),
31.7, 31.0 (C(CH3)3), 30.7 (SCH2), 30.3 (CH2); FABMS
m/z: 1136.3 [M+H]+. Anal. Calcd for C60H66N2O4S8

(1134.28): C, 63.45; H, 5.86; N, 2.47; O, 5.64; S, 22.59.
Found: C, 63.11; H, 5.83; N, 2.43; S, 22.34%.

4.6. Synthesis of 25,27-diallyloxy- and 25,26,27,28-
tetraallyloxy-p-ButTCA (11 and 12)

To the stirred mixture of p-tert-butylthiacalix[4]arene
(0.72 g, 1 mmol), TPP (0.8 g, 3 mmol for 11 and 1.6 g,
6 mmol for 12), allylalcohol (0.13 g, 2.2 mmol for 11 and
0.58 g, 10 mmol for 12) in 20 ml toluene, a 40% toluene
solution of DEAD (1.3 ml, 3 mmol for 11 and 2.6 ml, 6 mmol
for 12) was added at room temperature and allowed to react
for 0.5 h (11) or refluxed for 12 h (12). The solvent was then
removed under reduced pressure and the residue was tritu-
rated with hot acetone (20 ml) and filtered to give white solid
in essentially pure form.

4.6.1. Compound 11. Yield: 85%, mp 222–224 �C; 1H
NMR d 7.87 (s, 2H, OH), 7.66 (s, 4H, ArH), 6.97 (s, 4H,
ArH), 6.32 (m, 2H, ]CH), 5.55 (d, 2H, J¼17.0, ]CH2

trans), 5.37 (d, 2H, J¼10.0, ]CH2 cis), 5.01 (d, 4H,
J¼5.5, OCH2), 1.33 (s, 36H, C(CH3)3), 0.80 (s, 36H,
C(CH3)3); 13C NMR d 156.2, 156.0, 148.2, 142.8, 134.6,
133.0, 129.3, 122.3 (Ar), 133.6, 118.9 (allyl), 76.6
(OCH2), 34.4, 34.2 (C(CH3)3), 31.8, 31.0 (C(CH3)3);
FABMS m/z (%): 801 [M+H]+. Anal. Calcd for C46H56O4S4

(800.31): C, 68.96; H, 7.05; S, 16.01. Found: C, 69.16; H,
6.98; S, 16.18%.

4.6.2. Compound 12. Yield: 90%, mp 245–247 �C; 1H
NMR d 7.28 (s, 8H, ArH), 5.58 (m, 4H, ]CH), 4.76 (d,
2H, J¼10.5, ]CH2 cis), 4.69 (d, 2H, J¼17.5, ]CH2 trans),
4.49 (d, 2H, J¼4.0, OCH2), 1.22 (s, 36H, C(CH3)3); 13C
NMR d 156.9, 145.8, 129.4, 128.5 (Ar), 133.9, 115.6 (allyl),
69.4 (OCH2), 34.4 (C(CH3)3), 31.5 (C(CH3)3); FABMS m/z
(%): 882.4 [M+H]+. Anal. Calcd for C52H64O4S4 (880.37): C,
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70.84; H, 7.32; S, 14.55. Found: C, 70.47; H, 7.36; S,
14.39%.
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Abstract—Oxadiazoles were generated upon a dehydrative cyclization reaction with 2-acyl hydrazides bound to the polymeric support via
one of their N atoms using TFAA as a dehydration agent.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Oxadiazoles are important structural components in many
pharmaceuticals and agrochemicals1 due to their topology
and electronic properties.2 The most common synthesis of
1,3,4-oxadiazoles is the dehydration of 2-acyl hydrazides.3

Recent synthesis methodologies making use of solid-sup-
port-bound reagents4 may be highly useful to adapt oxadia-
zole formation to parallel chemistry. Two reports on the
synthesis of oxadiazoles on solid supports have addressed
this subject.5 Herein we report the development of a method
producing libraries of oxadiazoles in an array format with
minimal manipulations and independent of the solubility
of starting materials or intermediates.

By analogy to our solid-phase-mediated synthesis of oxa-
zoles,6 we investigated the possibility of synthesizing
oxadiazoles from 2-acyl hydrazides covalently attached to
a solid phase via a nitrogen atom, directly involved in the
oxadiazole formation. Such a process would require a linker
between the oxadiazole and the polymeric support, which
could be cleaved concomitantly with the dehydrative cycli-
zation, merely leaving a lone electron pair on the product as
a ‘trace’. To our knowledge, oxadiazole formations involving
N1-alkylated 2-acyl hydrazides have not yet been reported.

2. Results and discussion

The choice of the linker is essential for our proposed process
(Scheme 1). We intended to use an acid labile linker, which

Keywords: Cyclative release; Traceless linker; Dehydration; TFAA; Trans-
acylation.
* Corresponding author. Tel.: +39 033 158 1437; fax: +39 033 158 1347;

e-mail: wolfgang.brill@nervianoms.com
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.016
would readily eliminate a polymer-bound cation upon cycli-
zation of a support-bound 2-acyl hydrazide. Among the
commonly used linkers, which may provide such a stabilized
cation, we considered trityl (VI), MAMP (VII), and o-meth-
oxybenzyl7 (VIII). Preliminary attempts to synthesize
2-acyl hydrazides on trityl and MAMP resins had failed
owing to steric constraints imposed by the linker. The rigid-
ity of the 2-acyl hydrazides may be another factor, impeding
access of reagents and solvents, thus complicating oxadia-
zole formation. Therefore, we focused on an o-methoxy-
benzyl linker attached to the polystyrene resin via a flexible
4-butyryloxy spacer (VIII).

Firstly, our process involved the attachment of the 2-acyl
hydrazides (2a–e) onto a polystyrene support via a flexible
4(4-formyl-3-methoxyphenoxy)butyryl linker 1. Then, the sup-
port-bound acyl hydrazones (3a–e) were reduced to hydra-
zides (4a–e) using commercial borane–pyridine complex.8

The latter reagent gave reproducibly clean, quantitative re-
ductions without any precipitation. Subsequent acylation
of hydrazides 4a–e afforded 2-acyl hydrazides 6a–q. Since
monitoring these intermediates by cleavage with TFA gave
low recovery and complex mixtures, the support-bound hy-
drazones 3a–e and hydrazides 4a–e were analyzed by IR and
MAS 1H NMR. The use of DMF-d7 was essential for the
MAS 1H NMR analysis, since it assured sufficient swelling
of the resin, and narrow NMR signals (including NH) facil-
itating spectral interpretation. Mono-acylation was required
in order to avoid the formation of symmetrically substituted
oxadiazoles, bearing only R2 groups. Where carboxylic
acids R2–CO2H were utilized as precursors, mono-acyla-
tions were performed with isopropoxy carbonyl-based
mixed anhydrides9 or symmetrical anhydrides, readily syn-
thesized from carboxylic acids and ethoxy acetylene.10 Al-
ternatively, when acylchlorides were utilized, preferably
they were converted to pentafluorophenyl esters, producing

mailto:wolfgang.brill@nervianoms.com
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Scheme 1. Proposed oxadiazole formation on solid phase via cyclative release. PS: polystyrene; L: linker.
only mono-acylation products.11 Additionally, we observed
that the base was also crucial for the acylations. DIPEA
(H€unig’s base), TMEDA (N,N,N0,N0-tetramethylethylenedi-
amine) or NMM (N-methylmorpholine) gave multiple acyl-
ations with hydrazides bearing CH-acidic carbons. NMI
(N-methyl imidazole) appeared to be the base of choice, be-
ing a powerful, yet not too basic acylation catalyst. Finally,
dehydrative, cyclative release of the oxadiazoles 7a–q from
the polymeric support was performed using volatile TFAA–
CH2Cl2–TFA (20:75:5, v/v/v) (Scheme 2).

The cyclizations were completed in less than 5 h. Prolonged
or multiple TFAA treatments did not afford higher yields.
The crude cleavage products were treated briefly with
DOWEX1-X2 (carbonate form) and gave products of
acceptable purity for biological screens (Table 1).

2.1. Mechanistic aspects

The oxadiazole formations were performed with TFAA–
CH2Cl2–TFA (20:75:5, v/v/v) unless specified otherwise.
Under these conditions, three processes were found to
occur:
2.1.1 oxadiazole formation on resin,
2.1.2 deacylation of R1COOH versus cyclization,
2.1.3 sequestration of support-bound species by the resin.

2.1.1. Oxadiazole formation on resin. Scheme 3 shows the
TFAA-mediated dehydration of immobilized 2-acyl hydra-
zides. The TFAA-mediated dehydration of resin-bound dia-
cylhydrazides occurred without dissociation of the 2-acyl
hydrazides from the solid support as evidenced by the fact
that product mixtures were different from those obtained
in solution phase under identical conditions. Specifically,
the dehydration of immobilized 2-acyl hydrazide 6a with
TFAA liberated only 7a and 11a. Alternatively, the TFAA
treatment of compound 8a in solution phase generated prod-
ucts 7a, 11a, and 14 (Scheme 4). In fact, trifluoromethylated
oxadiazoles, such as 14, were never observed in either of our
oxadiazole formations involving support-bound 2-acyl hy-
drazides, or in that involving the N-benzylated 2-acyl hydra-
zide 18 (Scheme 9).

Furthermore, the acidity of CH2Cl2–TFA (95:5, v/v) in the
absence of dehydrating agents was found to be insufficient
to liberate hydrazide 8a from resin 6a.
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Table 1

Entry Polymer
supported
hydrazides

R1 Acylation
methoda

R2 R2COX Diacyl-hydrazine Oxadiazolesb Yieldc Purityd

1 4a A 5a 6a 7a 48 92.5

2 4a B 5b 6ab 7b 63 94.6

3 4a A 5c 6c 7c 69 96.6

4 4a B 5d 6d 7d 11 89.8

5 4a B 5e 6e 7e 29 93.5

6 4a C 5f 6f 7f 35 96.8

7 4a D F3C 5g 6g 7g 22 100

8 4a D
O

5h 6h 7h 30 100

9 4a D Cl 5i 6i 7i 40 87.9

10 4a D MeO 5j 6j 7j 25 79.5

11 4a D 5k 6k 7k 15 80.0

12 4b A 5a 6ba 7b 31 87.2

13 4b D
O

5h 6l 7l 22 85.1

14 4c

F
A 5a 6m 7m 32 92.3

15 4c

F
C 5f 6n 7n 7 91.8

16 4d

MeO
A 5a 6o 7o 49 87.1

17 4d

MeO
D Cl 5i 6p 7p 15 79.8

18 4e
S

A 5a 6q 7q 31 88.4

a Acylation methods: A: (R3CO)2O (0.5 M, 11 equiv), CH2Cl2, NMI (0.5 M, 11 equiv), rt 48 h; B: R3CO2H (0.5 M, 11 equiv), CH2Cl2, NMI (0.025 M,
0.5 equiv), ethoxyacetylene (0.5 M, 11 equiv), rt 48 h; C: (a) R3CO2H (0.5 M, 11 equiv), CH2Cl2, NMI (1 M, 22 equiv), iPrOCOCl (0.5 M, 11 equiv), rt
30 min, (b) addition to resin, rt 48 h; D: (a) R3COCl (0.5 M, 11 equiv), CH2Cl2, NMI (1 M, 22 equiv), pentafluorophenol (PFP) (0.5 M, 11 equiv), rt
30 min, (b) addition to resin, rt 48 h.

b All cyclative cleavages were performed using TFAA–CH2Cl2–TFA (20:75:5, v/v/v), 5 h, rt.
c Isolated yields based on the manufacturer’s specification of loading of the initial aldehyde resin (i.e., over four consecutive steps). The crude cyclization prod-

uct mixture was treated for 3 h with DOWEX1-X2 (carbonate form) before it was isolated and the yields determined by weight.
d The purity of the isolated products was determined by integration of the product peak analytical HPLC trace at 220 nm.
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Recent reports on the synthesis of oxadiazolinium salts by
analogous dehydration reactions12 strongly suggest the
intermediacy of a support-bound oxadiazolinium species
like 12a (Scheme 3, path B).

The difference in the reaction mechanism between dehydra-
tions in solution and on solid phase is supported by the
different impact of the reaction solvent on the product
compositions. In solution phase, the ratio of 7a/14 was
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Scheme 3. TFAA-mediated dehydration of solid phase bound 2-acyl hydra-
zides.
highly solvent dependent (Table 4). On solid phase, the
dehydration cocktail had little influence on the product com-
position. In solution phase, compounds 14 could only have
been liberated upon fragmentation of a N-trifluoroacylated
intermediate, such as 13 (Scheme 4, path A0).

2.1.2. Deacylation R2COOH versus cyclization. The liber-
ation of acyl groups, such as 11a, also occurred from a resin-
bound species. Here again, resin involvement was evident,
since only the acyl groups b to the support-link R1CO2H,
such as 11a, were released from the resin (Table 2, Scheme
3, path A). The absence of deacylation in the dehydration
reactions using SOCl2 (Table 3) supported the role of a tri-
fluoroacetylated intermediate, such as 9a (Scheme 3, path
A). The deacylation site was determined in a study using
the following support-bound hydrazides (Table 2).

We obtained further evidence for the proposed transacyla-
tion step13 (Scheme 3, path A, Scheme 4, path A0) through
a solution phase model reaction. When treating benzohydra-
zide (2a) with excess TFAA, we obtained benzoate (11a),

Table 2

Entry Hydrazide
resin
starting
material

Resin-bound
2-acyl
hydrazide

Desired
oxadiazole
(yield %)a

Co-isolated
acid R1CO2H
(yield %)a

1 4a 6a 7a (32.6) 11a (62.2)
2 4c 6m 7m (68.3) 11c (19.8)
3 4d 6o 7o (42.5) 11d (41.4)
4 4e 6q 7q (23.5) 11e (51.6)
5 4a 6d 7d (37.4) 11a (33.1)

Deacylation of the acyl group ‘b’ to the support link R1 during oxadiazole
formations on solid support using TFAA–CH2Cl2 (1:4, v/v). The acids stem-
ming from R2 were not observed.
a The yields were based on the integration of the product peak in the HPLC

trace of the purified product at 220 nm.
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oxadiazole 14, and 2,2,2-trifluoro-N0-(trifluoroacetyl) aceto-
hydrazide (Scheme 5).

Unlike with dehydrations involving TFAA, SOCl2-mediated
oxadiazole formations were not accompanied by deacyla-
tion. However, these sluggish reactions yielded oxadiazoles
and hydrazides 8a–q with M¼(Moxadiazole+18) (Table 3).
Since, SOCl2 is unable to form a stable N-adduct with hydra-
zides, we deduced N-trifluoroacetylation to be the reason for
the deacylation.

A problem with TFAA-mediated oxadiazole formations was
the competition with deacylation. In order to gain further in-
sight in the reaction mechanisms, we performed MO calcu-
lations on model structures resembling the support-bound
intermediates. Based on crystal structures of N2-acyl hydra-
zides14 and steric bulk imposed by the linker, we assumed
the secondary amide to be predominantly in the Z-configura-
tion, while the tertiary amide with the support link was
assumed to be E or Z. It is likely that in the support-bound
hydrazides, the CO–N–N–CO dihedral angles are near 90�

in their lowest energy conformations and the rotation about
the N–N bond is hindered (Eaz19 kcal/mol).15

We performed MO calculations on simplified model hydra-
zides IXa (ZZ), IXb (ZE), IXc (EZ), IXd (EE) (Scheme 6)

N
H

O
NH2 N

H

O
N
H

O

CF3TFAA

19

TFAA

2a

Scheme 5.

Table 3. SOCl2-mediated oxadiazole formations

Entry Hydrazide
resin
starting
material

Resin-bound
acyl
hydrazide

Desired
oxadiazole
(yield %)a

Formed hydrazide
(major side product)

(yield %)a ESI-MS
m/z
(M+H)+

1 4a 6a 7a (50.4) 8a (16.8) 241
2 4b 6b 7b ndb — ndb —
3 4c 6m 7m (44.7) 8m (13.2) 259
4 4d 6o 7o (47.8) 8o (11.8) 271
5 4e 6q 7q (32.2) 8q (22.4) 247

Oxadiazole formation in SOCl2–CH2Cl2–DMF (100:400:1, v/v/v), rt, 15.5 h
(126 equiv SOCl2). Deacylation of the acyl group ‘b’ to the support link R1

was not observed. Compounds 8a–s were not observed in TFAA-
mediated cyclizations.
a The yields were based on the integration of the product peak in the HPLC

trace of the crude reaction mixture at 220 nm.
b Complex mixture.
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Scheme 6. Structures of the model compounds IXa–d. The highlighted
atoms indicate the localization of the HOMO.
and the O-trifluoroacetates X and XI. The calculations were
performed using B3LYP16 density functions with a 6-31G*
basis set starting from the MMFF conformer. Among the
four hydrazide conformers, the MMFF force field favored
IXa, IXc, and IXd while IXb was converted into IXc
upon the optimization. On the bases of earlier calculations
and X-ray structures of related compounds,14,15 conformer
IXc would clearly be favored. IXa, is an ‘unusual’ con-
former with a non-planar amide bond, and is probably an
artifact of the calculations.

The calculations suggested the conformers IXc (EZ) or IXd
(EE) to be attacked on the carbonyl functions next to R2 by
dehydrating agents due to the co-localization of their HO-
MOs and negative charge. Scheme 7 represents a mechanis-
tic pathway elaborating upon the discussions of Scheme 3,
considering the results of the MO calculations. The resulting
cationic Vilsmeier–Haack intermediate XI (Scheme 7)

would initiate oxadiazole formation (as seen in path B,
Scheme 3). In turn, an attack of TFAA on the carbonyl
functions next to R1 would lead to the intermediate X.
This intermediate may not only be a precursor for oxadiazole
formation (Scheme 7), but also may initiate deacylation
according to path A in Scheme 3. Our calculations suggested
the highlighted N atom of X to be its most nucleophilic
moiety (Schemes 6 and 7). It also may be trifluoroacetylated,
initiating path A in Scheme 3. Addition of TFA, as in our
preferred cyclization cocktail, may in fact ‘protect’ the inter-
mediate X from N-acylation and promote oxadiazole forma-
tion. Indeed, adding TFA to the cyclization cocktail resulted
in slightly higher yields.

On the resin, the dehydrating agent TFAA may either attack
the more nucleophilic carbonyl function or the more acces-
sible one. It remained difficult to ascertain the influence of
the hydrazide conformation on this attack. Attempts to use
various NMR methods to determine the conformation of
resin-bound hydrazides, such as 6a, and model compound
18 were unsuccessful.

To support the reaction mechanism on the solid phase
(Scheme 3), we also attempted to analyze the chemical
species remaining on the polymer after the oxadiazole
formation. Unfortunately, the structure of the resins was
modified by the TFAA treatment, rendering it impossible
to obtain MAS NMR spectra of the remaining resin-bound
chemical entities. However, we performed elemental anal-
ysis on the resins affording 7a or 7b after the TFAA treat-
ment. The measured N content of 2.5% was significantly
higher than the calculated 1.2% required for the one
resin-bound nitrogen, being part of the spacer (Scheme
3). Thus, about 50% of the originally support-bound
hydrazide was not involved in oxadiazole formation,
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and its nitrogen remained on the resin, as suggested by
Scheme 3.

Finally, compound 18, synthesized according to Scheme 8,
served as our model for the transformations undergone by
the resin-bound hydrazide 6a during the TFAA treatment.

Fortunately, solution-phase oxadiazole formation using
model compound 18 (Scheme 9) afforded the products
suggested by reaction pathways A and B in Scheme 3.

Thus, TFAA treatment of compound 18 gave the desired
product 7a. The side products 11a, 1917 ((M�H)�¼231),
and 20 ((M+H)+¼383, M�H)�¼381) resulted from the
deacylation according to the mechanism in Scheme 3. The
deacylation mechanism was further supported by the fact
that in the HPLC trace of the reaction mixture at 220 nm,
the integration of the peak of 11a amounted to that of peaks
19 and 20 together. Unlike in TFAA-mediated oxadiazole
formations on solid support, we also observed some diben-
zoylation of 18, giving 8a.

Many lipophilic, high-molecular-weight compounds
(M>700), and a white solid, a degradation product of 20,
insoluble in DMSO, DMF, CH3OH, and water, were ob-
served. Conversely, from the solid phase synthesis, side
products 19, 20, the several lipophilic side products and
the ‘white solid’ did not elute from the resin, even after
repeated TFAA treatment. They remained tightly bound to
the support lowering the overall recovery of isolated prod-
ucts. This sequestration by the polymeric support will be
discussed in Section 2.1.3.

We also examined the influence of solvents on the outcome
of the TFAA-mediated oxadiazole formations. Encouraged
by dramatically different 7a/14 ratios in solution phase reac-
tions (Table 4), we hoped to find solvents that could suppress
the deacylation effectively on solid phase.
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Scheme 8. Reagents and conditions: (a) HOAc, CH2Cl2, 24 h, rt; (b) CH2Cl2–HOAc (9:1, v/v), 3 h, rt; (c) NMI, CH2Cl2, 3 days, rt.
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Unfortunately, on the solid support, the formation of 7a
could not be improved dramatically by changing reaction
solvents.

The reason for the dramatic solvent dependence in TFAA-
mediated solution-phase oxadiazole formations is not under-
stood. Our calculations suggested the oxadiazole formation
to be a largely charge driven process. In our hands reactions
in toluene and THF were much slower than reactions in
CH2Cl2, which solubilizes ionic intermediates much better.
For instance, in the reaction in toluene (Table 4, entry 5)
only 3% of the starting material was converted 7a. The N-tri-
fluoroacetyl derivative 19 failed to cyclize at all.

Reaction cocktails containing TFA or ethylene glycol gave
broad 19F NMR signals indicating rapid trans-trifluoroacety-
lation. These cocktails influenced the 7a/14 ratios in solution
dramatically, but gave relatively modest effects on solid sup-
port. Unfortunately, the influence of the solvent can only
be exploited for the reactions on solid phase within limits
restricted by use of certain volatile solvents, permitting
swelling of the resin and facile product isolation.

Table 4. Solvent influence on oxadiazole formation

Entry Conditions Solution
phase:ratioa

7a:14

Solid
phase:isolated
yield of 7a

1 TFAA–THF (1:4) Only 14 n.d.
2 TFAA–THF (1:4)+5% TFA Only 14 n.d.
3 TFAA–DCM (1:4)+0.1%

ethylene glycol
1:7.3 30.2

4 TFAA–DCM (1:4)+5% TFA 64:1 47.9
5 TFAA–toluene (1:4) Only 7ab n.d.

a The ratio was determined by HPLC/MS at 254 nm after 48 h.
b After 48 h HPLC/MS at 220 nm indicated only 3% conversion to 7a, main

products: 8a (12%), benzoyl hydrazide (41%), and 19 (5%).
2.1.3. Sequestration of support-bound species by the
resin. The mass of all isolated products in our oxadiazole
formations amounted to less than that was expected, based
on the previously discussed pathways A and B (Scheme
3). In our solution phase model, the formation of the unchar-
acterized ‘insoluble white solid’ gave additional evidence of
a third, ‘sequestration pathway’. The latter is independent of
TFAA, but mediated by acids. Thus, pre-incubation of resin
6q with 5% TFA in CH2Cl2, prior to addition of TFAA, had
an impact on the mass of isolated products (recovery) and on
their purity (Fig. 1).

The purity of the isolated products was determined by inte-
gration of the product peak of their analytical HPLC traces at
220 nm. The product mixtures contained two components
7q and 11e.
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Figure 1. Sequestration of support-bound oxadiazole precursors upon
action of TFA on support 6q for various time periods. Subsequent oxadiazole
formation was performed for 5 h in TFAA–CH2Cl2–TFA (20:75:5, v/v/v).
The recovery was determined by the following equation:

recovery½%� ¼ gross isolated mass

theoret: yield of oxadiazole
� 100:
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Some dehydrating conditions promote the sequestration of
the hydrazide more than others. For support 6a sequestra-
tion follows the order: TFAA–CH2Cl2–TFA (20:75:5,
v/v/v)<SOCl2–CH2Cl2 (25:75, v/v), rtzSOCl2–CHCl3
(25:75, v/v) 60 �C,<BF3$OEt2–CHCl3 (1:9, v/v) 60 �C. In
the latter case, no oxadiazole could be recovered from the
resin. Slow addition of TFAA to a suspension of resin 6q
in CH2Cl2 to afford a solution of TFAA–CH2Cl2 (20:80, v/v)
within 10 h also led to complete sequestration of all prod-
ucts. Though the mechanism of sequestration is not known,
it certainly competed with deacylation and oxadiazole for-
mation. Thus, the conditions for oxadiazole formation in
Table 1 represent a compromise between purity of the crude
desired product and its recovery.

3. Limits

The TFAA-mediated cyclizations were not successful for
ureas and thioureas stemming from R2–NCS or R2NCO
and R2 bearing aromatic nitro-groups, or a-keto-groups.
Chloromethyl oxadiazoles were identified in crude reaction
mixtures involving chloroacetylated support-bound hydra-
zides, but did not survive the methanolic DOWEX-workup
due to methoxylation.

4. Conclusion

We have studied the possibility of applying an acid labile
linker as a leaving group in the synthesis of 1,3,4-oxadia-
zoles on solid phase. We also elucidated the role of TFAA
in such processes, demonstrating its diverse reactivity.
Many oxadiazoles have been obtained in purities suitable
for our chemical collection without HPLC purification.
In the underlying cyclizations, the linker is really traceless,
leaving only an electron pair on the released substrate. Our
process of few manipulations makes use of widely avail-
able and cheap commercial reagents. However, in order
to obtain high isolated yields, other dehydrating conditions
and different support linkers would be of need. The
dehydrating volatile agent ‘TFAA’ also imposed some
limitations regarding side reactions on choice of building
blocks (for instance incompatibility with nitro-groups).
In the case of the oxadiazole formation, we have
demonstrated the role of the polymeric support in mediat-
ing a reaction pathway on solid phase differing from that
in solution. The newly discovered reactivity of N-benzy-
lated N0-acyl hydrazides may be exploitable for other
applications.

5. Experimental

5.1. General

4(4-Formyl-3-methoxyphenoxy)butyryl resin was pur-
chased from Calbiochem-Novabiochem AG, Weidenmatt-
weg 4, CH-4448 Laeufelfingen, Switzerland. All solvents
and reagents were purchased from Sigma–Aldrich Chemical
Company, Inc., 1001 West Saint Paul Avenue, Milwaukee,
WI 53233, USA and Dr. Theodor Schuchardt & Company,
Edward-Buchner Strasse 14-20, D-85662 Hohenbrunn,
Germany. All other solvents and reagents were purchased
from Aldrich.

5.1.1. Parallel reactions. Parallel reactions on solid
supports were performed in Mettler Bohdan Miniblock:
Mettler-Toledo Bohdan Inc., 562 Bunker Court, Vernon
Hills, IL 60610 USA.

For the reactions performed on beads, quantitative loading of
the resin-bound starting material was assumed. Large excess
of reagents was generally applied to assure pseudo-first-
order kinetics.

5.1.2. HPLC. HPLC/MS was performed on a Waters
XTerra RP18 (4.6�50 mm, 3.5 mm) column using a Waters
2790 HPLC system equipped with a 996 Waters PDA
detector and a Micromass mod. ZQ single quadrupole
mass spectrometer, equipped with an electrospray (ESI)
ion source. Mobile phase A: NH4OAc (5 mM buffer
with HOAc, pH 5.5)–CH3CN (95:5, v/v); mobile phase B:
H2O–CH3CN (5:95, v/v). A linear gradient was run
from 10 to 90% B in 8 min, hold 90% B 2 min. UV
detection at 220 and 254 nm. Flow rate: 1 mL/min; injection
volume: 10 mL. Full scan, mass range from 100 to 800 amu.
Capillary voltage: 2.5 kV; source temperature: 120 �C; cone
voltage: 10 V. Retention times are given in minutes at 220 or
254 nm.

5.1.3. Exact mass. Exact mass data ESI(+) were obtained on
a Waters Q-Tof Ultima directly connected with micro HPLC
1100 Agilent as previously described.18

A reserpine solution 250 pg/mL (about 100 counts/s) was
used as a reference compound for TOF Lock Mass correc-
tion ([M+H]+ ion 609.2806 m/z).

5.1.4. NMR. NMR experiments were performed on two dif-
ferent instruments; chemical shifts were referenced with
respect to the residual solvent signals.

1H NMR spectra were recorded in DMSO-d6 at a constant
temperature of 25 �C on a Varian INOVA 500 spectrometer
operating at 499.7 MHz for 1H. The instrument was equip-
ped with a Z-axis gradient triple resonance 1H {13C/15N}
PFG ID cold probe.

5.1.4.1. Magic angle spinning NMR. 1H MAS NMR
was performed in DMF-d7 on a Varian INOVA 500 spec-
trometer operating at 500.25 MHz for 1H equipped with
a gHX Nano-Probe (1H{31P–15N}).

5.1.5. MO calculations. MO calculations were performed
using the ‘Titan’ molecular modeling program by Wave-
functions, Inc. 18401 Von Karman Avenue, Suite 370,
Irvine, CA 92612, USA and Schroedinger, Inc. 1500 SW
First Avenue, Suite 1180, Portland, OR 97201, USA.

5.2. Hydrazones bound on 4(4-formyl-3-methoxyphen-
oxy)butyryl resin

To 3-methoxy-benzaldehyde-resin (1) (2000 mg, loading
0.86 mmol/g), suspended in CH2Cl2 (20 mL), HOAc
(1.58 mmol, 100 mL, 0.98 equiv), were added hydrazides
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2a–e (1.5 equiv). The slurries were agitated for 18 h at rt,
then washed successively with alternating washes of 3�
(a) CH2Cl2, (b) dioxane; 3� (a) CH2Cl2, (b) EtOEt then
with 3�EtOEt. The resins were dried in vacuo and analyzed
by IR and NMR.

Note: The elemental analysis of resins is not very exact, due
to residual solvent. It is an approximation of the loading. All
following NMR experiments revealed quantitative conver-
sion.

5.2.1. Resin 3a. IR (powder): 3025, 2972, 2920, 2850, 1645,
1601, 1546, 1503, 1492, 1451, 1420, 1352, 1308, 1272,
1200, 1163, 1115, 1074, 1028, 976, 909, 873, 834, 795,
757, 696 cm�1; 1H MAS NMR (500 MHz, DMF-d7)
d 11.86 (1H, NH, hydrazone), 8.90 (1H, CH]N, hydra-
zone), 8.09 (2H, benzoyl), 7.96 (1H, linker), 7.41–7.57
(3H, benzoyl), 6.67, 6.62 (2H, linker), 4.38 (2H, –NH–
CH2– spacer), 4.10 (2H, –CH2–O– spacer), 3.83 (3H, Me,
linker), 2.49 (2H, –COCH2– spacer), 2.11 (2H, –CH2–
spacer); determination of loading by elemental analysis:
N: 3.86%, 0.91 mmol/g.

5.2.2. Resin 3b. IR (powder): 3058, 3025, 2924, 1651, 1601,
1549, 1493, 1452, 1420, 1372, 1309, 1272, 1199, 1163,
1113, 1029, 974, 905, 833, 755, 697 cm�1; 1H MAS NMR
(500 MHz, DMF-d7) d 11.53, 11.12 (1H, NH, hydrazone),
8.47, 8.62 (1H, CH]N, hydrazone), 7.90, 7.84 (1H, linker),
7.16–7.45 (5H, phenyl), 6.67–6.70 (2H, linker), 4.39 (2H,
NH–CH2– spacer), 4.10 (2H, –CH2–O– spacer), 4.06, 3.63
(2H, CH2), 3.81 (3H, Me, linker), 2.49 (2H, CO–CH2–O–
spacer), 2.12 (2H, –CH2– spacer); determination of loading
by elemental analysis: N: 3.83%, 0.91 mmol/g.

5.2.3. Resin 3c. IR (powder): 305, 2972, 2925, 2851, 1647,
1600, 1586, 1549, 1503, 1493, 1452, 1420, 1359, 1310,
1270, 1200, 1163, 1114, 1029, 961, 907, 817, 799, 748,
697 cm�1; 1H MAS NMR (500 MHz, DMF-d7) d 12.41,
11.88 (1H, NH, hydrazone), 9.14, 8.88 (1H, CH]N, hydra-
zone), 7.94, 7.87, 7.55, 7.37 (5H, 4H: 3-fluoro benzoyl, 1H:
linker), 6.69, 6.63 (2H, linker), 4.39 (2H, –NH–CH2–
spacer), 4.10 (2H, –CH2–O– spacer), 3.84 (3H, Me, linker),
2.49 (2H, –COCH2– spacer), 2.11 (2H, –CH2– spacer); de-
termination of loading by elemental analysis: N: 3.67%,
0.89 mmol/g; F: 2.03%, 1.07 mmol/g.

5.2.4. Resin 3d. IR (powder): 3057, 3025, 2923, 1645, 1599,
1544, 1491, 1451, 1420, 1357, 1273, 1199, 1163, 1114,
1030, 973, 908, 972, 804, 747, 697 cm�1; 1H MAS NMR
(500 MHz, DMF-d7) d 12.38, 11.82 (1H, NH, hydrazone),
9.06, 8.88 (1H, CH]N, hydrazone), 7.94 (1H, linker),
7.66, 7.41, 7.12 (4H, 3-methoxybenzoyl), 6.58–6.69 (2H,
linker), 4.38 (2H, –NH–CH2– spacer), 4.10 (2H, –CH2–O–
spacer), 3.82 (6H, 3H: Me, linker, 3H: Me, 3-methoxy-
benzoyl), 2.49 (2H, –COCH2– spacer), 2.11 (2H, –CH2–
spacer).

5.2.5. Resin 3e. IR (powder): 3034, 2922, 1641, 1600, 1550,
1505, 1551, 1493, 1451, 1417, 1377, 1309, 1272, 1223,
1200, 1163, 1113, 1030, 975, 908, 826, 756, 732,
697 cm�1; 1H MAS NMR (500 MHz, DMF-d7) d 11.88,
11.56 (1H, NH, hydrazone), 8.82, 8.60 (1H, CH]N, hydra-
zone), 8.17, 7.85 (1H, H3, thienyl), 8.06, 7.80 (1H, 1H: H5,
thienyl), 8.06, 7.93 (1H, linker), 7.17 (1H, H4, thienyl),
6.55–6.73 (2H, linker), 4.39 (2H, –NH–CH2– spacer), 4.12
(2H, –CH2–O– spacer), 3.84 (3H, Me, linker), 2.49 (2H,
–COCH2– spacer), 2.13 (2H, –CH2– spacer); determination
of loading by elemental analysis: N: 3.74%, 0.89 mmol/g, S:
2.31%, 0.79 mmol/g.

5.3. Reduction of resin-bound hydrazones 3a–e
to hydrazides 4a–e

Hydrazone resins 3a–e (1000 mg, loading 0.86 mmol/g)
were suspended in 10 mL of (CH2Cl2–HOAc–pyridine$BH3

(85:10:5, v/v/v) and agitated for 8 h at rt. The reaction mix-
tures were washed successively with alternating washes of
3� (a) DMF, (b) CH2Cl2; 3� (a) MeOH, (b) CH2Cl2; 3�
(a) CH2Cl2, (b) EtOEt and 3�EtOEt. The resins were dried
in vacuo and analyzed by IR and NMR. All following NMR
experiments revealed quantitative conversion.

5.3.1. Resin 4a. IR (powder): 1651, 1611, 1506, 1493, 1419,
1284, 1263, 1198, 1160, 1131, 1028, 970, 901, 821, 757,
697 cm�1; 1H MAS NMR (500 MHz, DMF-d7) d 9.97–
10.27 (1H, –CO–NH–NH–), 7.85–8.03 (2H, o-CH, benzoyl),
7.32–7.58 (1H, p-CH, benzoyl), 7.03–7.29m (1H, linker),
7.03–7.28 (2H, m-CH, benzoyl), 6.54–6.65 (1H, linker),
6.42–6.51 (1H, linker), 4.23–4.53 (2H, –N–CH2– spacer),
3.9–4.12 (4H, –CH2–O–, –CH2–NH–NH– linker), 2.36–
2.55 (2H, –COCH2– spacer), 2.03–2.07 (2H, –CH2– spacer).

5.3.2. Resin 4b. IR (powder): 1662, 1647, 1613, 1506, 1493,
1451, 1419, 1286, 1262, 1197, 1160, 1132, 1031, 971, 829,
756, 679 cm�1; 1H MAS NMR (500 MHz, DMF-d7) d 9.44–
9.86 (1H, –CO–NH–NH–), 6.82–7.52 (6H, 5H: phenyl, 1H:
linker), 6.53–6.60 (1H, 1H, linker), 6.43–6.49 (1H, linker),
4.22–4.50 (2H, –N–CH2– spacer), 3.45–3.49 (2H, CH2, ben-
zyl), 3.98–4.13 (4H, –CH2–O–), 3.83–3.93 (2H, –N–CH2–
spacer), 3.68–3.81 (5H, Me linker, –CH2–NH–NH– linker),
2.41–2.59 (2H, –COCH2– spacer), 2.06–2.18 (2H, –CH2–
spacer).

5.3.3. Resin 4c. IR (powder): 2920, 1647, 1612, 1585, 1493,
1451, 1420, 1286, 1269, 1199, 1160, 1130, 1030, 972, 942,
888, 820, 795, 754, 697 cm�1; 1H MAS NMR (500 MHz,
DMF-d7) d 9.92–10.52 (1H, –CO–NH–NH–), 7.76–7.85
(1H, 3-fluorophenyl), 7.68–7.76 (1H, 3-fluorophenyl),
7.16–7.34 (2H, 1H: 3-fluorophenyl, 1H: linker), 6.52–6.64
(1H, linker), 6.41–6.50 (1H, linker), 4.22–4.53 (2H,
–N–CH2– spacer), (2H, –CH2–NH–NH– linker, –CH2–
NH–NH– linker), 3.91–4.16 (4H, –CH2–O–, N–CH2–
spacer), 3.61–3.96 (3H, Me, linker), 2.29–2.61 (2H,
–COCH2– spacer), 1.99–2.22 (2H, –CH2– spacer).

5.3.4. Resin 4d. IR (powder): 1653, 1607, 1582, 1539, 1506,
1492, 1451, 1421, 1284, 1198, 1160, 1132, 1119, 1033, 972,
835, 793, 756, 697 cm�1; 1H MAS NMR (500 MHz,
DMF-d7) d 9.92–10.33 (1H, –CO–NH–NH–), 7.48–7.59
(2H, 3-methoxybenzoyl), 7.29–7.41 (1H, 1H: 3-methoxy-
benzoyl), 7.21–7.27 (1H, linker), 7.00–7.13 (1H, 3-methoxy-
benzoyl), 6.53–6.63 (1H, linker), 6.41–6.52 (1H, linker),
4.15–4.52 (2H, –N–CH2– spacer), 3.92–4.07 (2H, –CH2–
O–), 3.90–4.09 (2H, –CO–NH–NH–CH2–), 3.67–3.85 (6H,
3H: Me methoxybenzoyl, 3H: Me, linker), 2.41–2.53 (2H,
–COCH2– spacer), 2.04–2.17 (2H, –CH2– spacer).
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5.3.5. Resin 4e. IR (powder): 1652, 1613, 1539, 1505, 1493,
1451, 1417, 1286, 1198, 1160, 1127, 1028, 968, 908, 821,
756, 697 cm�1; 1H MAS NMR (500 MHz, DMF-d7)
d 9.97–10.26 (1H, –CO–NH–NH–), 7.81–7.90 (1H, H5
thienyl), 7.62–7.73 (1H, H3 thienyl), 7.19–7.29 (1H, linker),
7.04–7.15 (1H, H4 thienyl), 6.55–6.63 (1H, linker), 6.43–
6.52 (1H, linker), 4.23–4.50 (2H, –N–CH2– spacer),
3.92–4.12 (4H, 2H: –CH2–NH–NH– linker, 2H: –COCH2–
spacer), 3.66–3.84 (3H, Me, linker), 2.40–2.56 (2H,
–COCH2– spacer), 2.09 (2H, –CH2– spacer).

5.4. Acyl hydrazides

The acyl hydrazides have been isolated as side products dur-
ing the SOCl2-mediated oxadiazole formation (Table 3).
Their mass spectrum and HPLC retention time match that
of the reference compounds synthesized in the following
way.

5.5. Representative procedure: N0-benzoylbenzohydra-
zide (8a)

To a suspension of benzohydrazide (2 mmol, 272 mg) in
CH2Cl2, DIEA (2.5 mmol, 424 mL) was added benzoyl
chloride (2.1 mmol, 243 mL). A massive precipitation was
observed immediately. After 3 h at rt the solid was filtered
off and washed with CH2Cl2. The white solid was dried in
vacuo and analyzed. Yield: 458 mg, 95.3%.

5.5.1. N0-Benzoylbenzohydrazide (8a). 1H NMR
(500 MHz, DMSO-d6) d 10.50 (2H, s, NH), 7.94 (4H, m,
H2, H6 phenyl), 7.62 (2H, m, H4 phenyl), 7.54 (4H, m,
H3, H5 phenyl). HRMS m/z calcd for C14H12N2O2:
241.0971 (M+H)+, found 241.0983.

5.5.2. N0-Benzoyl-3-fluorobenzohydrazide (8m). 1H NMR
(500 MHz, DMSO-d6) d 10.56 (2H, s, NH), 7.93 (2H, m, H2,
H6 phenyl), 7.74–7.81 (m, 2H, H2, H6 3-fluorophenyl), 7.61
(2H, m, H4 phenyl, H5 3-fluorophenyl), 7.54 (2H, m, H3, H5
phenyl), 7.51 (1H, m, H4 3-fluorophenyl).

5.5.3. N0-Benzoyl-3-methoxybenzohydrazide (8o).19 1H
NMR (500 MHz, DMSO-d6) d 10.50 (2H, s, NH), 7.94
(2H, m, H2, H6 phenyl), 7.61 (m, 1H, H4 phenyl), 7.38–
7.57 (m, 5H, H4, H5, H6 3-methoxyphenyl, H3, H5 phenyl),
7.19 (1H, m, H2 3-methoxyphenyl), 3.82, 3.84 (3H, 2s, Me).

5.5.4. N0-Benzoylthiophene-2-carbohydrazide (8q). 1H
NMR (500 MHz, DMSO-d6) d 10.50 (2H, s, NH), 7.94
(4H, m, H2, H6 phenyl, H3, H5 thienyl), 7.54 (3H, m, H3,
H4, H5 phenyl), 7.23 (1H, m, H4 thienyl), HRMS m/z calcd
for C12H10N2O2S: 247.0536 (M+H)+, found 247.0546.

5.6. Solution-phase synthesis of 2-phenyl-5-(trifluoro-
methyl)-1,3,4-oxadiazole (14)

To 8a (220 mg, 0.5 mmol) was added a solution of THF–
TFAA (4:1, v/v) (5 mL). The reaction mixture became
homogeneous after 5 min, though the TLC of an aliquot
of the hydrolyzed reaction mixture did not indicate any con-
version. The reaction mixture was stirred at rt for another
3 days. The TLC of the reaction mixture then revealed
complete conversion into two products. CH2Cl2–MeOH
(9:1, v/v) Rf: 0.78, 0.38. The reaction mixture was poured
on ice and was extracted with CH2Cl2. The organic phase
was dried over Na2SO4, the salts were removed, and the
crude product was chromatographed on silica using
CH2Cl2–MeOH (95:5, v/v).

The high Rf product (105 mg, 97.6%) was 14. 1H NMR
(300 MHz, CDCl3) d 8.10–8.13 (2H, d, H2, H6 phenyl),
7.53–7.66 (3H, m, H3, H4, H5 phenyl), (ESI-MS) m/z:
215.0 (M+H)+, 232.1 (M+NH4)+. The low Rf product was
benzoic acid 11a: (ESI-MS) 121.1 (M�H)�.

5.7. Acylated resins

On-bead acylations were performed in Bohdan Miniblocks�

on 50 mg of reduced resins (4a–e) per reactor. To this amount
of resin was then added 2 mL of an acylating solution.

The following solutions were used:

A: To a reactor was added 2 mL of a solution of (R2CO)2O
(0.5 M), NMI (0.5 M) in CH2Cl2.

B: To a reactor were added R2CO2H (1 mmol), N-methyl imi-
dazole (0.025 mmol), CH2Cl2 (2 mL), and ethoxyacetylene
(1 mmol as solution in hexane, quantity based on the titer).

C: In an oven dried glass vial, covered with a septum was
made a solution (or suspension) of R2CO2H (1 M) in
CH2Cl2 to which was added 2 M equiv of N-methyl imida-
zole. The resulting solution was cooled to 0 �C, and 1 M
equiv of isopropyl chloroformate was added as 1 M solution
in toluene. The resulting reagent was allowed to come to rt
within 30 min and was then added (2 mL per each reactor) to
the corresponding reactors in the Miniblock using a syringe.

D: In an oven dried glass vial closed with a septum a solution
of pentafluorophenol (PFP) (0.5 M, 1 equiv) and N-methyl
imidazole (1 M, 2 equiv) in CH2Cl2 was prepared. To the re-
sulting solution 1 M equiv (based on PFP) of R2COCl was
added at 0 �C. The resulting solution was allowed to come
to rt within 30 min and was then added (2 mL per each reac-
tor) to the corresponding reactors in the Miniblock using
a syringe.

The resins were agitated in an orbital shaker for 48 h and
were washed using 3�DMF (2 mL) and 1�DMF–H2O–
NEt3 (4:1:1, v/v/v) (2 mL), followed by alternating washes
with 3� (a) DMF (2 mL), (b) CH2Cl2 (2 mL); 3� (a)
MeOH (2 mL), (b) CH2Cl2 (2 mL); 3� (a) CH2Cl2 (2 mL),
(b) Et2O (2 mL); 3�Et2O.

The resins were dried in vacuo for 5 h prior to the cyclative
oxadiazole formation.

The following resins were analyzed on solid phase. (Attemp-
ted cleavage of the acylated resins with TFA gave complex
mixtures, which could not be used for analysis of the resin.)
All following NMR experiments revealed quantitative con-
version!

5.7.1. Resin 6a. 1H MAS NMR (500 MHz, DMF-d7) d 10.93
(1H, –CO–NH–), 7.69 (4H, H2, H6 benzoyl), 7.42 (1H, H4
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benzoyl on tert amide), 7.31 (1H, H6 linker), 7.12 (5H, H3,
H4, H5 benzoyl on primary amide, H3, H5 on secondary
amide), 6.59 (1H, H3 linker), 6.51 (1H, H5 linker), 5.51,
4.42 (2H, CH2, linker), 4.05 (2H, –CH2–O– spacer), 3.73,
3.64 (3H, Me, linker), 2.47 (2H, –COCH2– spacer), 2.09
(2H, –CH2– spacer).

5.7.2. Resin 6ba. 1H MAS NMR (500 MHz, DMF-d7)
d 10.57 (1H, –CO–NH–), 7.54 (2H, H2, H6 benzoyl),
7.15–7.39 (6H, H3, H4, H5 benzoyl, H6, linker), 6.91 (2H,
H2, H6 benzyl), 6.64 (1H, H3 linker), 6.52 (1H, H5, linker),
5.43, 4.32 (2H, CH2, linker), 4.09 (2H, –CH2–O– spacer),
3.77, 3.74 (3H, Me, linker), 2.50 (2H, –COCH2– spacer),
2.13 (2H, –CH2– spacer).

5.7.3. Resin 6m. 1H MAS NMR (500 MHz, DMF-d7)
d 11.05 (1H, –CO–NH–), 7.69 (2H, H2, H6 benzoyl), 7.56
(1H, H6 3-fluorophenyl), 7.44 (2H, H2, H4 3-fluorophenyl),
7.16–7.34 (2H, 1H: 3-fluorophenyl, H6: linker), 6.61 (1H,
H3, linker), 6.54 (1H, H5 linker), 5.50, 4.44 (2H, CH2

linker), 4.07 (2H, –CH2–O–, N–CH2– spacer), 3.66 (3H,
Me, linker), 2.49 (2H, –COCH2– spacer), 2.11 (2H, –CH2–
spacer).

5.7.4. Resin 6o. 1H MAS NMR (500 MHz, DMF-d7)
d 10.91 (1H, –CO–NH–), 7.69 (2H, H2, H5 benzoyl), 7.31
(5H, H5, H6 3-methoxybenzoyl, H3, H4, H5 benzoyl,
H6 linker), 7.21 (1H, H2 3-methoxybenzoyl), 7.03 (1H, H4
3-methoxybenzoyl), 6.60 (1H, H3, linker), 6.52 (1H, H5
linker), 5.49, 4.41 (2H, CH2 linker), 4.05 (2H, –CH2–O),
3.73, 3.70 (3H, Me 3-methoxybenzoyl), 3.66 (3H, Me
linker), 2.46 (2H, –COCH2– spacer), 2.04–2.17 (2H,
–CH2– spacer).

5.7.5. Resin 6q. 1H MAS NMR (500 MHz, DMF-d7) d 10.95
(1H, –CO–NH–), 7.65 (3H, H5 thienyl, H2, H6 benzoyl),
7.27 (1H, H6 linker), 7.01 (1H, H4 thienyl), 6.57 (1H, H3
linker), 6.49 (1H, H5 linker), 5.44, 4.37 (2H, CH2 linker),
4.03 (2H, –O–CH2 spacer), 3.60 (3H, Me linker), 2.44
(2H, –COCH2– spacer), 2.07 (2H, –CH2– spacer).

5.8. Oxadiazole formation on solid phase

The acylated resins were treated with a solution of TFAA–
CH2Cl2–TFA (20:75:5, v/v/v) (2 mL per reactor) for 5 h at
rt. The reaction mixture was drained and the resin was
washed with TFAA–CH2Cl2–TFA (20:75:5, v/v/v) (1 mL
per reactor). The effluent was collected and toluene (1 mL
per reaction) was added prior to the evaporation of the reac-
tion mixtures. This toluene addition prevents buildup of TFA
and TFAA during the evaporation process, which may lead
to side reactions when acids with a –CH2(C]O)OH– motif
are used. The dried reaction mixtures were weighed and
analyzed by HPLC/MS to obtain the crude yields. The crude,
dried down reaction mixtures were dissolved in MeOH
(3 mL each). The resulting solutions were transferred into
another Miniblock containing reactors filled with
DOWEX1-X2 (carbonate form) (50 mg per reaction). The
methanolic solutions of the crude products were agitated
for another 3 h prior to filtration and a wash of the DOWEX
with methanol (1 mL). The filtrates were analyzed by HPLC/
MS for purity and evaporated to white powders or crystals to
obtain the isolated yields.
5.9. Analysis of what remained on the resin

Resins 6a and 6b were washed after the oxadiazole forma-
tion and isolation of the products as follows: 5� with
CH2Cl2 (2 mL) followed by alternating washes with 3�
(a) MeOH (2 mL), (b) CH2Cl2 (2 mL); 3� (a) CH2Cl2
(2 mL), (b) Et2O (2 mL); 3�Et2O. The resins were dried
in vacuo for 5 h prior to submission to elemental analysis
or 1H MAS NMR (see text, Section 2.1.2).

5.10. Oxadiazoles

5.10.1. 2,5-Diphenyl-1,3,4-oxadiazole (7a). 1H NMR
(500 MHz, DMSO-d6) d 8.15–8.18 (4H, m, H2, H6 phenyl),
7.63–7.71 (6H, m, H3, H4, H5 phenyl). UV: (lmax) 278 nm;
HRMS m/z calcd for C14H10N2O: 223.0866 (M+H)+, found:
223.0865; HPLC retention time: 6.27 min.

5.10.2. 2-Benzyl-5-phenyl-1,3,4-oxadiazole (7b). 1H NMR
(500 MHz, DMSO-d6) d 7.96–7.99 (2H, m, H2, H6 phenyl),
7.57–7.66 (3H, m, H3, H4, H5 phenyl), 7.37–7.42 (4H, m,
H2, H3, H5, H6 phenyl-methyl), 7.29–7.35 (1H, m, H4
phenyl-methyl), 4.38 (2H, br s, CH2, phenyl-methyl). UV:
(lmax) 251 nm; HRMS m/z calcd for C15H12N2O: 237.1022
(M+H)+, found: 237.1032; HPLC retention time: 5.94 min.

5.10.3. 2-Butyl-5-phenyl-1,3,4-oxadiazole (7c). 1H NMR
(500 MHz, DMSO-d6) d 7.98–8.01 (2H, m, H2, H6 phenyl),
7.59–7.64 (3H, m, H3, H4, H5 phenyl), 2.95 (2H, t, J¼8 Hz,
a-CH2, n-Bu), 1.77 (2H, m, b-CH2, n-Bu), 1.42 (2H, m,
g-CH2, n-Bu), 0.94 (3H, t, J¼8 Hz, Me, n-Bu). UV:
(lmax) 248 nm, MS (CI) m/z (relative intensity) 203
([M+H] 100%), HMRS m/z calcd for C12H14N2O:
203.1179 (M+H)+, found: 203.1180; HPLC retention time:
5.96 min.

5.10.4. 2-Phenyl-5-[(E)-2-phenylvinyl]-1,3,4-oxadiazole
(7d). 1H NMR (500 MHz, DMSO-d6) d 8.11–8.14 (2H, m,
H2, H6 phenyl), 7.81–7.84 (2H, m, H2, H6 phenyl of cin-
namyl), 7.80 (1H, d, J¼17 Hz, –HC]CH–Ph, cinnamyl),
7.61–7.71 (3H, m, H3, H4, H5 phenyl), 7.42–7.51 (3H, m,
H3, H4, H5 phenyl of cinnamyl), 7.41 (1H, d, J¼17 Hz,
–HC]CH–Ph, cinnamyl). UV: 253.9, 313.2 nm, HMRS
calcd for C16H12N2O: 249.1022 (M+H)+, found: 249.1011;
HPLC retention time: 6.82 min.

5.10.5. 2-(2-Methylphenyl)-5-phenyl-1,3,4-oxadiazole
(7e). 1H NMR (500 MHz, DMSO-d6) d 8.13–8.17 (2H, m,
H4, H6 2-methyl phenyl), 8.1 (1H, dd, J¼8 Hz, J0¼1 Hz,
H3 2-methyl phenyl), 7.64–7.70 (3H, m, H2, H6 phenyl,
H5 2-methyl phenyl), 7.56 (1H, m, H4 phenyl), 7.41–7.52
(2H, m, H3, H5 phenyl), 2.72 (3H, s, Me). UV: (lmax)
281.1 nm, HRMS m/z calcd for C15H12N2O: 237.1022
(M+H)+, found: 237.1012; HPLC retention time: 6.91 min.

5.10.6. 2-Biphenyl-4-yl-5-phenyl-1,3,4-oxadiazole (7f).
1H NMR (500 MHz, DMSO-d6) d 8.25 (2H, d, J¼9 Hz,
H2, H6 4-phenyl phenyl), 8.17–8.20 (2H, m, H2, H6 phenyl),
7.97 (2H, d, J¼9 Hz, H3, H5 4-phenyl phenyl), 7.80–7.83
(2H, m, H20, H60 4-phenyl phenyl), 7.64–7.69 (3H, m, H3,
H4, H5 phenyl), 7.55 (2H, t, J¼7 Hz, H30, H50 4-phenyl
phenyl), 7.46 (1H, t, J¼7 Hz, H40 4-phenyl phenyl). UV:
(lmax) 301.3 nm, HRMS m/z calcd for C20H14N2O:
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299.1179 (M+H)+, found: 299.1171; HPLC retention time:
8.07 min.

5.10.7. 2-Phenyl-5-[4-(trifluoromethyl)phenyl]-1,3,4-
oxadiazole (7g). 1H NMR (500 MHz, DMSO-d6) d 8.37
(2H, d, J¼9 Hz, H2, H6 trifluoromethyl phenyl), 8.19 (2H,
dd, J¼8, J0¼2 Hz, H2, H6 phenyl), 7.80 (m, 3H, H3, H4,
H5 phenyl). UV: (lmax) 282.3 nm, HRMS m/z calcd for
C15H9F3N2O: 291.0740 (M+H)+, found: 291.0744; HPLC
retention time: 7.38 min.

5.10.8. 2-(2-Furyl)-5-phenyl-1,3,4-oxadiazole (7h). 1H
NMR (500 MHz, DMSO-d6) d 8.08–8.11 (3H, m, H2, H6
phenyl, H3 furyl), 7.62–7.71 (3H, m, H3, H4, H5 phenyl),
7.48 (1H, dd, J¼4 Hz, J0¼1 Hz, H5 furyl), 6.85 (1H, m,
H4, furyl). UV: (lmax) 238.6, 293 nm, HRMS m/z calcd for
C12H8N2O2: 213.0658 (M+H)+, found: 213.0668; HPLC
retention time: 5.32 min.

5.10.9. 2-(4-Chlorophenyl)-5-phenyl-1,3,4-oxadiazole
(7i). 1H NMR (500 MHz, DMSO-d6) d 8.17 (4H, m, H2,
H6 phenyl, H2, H6 4-chlorophenyl), 7.75 (2H, m, H3, H5
4-chlorophenyl), 7.67 (3H, m, H3, H4, H5 phenyl). UV:
(lmax) 287.4 nm, HRMS m/z calcd for C14H9ClN2O:
257.0476 (M+H)+, found: 257.0468; HPLC retention time:
7.12 min.

5.10.10. 2-(4-Methoxyphenyl)-5-phenyl-1,3,4-oxadiazole
(7j). 1H NMR (500 MHz, DMSO-d6) d 8.13–8.15 (2H, m,
H2, H6 phenyl), 8.10 (2H, d, J¼8 Hz, H3, H5 4-methoxy-
phenyl), 7.61–7.68 (m, 3H, H3, H4, H5 phenyl), 7.20 (2H,
d, J¼8 Hz, H3, H5 4-methoxyphenyl), 3.89 (3H, s, Me).
UV: (lmax) 243.3, 294.2 nm, HRMS m/z calcd for
C15H12N2O2: 253.0971 (M+H)+, found: 253.0972; HPLC
retention time: 6.31 min.

5.10.11. 2-(1-Naphthyl)-5-phenyl-1,3,4-oxadiazole (7k).
1H NMR (500 MHz, DMSO-d6) d 9.21 (1H, d, J¼9 Hz, H2
naphthyl), 8.43 (1H, d, J¼7 Hz, H8 naphthyl), 8.26 (1H, d,
J¼7 Hz, H5 naphthyl), 8.21 (2H, m, H2, H6 phenyl), 8.13
(1H, J¼9 Hz, H4 naphthyl), 7.65–7.83 (m, 6H (H3, H4, H5
phenyl, H3, H6, H7 naphthyl). UV: (lmax) 222.1, 263.4,
313.2 nm, HRMS m/z calcd for C18H12N2O: 273.1022
(M+H)+, found: 273.1010; HPLC retention time: 7.72 min.

5.10.12. 2-Benzyl-5-(2-furyl)-1,3,4-oxadiazole (7l). 1H
NMR (500 MHz, DMSO-d6) d 8.03 (1H, m, H5 furyl), 7.29–
7.41 (6H, m, phenyl, H3 furyl), 6.78 (1H, m, H4 furyl), 4.36
(2H, s, CH2–Ph). UV: (lmax) 266.9 nm. MS (CI) m/z (relative
intensity) 227 ([M+H]+ 100%), HPLC retention time: 5.97 min.

5.10.13. 2-(3-Fluorophenyl)-5-phenyl-1,3,4-oxadiazole
(7m). 1H NMR (500 MHz, DMSO-d6) d 8.18 (2H, m, H2,
H6 phenyl), 8.01 (1H, m, H6 3-fluorophenyl), 7.99 (1H, m,
H2 3-fluorophenyl), 7.64–7.74 (4H, m, H3, H4, H5 phenyl,
H5 3-fluorophenyl), 7.55 (1H, t of m, J¼9 Hz, H4 3-fluoro-
phenyl). UV: (lmax) 280 nm, HRMS m/z calcd for
C14H9FN2O: 241.0772 (M+H)+, found: 241.0762; HPLC
retention time: 6.55 min.

5.10.14. 2-Biphenyl-4-yl-5-(3-fluorophenyl)-1,3,4-oxa-
diazole (7n). 1H NMR (500 MHz, DMSO-d6) d 8.27 (2H,
d, J¼9 Hz, H2, H6 4-phenyl-phenyl), 8.04 (1H, m, H5
3-fluorophenyl), 8.00 (1H, m, H2 3-fluorophenyl), 7.97
(2H, d, 9 Hz, H3, H5 4-phenyl-phenyl), 7.82 (2H, d,
J¼8 Hz, H20, H60 4-phenyl-phenyl), 7.72 (1H, m, H5 3-flu-
orophenyl), 7.53–7.57 (3H, m, H4 3-fluorophenyl, H30, H50

4-phenyl-phenyl), 7.47 (1H, t, J¼7 Hz, H40 4-phenyl-
phenyl). UV: (lmax) 302.5 nm, HRMS m/z calcd for
C20H13FN2O: 317.1085 (M+H)+, found: 317.1088; HPLC
retention time: 8.27 min.

5.10.15. 2-(3-Methoxyphenyl)-5-phenyl-1,3,4-oxadiazole
(7o). 1H NMR (500 MHz, DMSO-d6) d 8.18 (2H, m, H2,
H6 phenyl), 7.74 (1H, d of m, J¼8 Hz, H6 3-methoxy-
phenyl), 7.67 (4H, m, H2 3-methoxyphenyl, H3, H4, H5
phenyl), 7.58 (1H, t, J¼8 Hz, H5, 3-methoxyphenyl), 7.25
(1H, dd, J¼8 Hz, J0¼1 Hz, H4, 3-methoxyphenyl), 3.9
(3H, s, Me). UV: (lmax) 280, 313 nm; HRMS m/z calcd for
C15H12N2O2: 253.0971 (M+H)+, found: 253.0962; HPLC
retention time: 6.49 min.

5.10.16. 2-(4-Chlorophenyl)-5-(3-methoxyphenyl)-1,3,4-
oxadiazole (7p). 1H NMR (500 MHz, DMSO-d6) d 8.18
(2H, m, J¼9 Hz, H2, H6 4-chlorophenyl), 7.72 (1H, m, H6
3-methoxyphenyl), 7.72 (2H, d, J¼9 Hz, H3, H5 4-chloro-
phenyl), 7.65 (1H, m, H2 3-methoxyphenyl), 7.56 (1H, t,
J¼8 Hz, H5 3-methoxyphenyl), 7.24 (1H, dd, J¼8 Hz,
J0¼1 Hz, H4, 3-methoxyphenyl), 3.89 (3H, s, Me). UV:
(lmax) 236–242 nm (plateau), 283 nm; HRMS m/z calcd
for C15H11ClN2O2: 287.0582 (M+H)+, found: 287.0568;
HPLC retention time: 7.03 min.

5.10.17. 2-Phenyl-5-(2-thienyl)-1,3,4-oxadiazole (7q). 1H
NMR (500 MHz, DMSO-d6) d 8.12 (2H, m, H2, H6 phenyl);
7.98 (2H, m, H3, H5 thienyl), 7.62–7.7 (3H, m, H3, H4, H5
phenyl), 7.36 (1H, m, H4 thienyl). UV: (lmax) 300.7 nm,
HRMS m/z calcd for C12H8N2OS: 229.0430 (M+H)+, found:
229.0425; HPLC retention time: 5.95 min.

5.11. Trans-trifluoroacetylation: reaction of 2a with
TFAA

Benzohydrazide 2a (0.367 mmol, 50 mg) was treated with
TFAA–CH2Cl2 (1:4, v/v) (2 mL) for 14 h at rt. A white pre-
cipitate formed, which was found to be 2,2,2-trifluoro-N0-
(trifluoroacetyl)acetohydrazide upon comparison with an
authentic sample prepared according to Ref. 6a. The crude
reaction mixture was taken up in MeCN–H2O (4:1, v/v)
and subjected to HPLC/MS. The HPLC trace indicated
the formation of three products, benzoic acid (11a), 2-phenyl-
5-(trifluoromethyl)-1,3,4-oxadiazole (14), and 2,2,2-tri-
fluoro-N0-(trifluoroacetyl)acetohydrazide.6a The peaks were
compared with authentic samples by UV, MS, retention
time, and co-injection.

5.12. Synthesis of ‘solution phase model compound
18’ (Scheme 8)

5.12.1. 2,4-Dimethoxybenzaldehyde benzoylhydrazone
(16). 2,4-Dimethoxybenzaldehyde (15) (2 mmol,
272.3 mg), benzoylhydrazone (2a) (2 mmol, 332.3 mg)
were stirred in CH2Cl2 (10 mL) containing HOAc (10 mL)
for 24 h at rt. The resulting precipitation was completed
upon addition of EtOEt (30 mL). The product was filtered
and washed with EtOEt. Yield: 510.4 mg (89.8%).
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1H NMR (500 MHz, DMSO-d6) d 11.70 (1H, br s, NH
hydrazone), 8.73 (1H, s, CH hydrazone), 7.92 (2H, d,
J¼7 Hz, H2, H6 phenyl), 7.82 (1H, d, J¼9 Hz, H6 2,4-di-
methoxyphenyl), 7.57–7.62 (1H, t, J¼7 Hz, H4 benzoyl),
7.49–7.56 (2H, dd, J¼7 Hz, H3, H5 benzoyl), 6.63–6.69
(2H, m, H3, H5 2,4-dimethoxyphenyl), 3.88 (3H, s, Me),
3.85 (3H, s, Me); HRMS m/z calcd for C16H16N2O3:
285.1234 (M+H)+, found: 285.1230.

5.12.2. N0-(2,4-Dimethoxybenzyl)benzohydrazide (17).
To 16 (800 mg, 2.81 mmol) dissolved in CH2Cl2–HOAc
(4:1, v/v) was added a complex of borane and pyridine
(465 mg, 5 mmol). After 2 h, the reaction mixture was
diluted with CH2Cl2 (20 mL) and extracted with aqueous
NaOH (0.5 M). The organic phase was dried over Na2SO4,
the salts were then removed and the products evaporated
to dryness. The borane adduct of 17 was removed from the
crude product by chromatography on SiO2 using CH2Cl2.
The desired product was eluted with CH2Cl2–MeOH (9:1,
v/v). Yield: 701 mg (86.9%).

1H NMR (500 MHz, DMSO-d6) d 10.05 (1H, br d, J¼7 Hz,
NH), 7.79 (2H, d, J¼7 Hz, H2, H6 benzoyl), 7.53 (1H, t,
J¼7 Hz, H4 benzoyl), 7.45 (2H, t, J¼7 Hz, H3, H5 benzoyl),
7.21 (1H, d, J¼8 Hz, H6 2,4-dimethoxybenzyl), 6.55 (1H, d,
J¼2 Hz, H3 2,4-dimethoxybenzyl), 6.49 (1H, dd, J¼8 Hz,
J0¼2 Hz, H5 2,4-dimethoxybenzyl), 5.36 (1H, q, J¼6 Hz,
N0H), 3.89 (2H, d, J¼6 Hz, CH2 2,4-dimethoxybenzyl),
3.80 (3H, s, Me), 3.76 (3H, s, Me); HRMS m/z calcd for
C16H18N2O3: 287.1390 (M+H)+, found: 287.1401.

5.12.3. N0-Benzoyl-N-(2,4-dimethoxybenzyl) benzo-
hydrazide (18). To 17 (117 mg, 0.41 mmol) dissolved in
CH2Cl2 (5 mL) were added benzoic anhydride (5a)
(276 mg, 1.22 mmol) and N-methyl imidazole (120 mL).
After three days at rt the reaction mixture was extracted suc-
cessively twice with 20% aqueous HOAc, then twice with
satd aqueous Na2CO3, and with brine. The organic phase
was dried over Na2SO4, then absorbed onto a Celite�-plug
followed by chromatography on silica with EtOAc–hexane
(1:1, v/v). Yield: 113.3 mg (70.7%).

1H NMR (500 MHz, DMSO-d6) d 10.78 (1H, br s, NH),
7.55–7.56 (4H, H2, H6 benzoyl, one conformer), 7.45–
7.53, 7.33–7.45 (overlapping signals of various conformers,
benzoyl), 7.25 (1H, d, J¼7.3 Hz, H6 2,4-dimethoxybenzyl),
6.57 (1H, d, J¼2 Hz, H3 2,4-dimethoxybenzyl), 6.54 (1H,
J¼8 Hz, J0¼2 Hz, H5 2,4-dimethoxybenzyl), 5.26, 4.33
(2H, 2d, J¼14 Hz, AB-system, br, CH2 2,4-dimethoxyben-
zyl), 3.76 (3H, s, Me), 3.67 (3H, s, Me); 13C NMR obtained
by indirect detection (gradient HSQC and gradient HMBC
spectra see Supplementary data) d 171.9, 165.8, 160.3,
158.5, 131.9, 131.8, 131.3, 129.8, 128.3, 127.6, 127.3,
127.2, 104.4, 98.3, 55.5, 55.3, 44.9. HRMS m/z calcd for
C23H22N2O4: 391.1651 (M+H)+, found: 391.1652.

5.13. Oxadiazole formation in solution from 18
(Scheme 9)

Compound 18 (90 mg, 0.23 mmol) was treated with TFAA–
CH2Cl2–TFA (20:75:5, v/v/v) 10 mL for 3 h at rt. An aliquot
of 100 mL was taken, evaporated to dryness, and taken up in
DMSO. The white solid was filtered off and the filtrate
injected into the HPLC/MS system. All major peaks were
compared with authentic samples by UV, MS, retention
time, and co-injection.
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Abstract—Both the structure and intramolecular flexibility of a series of aza crown ethers were studied by experimental NMR and theoretical
molecular modeling. The stoichiometries of complexation to the anions H2PO4

� and HSO4
� and resulting complex stabilities were determined

by experimental NMR (1H, 31P) titration and, in addition, the structure and mobility changes of the aza crown ethers upon complexation were
also examined.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The use of aza crowns for anion complexation is a long
standing classic of supramolecular chemistry, starting with
the early papers of Hosseini and Lehn.1 A number of reviews
of this research have been published.2 Aza crown ethers due
to their nitrogen lone pairs and N–H moieties are potentially
able to complex both cations and anions, dependent on the
pH value of aqueous solution. This kind of research is still
popular because of the continuing search for useful sensor
systems.

Just recently two papers were published studying not only
the ability of this kind of compounds for their complexation
to Cu2+, Hg2+, and Ni2+,3 but also dealing, at the same time,
with the ability of certain aza crowns to coordinate to certain
anions in aqueous solution.4 Although a number of X-ray
structures of the complexes have been reported,5 only limi-
ted information is available on the conformation of both
aza crown ether hosts and their complexes in solution:
Novak and Potts6 have determined by photoelectron
spectroscopy the cavity width of 12-tetraaza crown-4 ether
(1) and 14-tetraaza crown-4 ether (4); Ranganathan et al.7

detailed the vicinal H,H couplings of 12-tetraaza crown-4
ether (1) with respect to the preferred conformation of the
compound and found that synclinal N–C–C–N fragments
were well preorganized for complexation. At the same
time, Bultinck et al.8 ab initio MO calculated at the HF level
the latter compound and confirmed the synclinal N–C–C–N
conformations and, in addition, determined that hydrogen

Keywords: Conformational analysis; Aza crown ethers; Anion complexa-
tion; Stoichiometry; Spin–lattice relaxation times T1.
* Corresponding author. Tel.: +49 331 977 5210; fax: +49 331 977 5064;

e-mail: kp@chem.uni-potsdam.de
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.074
bonding plays only a minor role in stabilizing the ground
state geometry of 14-tetraaza crown-4 ether (4) and its ana-
logs in solution. Rather than hydrogen bonding, it is the elec-
trostatic repulsions of the N-lone pairs that are determinate
for the global minima states.

In addition to the aforementioned tetraaza crown ethers, we
have synthesized a series of analogs (Scheme 1) and studied
both experimentally by NMR and theoretically by molecular
modeling with respect to their preferred conformers. The
flexibility of both the free entities and when complexed to
the anions H2PO4

� and HSO4
� was also evaluated as was

the stoichiometry and stability of the complexes.

2. Results and discussion

2.1. NMR spectra

The 1H and 13C NMR spectra of the compounds were consis-
tent with the structures presented in Scheme 1 and the nuclei
absorb in the ranges expected (see Tables 1 and 2). From
both 1H and 13C NMR spectra, due to the number of ob-
served lines, it can be concluded that the compounds are
symmetric on the NMR timescale although lines in both
spectra were somewhat broadened and thus restricted inter-
conversion of the macrocyclic rings or some other slow
process in the compounds is inferred.

2.2. Complexation study

In order to test the complexational behavior of the di-,
tri-, and tetraaza crown ethers 1–10 to anions, NMR
titration experiments with the salts H2PO4

�+N(n-Bu)4 and
HSO4

�+N(n-Bu)4 were performed in CDCl3. Both the 1H

mailto:kp@chem.uni-potsdam.de
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and 13C chemical shifts of the various nuclei were followed
with increasing addition of the anions and, in case of the
phosphate titration, the 31P NMR was also recorded.9 With
increasing amounts of anion, both the 1H and 13C chemical
shifts of the macrocyclic ring atoms as well as those of the
R substituents were shifted, and thus complexation was
evident. The same conclusion was drawn from the behavior
of the 31P chemical shifts in the case of phosphate anion.
The stoichiometry of the complexes was determined from
Job’s plots,10 e.g., Figure 1 illustrates the titration of 9 with
H2PO4

�+N(n-Bu)4 following the 1H chemical shift changes
of several protons as well as of the 31P signal of the added salt.

With respect to the stoichiometry of the complexes, the
following results were obtained: (i) complexes between
dioxa,diaza crown ether 10 and H2PO4

� and between hexaaza
crown ether 8 and HSO4

� do not form at all, (ii) the unsubsti-
tuted tetraaza crown ethers 1 and 4 form 1:2 complexes with
phosphate, due to dimerization of H2PO4

� by hydrogen bond-
ing in the less polar solvent CDCl3,11 (iii) 1:1 complexation
occurs in the case of 2, 3, and 5–9 with H2PO4

�, and (iv) all of
the crown ethers studied, except for 8, form 1:1 complexes
with HSO4

�. The stability constants of the complexes are pre-
sented in Table 3 and lie in the range 1.21–4.91 for log K.
Similar values were obtained by Martell et al.12 for the coor-
dination of H2PO4

�with dioxa,hexaaza macrocycles in aque-
ous solution. The lowest complexation for H2PO4

� and
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Scheme 1. Compounds studied.
HSO4
� was obtained for 3; obviously, due to the long fatty

acid tails the macrocyclic ring system is sterically hindered
and thus limits anion complexation. The N-unsubstituted tet-
raaza crown ethers 1, 4, and 7 are the most useful for com-
plexing the selected anions as complexation constants of
log K>3 were obtained. If complexation of the aza crown
ethers is compared with respect to both their ring size and
substitution, the following orders are obtained: with respect
to ring size, 1>4 and 2>5; and with respect to substitution,
R¼H>R¼benzyl>R¼alkyl. The lowest tendency for com-
plexation was observed for 3 and 6 due to the previously
mentioned steric hindrance; the less flexible benzyl substit-
uents in 2 and 5, however, allow easier approach of the
anions to the host cavity for successful complexation.

2.3. Structural information from 1H and 13C NMR
spectra

Structural information was limited due to fast ring intercon-
version at ambient temperature and, further, the symmetry of
the aza crown ethers.

2.3.1. J information. The weighted averages of the partici-
pating synclinal, anticlinal and antiperiplanar conforma-
tions change with increasing steric hindrance (cf. Table 4)
and thus changes in the 3JH,H values, when measurable, im-
ply variations in the dihedral angles N–C–C–C. For 4 (an un-
substituted aza crown), the optimal conformer is synclinal,
but in 5, and even more so in 6, this dihedral angle changes
evermore to the anticlinal conformation due to the steric
hindrance of the R substituents. Similar 3JH,H values were
obtained for both the free and the complexed crown ethers,
and so obviously complexation does not very much change
the conformational equilibria of the host compounds (as
far as it could be concluded from weighted averages in
3JH,H)—thus, 4 and 7 seem to be already in free state well
organized for complexation.

2.3.2. Spatial information. Only limited NOE spatial infor-
mation was obtained for 2, 5, and 8 (NOE contacts were not
observed in the NOESY/ROESY spectra obtained for 1, 3, 4,
6, 7, and 9). NOEs between the NCH2 and ortho phenyl pro-
tons were observed, however, this is without structural impli-
cation. The situation improves slightly in 10 where NOEs
between H-1/H-4, H-7/H-9, and H-9/H-11 were
observed and thus some dihedral angles can be excluded:
NOE (H-1/H-4) indicates the antiperiplanar or anticlinal
conformation of C1–O2–C3–C7; NOE (H-7/H-9) is repre-
sentative for synclinal or anticlinal conformation of C7–
C8–C9–N10 (synperiplanar arrangement precludes NOEs
and the antiperiplanar conformer is sterically prevented);
and NOE (H-9/H-11) provides an indication of the
geometry of the C8–C9–N10–C11 and O2–C1–C10–O20 sys-
tems. Only if the C–C–N–C moiety is in a synclinal
arrangement the two protons H-9 and H-11 can remain
within a measurable NOE distance for each orientation of
the other C–C–N–C dihedral angle. Finally, O2–C1–C10–O20

must be in a synclinal or anticlinal orientation as an anti-
periplanar orientation would bring H-1 near to H-2, an
NOE contact, which was not detected.

Of note, intermolecular NOEs were also measured between
host protons and those of the +N(n-Bu)4 ammonium cation.
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Table 1. 1H NMR chemical shifts (d/ppm) of the aza crown ethers 1–10 and differential values upon complexation to H2PO4
� and HSO4

� anions

Compound H-1 N(2)H H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10 H-11 H-12 H-13 H-14 H-15 H-16

1 2.65 2.56 — — — — — — — — — — — — —
1/H2PO4

� �0.13
1/HSO4

� +0.03

2 2.68 3.43 7.36 7.25 7.19
2/H2PO4

� �0.02 �0.01 �0.01 �0.01 +0.01
2/HSO4

� +0.06 +0.03 +0.03 +0.07 +0.12

3 3.51 2.30 1.64 1.27 0.89
3/H2PO4

� �0.06 �0.02 �0.01 �0.02 �0.01
3/HSO4

� �0.12 +0.08 +0.07 +0.09 +0.09

4 2.66 3.35 2.73 1.7
4/H2PO4

� �0.16 �0.06 �0.04
4/HSO4

� �0.39 �0.45 +0.01 +0.02

5 2.59 2.49 1.73 3.42 7.29 7.24 7.18
5/H2PO4

� �0.06 �0.04 �0.15 �0.05 �0.09 �0.07 �0.07
5/HSO4

� +0.03 +0.03 +0.02 +0.03 +0.07 +0.02 �0

6 2.65 2.88 1.40 2.32 1.26 0.88
6/H2PO4

� �0.02 +0.04 +0.05 +0.01 �0.03 �0.03
6/HSO4

� �0 +0.05 +0.08 +0.04 �0 +0.11

7 2.67 2.97 2.71 1.67 2.71 2.97 2.71 1.70
7/H2PO4

� �0.12 �0.06 �0.02 �0.06 �0.06 �0.05
7/HSO4

� +0.16 +0.12 +0.15 +0.12 +0.12 +0.12

8 3.13 3.42 7.06 7.34 7.41
8/H2PO4

� �0.05 +0.19 �0.05 �0.14 �0.03
8/HSO4

� a

9 4.19 1.83 3.32 2.76 1.83 1.83 1.24 0.87
9/H2PO4

� �0.44 �0.08 +0.27 +0.13 �0.08 �0.08 +0.01 �0.01
9/HSO4

� �0.49 �0.07 +0.23 +0.34 �0.07 �0.07 �0.02 �0

10 4.39 6.92 6.89 7.29 7.20 3.75 1.91 2.64 1.75
10/H2PO4

� a

10/HSO4
� �0.04 +0.30 +0.32 +0.01 +0.08 +0.17 +0.09 �0.11

a No coordination observed.
Obviously, not only the anion, but also the cation (as a salt
pair) forms part of the complexes. Similar suggestions
have been made by Valiyaveettil et al.11 when studying the
phosphate complexation of open-chain polyaza ethylene
compounds. Actually, evidence for the existence of such
complete complexes was implied by ESIMS measure-
ments.13

2.4. Flexibility information from T1 measurements

Spin–lattice relaxation times T1 of certain aza crown ether
protons were measured in order to confirm the interaction
of the aza crown ethers with the two different anions (cf.
Table 5). As expected, with increasing amounts of the two
different anions in solution, the T1s were reduced in value.
This is due to complexation in reducing the intramolecular
flexibility of the aza crown ethers.14

The T1s of the NCH2 protons of the ammonium cations were
also measured (see Table 6), and these values proved to be
very interesting since the cations are not directly involved
in aza crown ether/anion complexation. In the case of
the N-unsubstituted tetraaza crowns 1, 4, and 7, the T1s in-
creased in value leading to the conclusion that as the anion
complexes with the aza crown ethers, ammonium cations
are less strongly bound to the anion (as ion pairs) and their
flexibility therefore increases. In the remaining aza crowns
2, 3, 5, 6, and 8–10, complexation to the anion was only
minor or non-existent, therefore no effect on the T1 values of
the ammonium cation protons was expected and they should
remain constant. However, they were observed to decrease in
value and the only conclusion from this result is that obvi-
ously the long fatty acid chains attached to the aza crown
ethers and the n-butyl chains of the ammonium cation be-
come arranged along each other due to hydrophobic interac-
tions and thereby the flexibility of the ammonium cation is
reduced and subsequently the T1 values decrease as well.

2.5. Variable temperature 1H and 13C NMR
spectroscopy

Since some signals of the aza crown ethers in both the 1H
and 13C NMR spectra were already broadened at ambient
temperature, deconvolution was thus expected at lower tem-
peratures and the aza crown solutions, both free as well as
complexed to phosphate and sulfate, were examined accord-
ingly. However, only in case of 10 this was successful. This
dioxa,diaza crown ether contains some rigid units, which re-
duce the flexibility of the macrocyclic 15-membered ring
system (vide supra) and from following the line width of
H-1 and H-9, the free energy of interconversion of the 15-
membered ring could be calculated to be 9.2–9.3 kcal/mol,
in excellent agreement with values obtained for similar
crown ethers.15

The ring interconversion of the remaining aza crown ethers
1–9 could not be frozen within the temperature range of the
present NMR equipment when observing 1H NMR spectra.
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Table 2. 13C NMR chemical shifts (d/ppm) of the aza crown ethers 1–10 and differential values upon complexation to H2PO4
� and HSO4

� anions

Compound C-1 N-2/C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15 C-16

1 46.5
1/H2PO4

� �0.9
1/HSO4

� +0.5

2 53.0 60.1 140.1 128.9 128.0 126.6
2/H2PO4

� �0.4 �0.5 +0.6 �0.1 �0.1 �0.1
2/HSO4

� +0.3 +0.6 �11.0 +1.3 +2.2 +2.2

3 49.9 31.9 29.6 25.3 22.7a 14.1
3/H2PO4

� �0.6 �0 +0.1 �0.1 �0
3/HSO4

� �0.2 +0.1 +0.2 �0 �0

4 50.8 49.3 29.3
4/H2PO4

� �1.6 +1.3 �0
4/HSO4

� �1.5 +1.4 +1.4

5 50.8 51.9 24.4 59.6 140.6 129.8 128.6 127.6
5/H2PO4

� �0.4 �0.5 �0.3 �0.2 �0.6 �0.9 �0.6 �1.0
5/HSO4

� +0.5 +0.5 +0.2 +0.7 +0.3 +0.1 +1.0 +0.1

6 62.0 56.2 31.9 32.2 14.1 29.6 28.0 23.4a

6/H2PO4
� �0.6 +2.3 +1.6 �0.4 �0.1 +1.2 �0.8 �0

6/HSO4
� �2.2 �1.8 +0.2 �0.3 �0 +1.4 �0.7 �0

7 49.5 49.8 28.8 50.4 51.3 29.2
7/H2PO4

� �0.5 �0.8 �0 �0.6 �1.2 +0.1
7/HSO4

� +1.8 +0.4 +2.1 +0.2 �0 +0.9

8 48.5 59.5 139.1 129.8 128.5 132.8
8/H2PO4

� �0.2 �1.9 �0.4 �0.7 �1.2 �2.5
8/HSO4

� b

9 61.5 171.1 39.2 47.8 29.6, 14.1 29.3 22.7a

9/H2PO4
� �2.4 �0.7 +0.1 +0.1 �0 �0

9/HSO4
� �1.7 �0.6 +0.1 +1.4 +0.8 +0.1

10 65.7 158.2 110.1 120.6 128.5 131.2 158.2 51.6 47.8 29.0
10/H2PO4

� b

10/HSO4
� �0.2 +0.8 +0.1 �0 +0.8 +0.9 +0.8 +1.6 +0.8 �3.5

a Not further assigned.
b No coordination observed.

Figure 1. Job plots of the titration of 9 with H2PO4
�: (A) 1H NMR and (B) 31P NMR chemical shift variations; from the plot of the two parameters the anion-to-

ligand ratio of the complexes was inferred by the value of the x-coordinate at the plot azimuth.
Table 3. Stability constants and stoichiometry of the complexes of 1–10
(log K) with H2PO4

� and HSO4
� anions

Complex 1 2 3 4 5 6 7 8 9 10

With H2PO4
� 4.67 2.52 1.68 3.40 2.18 2.08 3.30 2.19 4.91 a

1:2 1:1 1:1 1:2 1:1 1:1 1:1 1:1 1:1 —
With HSO4

� 3.53 2.31 1.21 3.23 2.55 2.17 3.89 a 4.40 2.83
1:1 1:1 1:1 1:1 1:1 1:1 1:1 — 1:1 1:1

a No coordination observed.
Table 4. 3JH,H coupling constants (Hz) in free aza crown ethers 4–7 and 10
and in their complexes with H2PO4

� and HSO4
� anions

Compound Free With H2PO4
� With HSO4

�

4 5.5 5.0 5.5
5 7.0 7.0 7.0
6 8.5 8.5 8.0
7 5.0 5.0 5.0
10 5.5 a 5.5

a No coordination observed.
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Table 5. Spin–lattice relaxation times T1 (s) of the H-1 protons in aza crown ethers 1–10 and differential values in their complexes with H2PO4
� and HSO4

� anions

Compound 1 2 3 4 5 6 7 8 9 10

Free crown 1.1 0.4 0.35 1.0 0.4 0.3 0.9 0.4 0.6 0.7
+H2PO4

� �0.2 �0.05 �0.1 �0.1 �0.1 �0.05 �0.05 �0.05 �0.1 a

+HSO4
� �0.1 �0.05 �0.05 �0.1 �0.1 �0.05 �0.1 a �0.1 �0.1

a No coordination observed.

Table 6. Spin–lattice relaxation times T1 (s) of the NCH2 protons of the ammonium cations and differential values upon complexation to aza crown ethers 1–10

Compound Free Complexed

1 2 3 4 5 6 7 8 9 10

TBAHPa 0.2 +0.15 �0.1 �0.1 +0.1 �0.05 �0.05 +0.1 �0.15 �0.1 b

TBAHSc 0.25 +0.1 �0.1 �0.05 +0.05 �0.1 �0.05 +0.05 b �0.1 �0.15

a Tetra-n-butyl ammonium hydrogen phosphate.
b No coordination observed.
c Tetra-n-butyl ammonium sulfate.
The signals broadened and split into overlapping, very
wide absorptions on going down to 190 K but, due to these
difficulties, barriers to ring interconversions could not be de-
termined. For example, in Figure 2 the temperature depen-
dence of the 1H NMR spectrum of 2 is depicted.

Since the signal disparities in the corresponding 13C spectra
after deconvolution are generally larger than in the 1H spec-
tra and thus coalescence temperatures are usually higher,14

the temperature dependence of the 13C NMR signals was
also examined, but again without success (cf. also Fig. 2).
Even at 170 K the resonances did not decoalescence and
only became more broadened. Thus, the line broadening as
obtained must be, at least partly, assigned to the obviously
complicated T2 relaxational behavior of the aza crowns
studied.15b The same result was obtained for the correspond-
ing complexes and thus supports the aforementioned
conclusion. The inherent broad width of the 1H NMR signal
lines also precluded the extraction of precise J information
for conformational analysis and thus the accompanying mo-
lecular modeling study was necessary in order to overcome
the deficiencies regarding the adopted conformations.

2.6. Molecular modeling of aza crown ethers 1–10 and
their complexes

In order to assess the conformational behavior of 1–10, the
steric hindrance of the coordinating anions and the mecha-
nism of complexation of the aza crown ethers and their anion
complexes were also studied theoretically in detail.

The modeling study was started by random search calcula-
tions to estimate the conformational equilibria in solution.
For each crown ether, 105 cycles were calculated and up to
Figure 2. Temperature dependence of the NMR spectra of aza crown ether 2: (A) 1H at 298 K, (B) 1H at 190 K, (C) 1H at 170 K, and (D) 13C at 170 K.
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three torsional angles in the macrocyclic ring were varied
per cycle and the obtained geometries were optimized by
force field calculations. Conformations within 3 kcal/mol
of the global minimum structure were stored in a data
bank. However, in order to save CPU time the following sim-
plifications were introduced: N-alkyl chains were substituted
by N-methyl and the effect of the fatty acid tails was studied
later by molecular dynamic simulations (vide infra); benzyl
substituents were substituted by hydrogen but their effect
later considered by grid search calculations and thus correct
conformations of the benzyl substituted aza crowns could be
obtained (vide infra).

The conformers obtained by the random search calculations
were then continuum solvent geometry optimized by the
PM3 method. Aza crown ethers 1 and 4 have already been
ab initio MO studied by Bultinck et al.8 and they were in-
cluded into the present study in order to estimate the quality
of the present semiempirical calculations.

As a result of this theoretical study, a large number of con-
formations were obtained within a relatively narrow energy
window of 3 kcal/mol, though only the global minima struc-
tures of the various crowns were continuum solvent geome-
try optimized and collected in Table 7. Even if there is a
number of different conformations for each aza crown ether
studied, some really informative trends with respect to their
ground state structures and complexational behavior can be
construed:

(i) If the aza crown ethers are N-unsubstituted (1, 4, 7, and
9), the macrocyclic ring with respect to the N–C–C–N
dihedral angle is synclinal in orientation. This result
is in complete agreement with both the theoretical stud-
ies of Wolf et al.16 and Bultinck et al.8

(ii) If the aza crown ethers are N-substituted with the strong
sterically hindering fatty acid tails or benzyl substitu-
ents, the corresponding N–C–C–N dihedral angles
change from synclinal orientations to antiperiplanar
and are seldom in synclinal or anticlinal orientations.

(iii) Adjacent C–N–C–C dihedral angles remain in a syncli-
nal orientation, in good agreement with the NOE study
of crown ether 10.

(iv) The N–C–C–C torsional angles are in synclinal confor-
mations, in agreement with experimental information
(cf. 4 and 7). The same N-substituent steric effect, as
mentioned previously, is observed: N–C–C–C torsional
angles change then to antiperiplanar conformations.

(v) Due to experimental data in the case of 10
(3JH11;H12¼5:5 Hz, no NOE between H-1 and H-11),
the global minimum is validated: both the N–C–C–C
and O–C–C–O torsion angles are synclinal, though
anticlinal but not antiperiplanar conformations are also
possible. In good agreement with the experiment results
are the anticlinal C]C–C–N and C–O–C]C antiperi-
planar conformations. The global minimum structure
of dioxa,diaza crown ether 10 is presented in Figure 3.

2.7. Steric N-substituent effect on the conformation of
the macrocyclic ring

Within this context, firstly, grid search calculations of the
benzyl substituted aza crown ethers were processed. All
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the torsional angles C–N–C–Car and N–C–Car–Car were
varied systematically in 30� steps and the structures thus
obtained were energetically optimized. Comparing the
resulting structures and their energies, it was clear that those
conformations with N-benzyl substituents oriented exocycli-
cally were the most stable ones. Thus, an N-benzyl substitu-
ent does not shield the aza crown cavity completely but
allows the opportunity for anion complexation, and this is
available from both sides of the macrocycle (cf. Fig. 4).

In order to consider the much more flexible fatty acid tails,
molecular dynamic simulations were employed. For 3, 6,

Figure 3. Global minimum structure of crown ether 10.
and 9, the global minima structures from random search cal-
culations were applied substituted with the corresponding
N-alkyl chains (C-12 in the case of 3 and 6 but C-10 in the
case of 9). During 1 ns, the substituents were allowed to
move freely at 300 K, the aza crown ether skeleton, however,
was structurally fixed. The results are not surprising: the
fatty acid tails sterically shield the macrocyclic ring cavity
(cf. Fig. 5) to a great extent and thereby prevent the opportu-
nity of the anions to approach for complexation. By contrast,
the single C10H21 alkyl chains in aza crown ether 9 are
unable to cover the whole macrocyclic ring cavity (cf.
Fig. 6). They can partly cover one side of the cavity, but
only one and thus from the opposite side the approach of
the anion is possible and hence complexation with adequate
complex stability results (vide supra).

2.8. Host–guest interaction in the H2PO4
L and HSO4

L

complexes

Various models concerning the present host–guest interac-
tions have been published. Lu et al.17 consider the number
and strength of potential hydrogen bondings as the funda-
mental criterion for successful complexation—complex sta-
bility increases if aza crown ethers are protonated.15 Albelda
et al.,18 on the other hand, suggest that H2PO4

� should be
sufficiently acidic to protonate nitrogen atoms (the corre-
sponding 15N chemical shifts are strongly deshielded by
complexation) and complex to the aza crown ethers via
Figure 4. Preferred ground state conformations of aza crown ethers 2, 5, and 8.

Figure 5. Spatial extension of fatty acid tails in crown ether 6; possible positions of C-8 (A) and mobility of the alkyl chain (B).
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Figure 6. Mobility of the single alkyl chain of crown ether 9 illustrated from two different directions (A and B).
electrostatic interactions. And finally, Beer and Gale19 con-
sider that the charged anions can complex to the neutral aza
crown ethers via dipole–ion interactions.

Firstly, hydrogen bonding was examined: the anions H2PO4
�

and HSO4
� were positioned near to the cavity (P]O and

S]O moieties, respectively, in the direction of the cavity)
of the NH aza crown ethers 1, 4, 7, 9, and 10 and then
PM3 geometry was optimized. The following trend was
evident: P]O and NH of the aza crown ether form hydrogen
bonds (cf. Fig. 7 for aza crown ether 1) and the macrocyclic
ring changes its conformation in order to enable as many of
these hydrogen bonds as possible, at the same time, the anion
occupies the most favorable position possible. However, the
aza crown cavity cannot completely host the entire anion as
has been observed for 20-membered rings18 because of the
smaller ring sizes in 1–10. If the aza crown ethers studied
are N-substituted (2, 3, 5, 6, and 8) then the former inter-
action (hydrogen bonding), however, is excluded.

In order to study possible N-protonation of the ligand by
the anion, the relevant ligands were monoprotonated and
a HPO4

2� species was positioned near to the cavity and this
geometry was then optimized. The result of this approach
is obvious (cf. Fig. 8 for N-protonation of 3H+—instead of
the long alkyl chains only R¼Me was considered): the NH
proton left the crown ether moiety and transferred back to
the oxygen of the anion, but at the same time the anion
approached the aza crown macrocyclic ring system to com-
plete the complexation. Certainly hydrogen bonding could
not be identified in these cases as a major source of stabili-
zation and therefore dipolar-ion interaction was deemed to
be the major source.

As the other mode for complex formation, dipole–ion inter-
actions were further considered. On the Connolly surface20

of the aza crown ethers (generated by SYBYL)21 surrounded
by the solvent, the electrostatic potential22 of the aza crown
ethers was projected and the anion positioned near the posi-
tive charge region (cf. Fig. 9 for aza crown ether 2—instead
of benzyl only R¼Me was considered). Geometry optimiza-
tion resulted in the following: N–C–C–N dihedral angles
changed completely to antiperiplanar positions and the
NCH2 groups pointed to the inside of the macrocyclic ring
system. Both P]O and S]O anion moieties also pointed
to the same direction but the N-lone pairs are positioned
away from the anion, obviously in order to minimize the re-
pulsion of anion negative charges and N-lone pairs. In the
case of this kind of conformation, already present in the
starting structures, nothing changes during the energy mini-
mization of the complexes. During the approach of the anion,
the electron density of the phosphate/sulfate protons is shifted
to other parts of the anion; the electrostatic potential of the
aza crown near to the P]O/S]O bonds demonstrates the
large positive range of the aza crown ethers in this respect
(cf. the red area of Fig. 9).
Figure 7. PM3 optimized geometry of the host–guest complex 1/H2PO4
� (A) before and (B) after optimization.
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Figure 8. PM3 energy optimization of the 3H+/HPO4
2� complex—instead of the long alkyl chain only R¼Me was considered.

Figure 9. Electrostatic potential of 2 without (A) and with H2PO4
� (B); in addition conformations of 2 without (C) and with H2PO4

� (D) are given—instead of
benzyl only R¼Me was considered.
3. Conclusions

From the detailed NMR study of a series of aza crown ethers
1–10 both the stoichiometry and complex stability constants
with the anions H2PO4

� and HSO4
� were obtained. The aza

crown ethers generally form 1:1 complexes but the complex
stability proved to be strongly dependent on the sterically
hindering effect of the N-substituents if present. At the
same time, the flexibility of 1–10 is reduced upon complex-
ation.

Although structural J and spatial NOE information from
NMR were very limited except in the case of 10, the data
were still able to be included as constraints in the accompa-
nying molecular modeling study. As the major results of the
modeling study it was determined that:
(i) N-Unsubstituted aza crown ethers prefer stable endo
orientations of the donor atoms; if benzyl or alkyl sub-
stituents are present, due to their steric effects, donor
atoms change synclinal to antiperiplanar orientations
of N–C–C–N moieties.

(ii) N-Unsubstituted aza crown ethers form hydrogen bonds
NH/O]S(O]P) to the corresponding anions;
thereby, the geometry of the macrocyclic ring system
changes in order to maximize the number and possibil-
ities of this hydrogen bonding.

(iii) Complexation of aza crown ethers and anions in N-
substituted compounds proceeds via dipole–ion interac-
tions. Due to impossible H-bonding [cf. (ii)] and due to
steric hindrance of complexation by the N-substituents,
the stability constants of the corresponding complexes
drop accordingly.
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It has been proved by study that detailed structural informa-
tion about crown ethers in solution can be obtained (both in
free and complexed state) not only as an substantial alterna-
tive to X-ray studies in the solid state but also as the only
information if no useful crystals could be obtained.

4. Experimental

4.1. Syntheses

The di-, tri-, and tetraaza crown ethers 1–9 and the mixed
dioxa,diaza crown ether 10 were synthesized according to
literature procedures collected in Ref. 23. The reaction prod-
ucts were purified by column chromatography and both the
structure and purity of the compounds were determined by
1H and 13C NMR spectroscopy and accurate mass mea-
surements by ESIMS. The salts H2PO4

�+N(n-Bu)4 and
HSO4

�+N(n-Bu)4 for the complexation studies were pur-
chased from Aldrich and NMR solvents from Chemotrade;
all were used without further purification.

4.2. NMR spectroscopy

1H and 13C NMR spectra were recorded on Bruker Avance
500 or 300 NMR spectrometers using 5 mm probes operat-
ing at 500 and 300 MHz for 1H, and 125 and 75 MHz for
13C. For all measurements, CDCl3 (for lower temperatures
CD2Cl2) was employed as the solvent using TMS as an inter-
nal reference (¼0 ppm for both nuclei). 31P NMR spectra
were calibrated externally (capillary) with 85% H3PO4

(¼0 ppm). Signal assignment was performed at 298 K and
utilized standard Bruker pulse sequences (1H, 13C, 31P,
COSY, HMQC, and HMBC).

For 1H NMR spectra, the digital resolution was set to 16 data
points per hertz and to 1.6 data points per hertz for 13C spec-
tra. For 2D NOESY experiments, an optimal value for the
mixing time tm was assessed as 400 ms. To avoid confusion
arising from spin diffusion, 2D ROESY spectra were also
recorded for comparison and also utilized mixing times of
400 ms. For both NOESY and ROESY experiments as well
as the T1 measurements, paramagnetic oxygen was displaced
from the NMR solutions by ultrasonification for 30 min
under argon prior to measurement. T1 values were measured
using the inversion recovery pulse sequence with a total of
16 different delay times. T1 values were calculated using
standard Bruker software and are reported with an uncer-
tainty of 50 ms. Vicinal 1H–1H coupling constants were
measured using the JRESQF pulse sequence where the spec-
tral widths were set to 4125 and 40 Hz for the f2 and f1
dimensions, respectively, with digital resolutions of 4
and 0.2 Hz.

For the determination of the barriers to ring interconversion
(DGs), the rate constants kc at the coalescence temperatures
Tc were calculated from the chemical sift difference Dn of
the respective peaks extrapolated to Tc using the Gutowski–
Holm method (kc¼2.22�Dn).24 Inserting the resulting rate
constants into the Eyring equation [DGs¼19.14�
Tc�(10.32+log (Tc/kc)] provided values of DGs. Coales-
cence temperatures are reported with an uncertainty of
1 K.
Titration experiments were conducted using the continuous
variation method25 as follows: stock solutions of the salts
H2PO4

�+N(n-Bu)4 and HSO4
�+N(n-Bu)4 and compounds

1–10 were, for ease of convenience, made to the same con-
centration (3.3�10�4 M) to facilitate a simple procedure
whereby the sum of the concentrations of the ligands and
the anions were maintained as a constant during the course
of the titration. The 1H NMR spectra of the free ligands
were first recorded and then the concentration of the ligand
was decreased successively whilst the concentration of the
anion was increased accordingly (e.g., from 1:H2PO4

�+N(n-
Bu)4 or HSO4

�+N(n-Bu)4¼9:1 to 8:2.1:9, etc.).

4.3. Molecular modeling

Random search simulations were performed using the pro-
gram SYBYL21 with the Tripos force field26 and consisted
of 100,000 cycles. All torsional angles within the ring
were allowed to vary randomly and no constraints were
applied. After each cycle, the optimized conformation was
stored if the heat of formation was within 3 kcal/mol of
the lowest calculated heat of formation. The simulation
was terminated prematurely if all so obtained conformations
had been counted at least five times. This ensured that the
global minimum was found with a confidence in excess of
95%.

Geometry optimizations were performed using the semiem-
pirical method PM3.27 The SCRF/SCIPCM (self-consistent
reaction field/self-consistent isodensity polarized continuum
model)28 method were used to consider the solvent effect;
the dielectric constant of chloroform (3¼4.8) was applied.
Calculations were performed on IRIS-INDIGO XS24 or
SGI O2 workstations or on PCs with Pentium 1 processors.
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Abstract—In HF–SbF5, with or without H2O2, a source of ‘OH+’ equivalent, quinidine 1a yields three ethers, the preferred conformation of
the substrate favoring the observed cyclization. Under similar conditions, quinidine acetate 1b, epiquinidine 2a, and its acetate 2b give fluor-
hydrins with or without rearrangement in different amounts according to the nature of the substrate and the acidity. At low acidity, epiquinidine
2a yields selectively a sole nonrearranged fluorhydrin 10a. Quinidine acetate 1b, at high acidity, yields only rearranged fluorhydrins 8b
and 9b.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cinchona alkaloids quinine and quinidine have been used, re-
spectively, as antimalarial and antiarrhythmic drugs.1 More-
over, the special structure of these alkaloids has attracted
much attention as chiral catalysts in asymmetric reactions.2

We have previously reported that the reactivity of Cinchona
alkaloids (quinine and quinidine) in superacid is dramatically
modified when compared to what is observed in conventional
acids.3 In our search for new derivatives, we have studied the
reactivity of quinidine derivatives in HF–SbF5 in the pres-
ence of hydrogen peroxide H2O2, source of ‘OH+’ equivalent
in the reaction conditions.4

1.1. Reaction of quinidine 1a, epiquinidine 2a,
and acetates 1b and 2b

1.1.1. Results. In the presence of hydrogen peroxide, quini-
dine 1a yielded three ethers 3, 4, and 5 already obtained in
HF–SbF5. Compounds 3 and 4 have been previously pre-
pared from 1a in H2SO4 and isomer 5 from D3,10-isoquini-
dine in the presence of HBr (Fig. 1).5

In the same conditions, all other substrates have given fluor-
hydrins with or without rearrangement in different amounts,
according to the nature of the substrate and the acidity (Table
1). The influence of acidity on the yields of the different
products should be pointed out, starting from compounds
1b and 2a:

* Corresponding author. E-mail: marie.paule.jouannetaud@univ-poitiers.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.083
- compound 1b at high acidity (HF–SbF5 molar ratio 1:1)
yields only rearranged fluorhydrins 8b and 9b.

- compound 2a at low acidity (HF–SbF5 molar ratio 2:1)
gives the sole nonrearranged fluorhydrin 10a.

1.2. Structure determination

1.2.1. Nonrearranged compounds 6b and 7b. The mass
spectra of compounds 6b and 7b have shown that the
molecular weight [M+H]+ (403 g mol�1) implies the formal
addition of FOH. These compounds have spectroscopic prop-
erties (1H and 13C NMR data) very close to those exhibited by
fluorhydrins obtained in quinine or epiquinine series.6

Whereas the quinoline moiety appears not to be modified
when compared to compound 1b, changes are observed in
the upper part with the disappearance of the vinylic protons
and the presence of a CH3–CHF group. A NOESYinteraction
is observed between H-10, H-2A, and H-7A implying that the
two compounds have the same configuration at C-3 and only
differ in configuration at C-10. The value close to 0 Hz of
fluorine coupling with carbon C-4 is in agreement with R con-
figuration of carbon C-10 in compound 7b, and consequently
with S configuration for compound 6b (Fig. 2).7

The structure of compound 6b has been confirmed by X-ray
analysis (Fig. 3). It should be pointed out that a gauche effect
is in operation for this compound (X-ray and in solution).

The sole compound 10a, obtained at low acidity, has been
identified by NMR after inversion of configuration at C-9
and acetylation to yield compound 6b.

mailto:marie.paule.jouannetaud@univ-poitiers.fr
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Figure 1.
Compounds 11a and 11b have been obtained in too small
amount (y3%), not perfectly pure, and consequently, could
not be analyzed. Their structures are proposed by analogy
with the quinidine acetate reaction.

Table 1. Reactivity of quinidine, epiquinidine, and their acetates in HF–
SbF5

Entry Substrate HF–SbF5

(molar ratio)
Products (yield %)

1 12a 7:1 or 18:5 14 (40)+15 (15)+16 (15)
2 12b 7:1 17b (21)+18b (3)+19b (10)+20b (12)
3 12b 18:5 19b (23)+20b (28)
4 13a 7:1 21a (33)
5 13a 18:5 21a (25)+22a (3)+23a (10)+24a (15)
6 13b 7:1 21b (20)+22b (3)+23b (11)+24b (15)
7 13b 18:5 21b (20)+22b (3)+23b (11)+24b (15)

Reaction conditions: HF–SbF5, 3 min, �35 �C.
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1.2.2. Rearranged compounds 8b and 9b. The mass spectra
of compound 8b and 9b have shown that the molecular
weight [M+H]+ (403 g mol�1) implies the formal addition
of FOH. In 1H and 13C NMR spectra the quinoline moiety
appeared not to be modified when compared to the starting
compound 1b. Significant changes were observed in quinu-
clidine moiety:

- Disappearance of a vinylic group and presence of
a CH3–CHF group bonded to a quaternary carbon. For
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Figure 3. Compound 6b, X-ray analysis.
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example, in 1H NMR, the CH3–CHF group of compound
8b is characterized by a doublet of quadruplets at
5.02 ppm (J1¼46.7 Hz and J2¼6.3 Hz) for C10–H and
a doublet of doublets at 1.49 ppm (J1¼24.9 Hz and
J2¼6.3 Hz) for the methyl group.

- Secondary C-6 carbon is identifiable by 1H and 13C
resonances. One of the hydrogen atoms at C-6 carbon
is coupled with the hydrogen atom on the tertiary C-5
carbon at 44.3 ppm. This is in agreement with an azabi-
cyclo[3,2,1]octane with a CH3–CHF group. Analogous
rearrangement has been previously obtained with quini-
dine acetate in HF–SbF5 in the presence of chloride
ion.3c

In compounds 8b and 9b exo H-2 and endo H-2 respectively,
have been identified by NMR experiments (W coupling)
(Fig. 4).

In both compounds, NOESY interactions between endo H-2
and H-10 imply that the two compounds 8b and 9b have the
same configuration at C-3 and only differ in configuration at
C-10. This configuration has been determined by NMR as
previously carried out for compounds 6b and 7b.

The structure 8b has been confirmed by X-ray analysis
(Fig. 5). It should be pointed out that a gauche effect is in op-
eration for this compound (X-ray analysis and in solution).

The structure of compounds 12a and 13a has been deter-
mined similarly.

Deacetylation of compounds 10b, 11b, and 13b yields com-
pounds 10a, 12a, and 13a.
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H
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Figure 5. Compound 8b, X-ray analysis.
1.3. Reaction mechanism

1.3.1. Formation of compounds 6b and 7b. Formation of
fluorhydrins 6b and 7b can be accounted for by a mechanism
similar to that postulated in quinine series.6 The higher
stereoselectivity in quinidine series results in the steric hin-
drance of the quinoline moiety, favoring an ‘anti’ attack of
the double bond by the equivalent ‘OH+’ electrophile. Fur-
thermore, the structure of the major compound 6b implies
that the electrophile reacted on the (Z)-isomer of the C3–
C10 double bond. This is in agreement with the previous re-
sults obtained by Portlock et al. in equilibrating conditions
showing that the (Z)-isomer is the more stable one.8

A similar process can be accounted for the formation of
compounds 10a, 10b, 11a, and 11b.

1.3.2. Formation of compounds 8b and 9b. Formation of
fluorhydrins 8b and 9b is a result of a rearrangement, which
can be accounted for by a mechanism similar to that postu-
lated in gem-difluorination of quinidine acetate.3c The pro-
posed mechanism is outlined on Scheme 1.

- Pathway a implies a rearrangement involving several
1,3-hydride shifts and a carbon shift (C3–C4) to yield
ion K, another 1,3-hydride shift leading to ion L.

- Pathway b implies the protonated cyclopropane N,
which can directly lead to ion L.

Deprotonation of ion L can give ion M with a double bond
(Z or E) C3–C10. An exo attack of this double bond by the
electrophile ‘OH+’ leads to the precursors of compounds
8b and 9b.

It should be pointed out that compounds 8b and 9b are
formed with similar yields, implying close stabilities of
the Z or E precursors.

1.3.3. Comparison of the reactivity of substrates. For
quinidine 1a, the more stable conformation is favorable to
cyclization with formation of ethers. Whatever the acidity
is, this cyclization is no more possible with the correspond-
ing acetate, and the reaction yields fluorhydrins. Further-
more, in the reaction of acetate 1b at higher acidity, the
repulsive interaction of carboxyl group and carbocation at
C-3 or C-10 favors the observed rearrangement (Fig. 6).

For epiquinidine 2a, at low acidity, the hydroxyl group is not
protonated (diprotonation of the quinoline moiety and N pro-
tonation of the quinuclidyl ring disfavoring the protonation
of the hydroxyl group at C-9). No rearrangement is observed
since the conformation of the substrate minimizes repulsive
and steric interactions.

At higher acidity, the hydroxyl is probably protonated and
the repulsive interaction between the hydroxyl at C-9 and
ion at C-3 or C-10 favors the rearrangement.

Geometry optimizations were carried out with Chem 3D by
applying the PM3 semi-empirical methods in MOPAC (Fig. 7).

It should be pointed out that no oxidation is observed at the
benzylic position. The oxidation would imply formation of
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the corresponding carbenium ion, which is disfavored by the
protonation of both quinoline moiety and nitrogen quinu-
clidyl group.

2. Conclusion

In the presence of hydrogen peroxide, source of ‘OH+’ equiv-
alent, quinidine 1a cyclizes to ethers, previously obtained in
usual acidic conditions. However, all other substrates 1b, 2a,
and 2b yield fluorhydrins, with or without rearrangement
pointed out the importance of the configuration and the na-
ture of the functional group at C-9. The rearrangement of
the quinuclidine moiety and the different reactivities of the
substrates, according to the acidity, are probably the result
of steric and repulsive interactions.

We have synthesized new fluorhydrins, which can have bio-
logical or catalytic activities, confirming the interest of
superacids in organic chemistry.

3. Experimental

3.1. General method

The authors draw the reader’s attention to the dangerous
features of superacidic chemistry. Handling of hydrogen
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fluoride and antimony pentafluoride must be done by expe-
rienced chemists with all the necessary safety arrangements
in place.

Reactions performed in superacid were carried out in
a sealed Teflon� flask with a magnetic stirrer. No further pre-
cautions have to be taken to prevent mixture from moisture
(test reaction worked out in anhydrous conditions leads to
the same results as expected).

Yields refer to isolated pure products. 1H and 13C NMR were
recorded on a 300 MHz Bruker spectrometer using CDCl3 as
solvent and TMS as internal standard.

Melting points were determined in a capillary tube and are
uncorrected.

High-resolution mass spectra were performed on a Micro-
mass ZABSpec TOF by the Centre Regional de Mesures
Physiques de l’Ouest, Universit�e Rennes.

All separations were done under flash-chromatography con-
ditions on silica gel (15–40 mm).

Crystals of dimensions, 0.32�0.24�0.18 (6b) and 0.40�
0.30�0.10 (8b) mm3, were mounted with Paratone-N oil
(Hampton Research) coating and immediately placed in a
nitrogen cold stream.

X-ray intensity data were collected at 100 K on a Bruker-
Nonius X8-APEX2 CCD area-detector diffractometer using
Mo Ka radiation (l¼0.71073 Å).

Three sets of narrow data frames (20 s per frame) were col-
lected at different values of q, for 3 initial values of u using
0.5� increments of u for 6b.

Four sets of narrow data frames (20 s per frame) were col-
lected at different values of q, for 3 and 1 initial values of
q and u, respectively, using 0.5� increments of q or u for
8b. Data reductions were accomplished using APEX2
V1.0-8.9 The substantial redundancy in data allowed
a semi-empirical absorption correction (APEX2 V1.0-8) to
be applied, on the basis of multiple measurements of equiv-
alent reflections. The structures were solved by direct
methods, developed by successive difference Fourier syn-
theses, and refined by full-matrix least-squares on all F9

data using SHELXTL V6.14.10 Hydrogen atoms were in-
cluded in calculated positions and allowed to ride on their
parent atoms.

The crystal structure has been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition
number CCDC 602650 for 6b and CCDC 602651 for 8b.

Geometry optimizations were executed with Chem 3D by
applying the PM3 semi-empirical methods in MOPAC.

3.2. General procedure in superacidic media

To a mixture of HF–SbF5 (7:1 or 18:5 molar ratio) and 80%
H2O2 (3 equiv), maintained at �35 �C was added quinidine
derivative. The mixture was magnetically stirred at the same
temperature for 3 min. The reaction mixture was then neu-
tralized with water–ice–Na2CO3, and worked up by usual
manner. Products were isolated by column chromatography
and preparative TLC over SiO2.

3.3. Reaction on quinidine acetate 1b

After reaction of quinidine acetate 1b (500 mg, 1.37 mmol)
with HF–SbF5 7:1 (A) or 18:5 (B) (molar ratio), following
the general procedure, compounds 6b (A: 21%, 115 mg),
7b (A: 3%, 16 mg), 8b (A: 10%, 55 mg; B: 28%, 154 mg),
and 9b (A: 12%, 66 mg; B: 23%, 126 mg) were isolated as
white solids after preparative TLC eluted with the mixture
CH2Cl2–MeOH–NH3: 97/2/1 (v/v/v).

3.3.1. Compound 6b. 1H NMR (CDCl3, 300 MHz): d 8.72
(1H, d, J¼4.6 Hz, H-20), 8.02 (1H, d, J¼9.2 Hz, H-80),
7.44 (1H, d, J¼2.7 Hz, H-50), 7.40 (1H, dd, J¼9.2, 2.7 Hz,
H-70), 7.26 (1H, d, J¼4.6 Hz, H-30), 6.82 (1H, br d,
J¼3.9 Hz, H-9), 5.10 (1H, dq, J¼46.4, 6.4 Hz, H-10), 4.0
(3H, s, OMe), 3.65 (1H, br d, J¼15.0 Hz, H-2), 3.33 (1H,
m, H-8), 3.00 (2H, m, H-6), 2.90 (1H, br d, J¼15.0 Hz,
H-2), 2.20 (3H, s, CH3COO), 2.16 (1H, m, H-5), 1.96 (1H,
m, H-4), 1.85 (1H, m, H-7), 1.54 (1H, m, H-7), 1.42 (3H,
dd, J¼25.0, 6.3 Hz, H-11), 1.32 (1H, m, H-5).

13C NMR (CDCl3, 75 MHz): d 169.3 (COO), 158.5 (C-60),
147.1 (C-20), 144.6 (C-90), 142.4 (C-40), 131.8 (C-80), 126.4
(C-100), 122.5 (C-70), 117.7 (C-30), 101.0 (C-50), 94.5 (d,
J¼166.3 Hz, C-10), 72.6 (C-9), 71.7 (d, J¼19.2 Hz, C-3),
57.3 (OCH3), 56.9 (d, J¼5.5 Hz, C-2), 56.2 (C-8), 49.5
(C-6), 29.2 (d, J¼5.5 Hz, C-4), 23.5 (C-7), 21.1 (CH3COO),
19.9 (C-5), 14.8 (d, J¼23.6 Hz, C11).

19F NMR (CDCl3, 282 MHz): �181.0 (m).

ESIMS: 403.2037 [M+H]+ (calculated for C22H28N2O4F,
403.2033), 425.1854 [M+Na]+ (calculated for
C22H28N2O4FNa, 425.18526), 441.1591 [M+K]+ (calcu-
lated for C22H28N2O4FK, 441.15919). [a]D

20 5.9 (c 0.34,
CH2Cl2). Mp: 82 �C (CH2Cl2–hexane (20/80, v/v)).

Crystal color: colorless prisms, chemical formula
C22H27FN2O4, molecular weight M¼402.46, crystal system:
orthorhombic, a¼9.8074 (8) Å, b¼13.262 (2) Å, c¼15.520
(2) Å, volume of unit cell V¼2018.5 (4) Å3; Z¼4; total re-
flections collected: 9608; independent reflections: 3285
(2987Fo>4s(Fo)); data were collected up to a 2qmax value
of 59.94� (99.5% coverage). Number of variables: 266;
R1¼0.0367, wR2¼0.0958, S¼1.031; highest residual elec-
tron density 0.352 eÅ�3.

3.3.2. Compound 7b. 1H NMR (CDCl3, 300 MHz): d 8.73
(1H, d, J¼4.5 Hz, H-20), 8.03 (1H, d, J¼9.1 Hz, H-80),
7.40 (1H, dd, J¼9.1, 2.6 Hz, H-70), 7.31 (1H, d,
J¼2.6 Hz, H-50), 7.29 (1H, d, J¼4.5 Hz, H-30), 6.46 (1H,
d, J¼5.8 Hz, H-9), 5.03 (1H, dq, J¼47.4, 6.3 Hz, H-10),
3.95 (3H, s, OMe), 3.26 (1H, m, H-8), 2.89 (2H, m,
H-6), 2.83 (1H, br d, J¼14.4 Hz, H-2), 2.55 (1H, br d,
J¼14.4 Hz, H-2), 2.17 (1H, m, H-4), 2.16 (3H, s,
CH3COO), 1.94 (1H, m, H-5), 1.80 (1H, m, H-7), 1.60
(1H, m, H-7), 1.37 (3H, dd, J¼24.8, 6.3 Hz, H-11), 1.28
(1H, m, H-5).
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13C NMR (CDCl3, 75 MHz): d 170.1 (COO), 158.5 (C-60),
147.8 (C-20), 145.0 (C-90), 143.5 (C-40), 132.3 (C-80),
127.0 (C-100), 118.5 (C-70), 122.4 (C-30), 101.5 (C-50),
90.5 (d, J¼170.1 Hz, C-10), 74.4 (C-9), 73.0 (d,
J¼18.8 Hz, C-3), 56.0 (OCH3), 53.5 (d, J¼4.4 Hz, C-2),
57.7 (C-8), 50.0 (C-6), 29.4 (s, C-4), 24.8 (C-7), 21.5
(CH3COO), 21.5 (C-5), 14.2 (d, J¼23.4 Hz, C11).

19F NMR (CDCl3, 282 MHz): �183.9 (m).

3.3.3. Compound 8b. 1H NMR (CDCl3, 300 MHz): d 8.71
(1H, d, J¼4.4 Hz, H-20), 8.02 (1H, d, J¼9.0 Hz, H-80),
7.53 (1H, d, J¼2.6 Hz, H-50), 7.40 (1H, dd, J¼9.2, 2.6 Hz,
H-70), 7.24 (1H, d, J¼4.6 Hz, H-30), 6.85 (1H, br d,
J¼3.3 Hz, H-9), 5.02 (1H, dq, J¼46.7, 6.3 Hz, H-10), 4.04
(3H, s, OMe), 3.96 (1H, br d, J¼15.0 Hz, H-2), 3.86 (1H,
br d, J¼11.7 Hz, H-6), 3.52 (1H, m, H-8), 3.36 (1H, br d,
J¼15.0 Hz, H-2), 2.86 (1H, br d, J¼11.1 Hz, H-6), 2.19
(3H, s, CH3COO), 2.13 (2H, m, H-4), 1.99 (1H, m, H-7),
1.64 (1H, m, H-5), 1.64 (1H, m, H-7), 1.49 (3H, dd,
J¼24.9, 6.3 Hz, H-11).

13C NMR (CDCl3, 75 MHz): d 169.0 (COO), 158.7 (C-60),
146.9 (C-20), 144.6 (C-90), 141.9 (C-40), 131.7 (C-80),
126.4 (C-100), 122.8 (C-70), 117.9 (C-30), 101.1 (C-50),
91.2 (d, J¼168.0 Hz, C-10), 82.1 (d, J¼18.7 Hz, C-3),
72.6 (C-9), 64.5 (C-8), 61.5 (C-6), 59.4 (br d, C-2), 56.6
(OCH3), 43.1 (d, J¼6.0 Hz, C-5), 23.4 (C-4), 21.1
(CH3COO), 18.9 (C-7), 16.0 (d, J¼23.1 Hz, C11).

19F NMR (CDCl3, 282 MHz): �185.7 (m).

ESIMS: 403.2029 [M+H]+ (calculated for C22H28N2O4F,
403.2033), 425.1868 [M+Na]+ (calculated for
C22H28N2O4FNa, 425.18526). [a]D

20 �4.2 (c 0.236,
CH2Cl2). Mp: 84 �C (CH2Cl2–hexane (20/80, v/v)).

Crystal color: colorless prisms, chemical formula
C22H27.5FN2O4.25, molecular weight M¼406.96, crystal sys-
tem: orthorhombic, a¼11.2381 (9) Å, b¼13.577 (1) Å,
c¼13.671 (2) Å, volume of unit cell V¼2085.8 (3) Å3.
Z¼4; total reflections collected: 43445; independent reflec-
tions: 3399 (3197Fo>4s(Fo)); data were collected up to
a 2qmax value of 60� (100% coverage). Number of variables:
275; R1¼0.0531, wR2¼0.1463, S¼1.103; highest residual
electron density 0.734 eÅ�3.

3.3.4. Compound 9b. 1H NMR (CDCl3, 300 MHz): d 8.71
(1H, d, J¼4.6 Hz, H-20), 8.02 (1H, d, J¼9.2 Hz, H-80),
7.44 (1H, d, J¼2.4 Hz, H-50), 7.39 (1H, dd, J¼9.2, 2.7 Hz,
H-70), 7.25 (1H, d, J¼4.6 Hz, H-30), 6.60 (1H, br d,
J¼3.2 Hz, H-9), 5.10 (1H, dq, J¼46.8, 6.4 Hz, H-10), 4.00
(3H, s, OMe), 3.63 (1H, br d, J¼10.2 Hz, H-6), 3.43 (1H,
m, H-8), 3.36 (1H, br d, J¼13.9 Hz, H-2), 3.04 (1H, br d,
J¼13.9 Hz, H-2), 2.76 (1H, br d, J¼11.1 Hz, H-6), 2.17
(3H, s, CH3COO), 2.15 (1H, m, H-5), 1.92 (1H, m, H-4),
1.86 (1H, m, H-7), 1.66 (1H, m, H-4), 1.61 (1H, m, H-7),
1.49 (3H, dd, J¼24.4, 6.3 Hz, H-11).

13C NMR (CDCl3, 75 MHz): d 169.3 (COO), 158.4 (C-60),
147.1 (C-20), 144.6 (C-90), 142.5 (C-40), 131.8 (C-80), 126.5
(C-100), 122.3 (C-70), 118.3 (C-30), 101.1 (C-50), 89.7 (d,
J¼170.7 Hz, C-10), 82.8 (d, J¼19.2 Hz, C-3), 73.6 (C-9),
64.9 (C-8), 61.5 (C-6), 56.6 (d, J¼4.9 Hz, C-2), 56.2
(OCH3), 44.3 (s, C-5), 24.0 (C-4), 21.1 (CH3COO), 19.0
(C-7), 15.7 (d, J¼23.1 Hz, C11).

19F NMR (CDCl3, 282 MHz): �184.5 (m).

ESIMS: 403.2030 [M+H]+ (calculated for C22H28N2O4F,
403.2033), 425.1821 [M+Na]+ (calculated for
C22H28N2O4FNa, 425.18526). [a]D

20 �18.9 (c 0.09,
CH2Cl2). Mp: 95 �C (CH2Cl2–hexane (20/80, v/v)).

3.4. Reaction on epiquinidine 2a

After the reaction of epiquinidine 2a (400 mg, 1.24 mmol)
with HF–SbF5 7:1 (A) or 18:5 (B) (molar ratio), following
the general procedure, compounds 10a (A: 33%, 148 mg;
B: 23%, 103 mg), 11a (B: 3%, 10 mg), 12a (B: 10%,
44 mg), and 13a (B: 15%, 67 mg) were obtained as colorless
oils after preparative TLC eluted with the mixture CH2Cl2–
MeOH–NH3: 96/3/1 (v/v/v).

3.4.1. Compound 10a. 1H NMR (CDCl3, 300 MHz): d 8.75
(1H, d, J¼4.5 Hz, H-20), 8.04 (1H, d, J¼9.3 Hz, H-80), 7.60
(1H, d, J¼2.6 Hz, H-50), 7.43 (1H, d, J¼4.5 Hz, H-30), 7.39
(1H, dd, J¼9.3, 2.6 Hz, H-70), 4.99 (1H, d, J¼10.1 Hz,
H-9), 4.91 (1H, dq, J¼46.9, 6.4 Hz, H-10), 3.95 (3H, s,
OMe), 3.44 (1H, d, J¼15.0 Hz, H-2a), 3.13 (1H, m, H-6b),
3.09 (1H, m, H-8), 2.98 (1H, m, H-6a), 2.76 (1H, d,
J¼15.0 Hz, H-2b), 2.05 (1H, m, H-7), 1.77 (1H, m, H-4),
1.35 (3H, dd, J¼25.0, 6.4 Hz, H-11), 1.19 (2H, m, H-5),
1.19 (1H, m, H-7).

13C NMR (CDCl3, 75 MHz): d 158.0 (C-60), 147.9 (C-20),
145.3 (C-90), 144.4 (C-40), 132.2 (C-80), 128.4 (C-100),
122.1 (C-70), 120.5 (C-30), 102.4 (C-50), 95.6 (d,
J¼167.0 Hz, C-10), 71.2 (C-9), 72.7 (d, J¼18.7 Hz, C-3),
60.7 (C-8), 55.8 (OCH3), 55.6 (d, J¼4.4 Hz, C-2), 49.3
(C-6), 29.9 (d, J¼4.4 Hz, C-4), 25.9 (C-5), 21.5 (C-7),
15.3 (d, J¼23.2 Hz, C11).

19F NMR (CDCl3, 282 MHz): �189.4 (m).

ESIMS: 361.1932 [M+H]+ (calculated for C20H25N2O3F,
19275), 383.1742 [M+Na]+ (calculated for
C20H25N2O3FNa, 383.17469), 399.1462 [M+K]+ (calcu-
lated for C20H25N2O3FK, 399.14863). [a]D

20 16.47 (c 0.17,
CH2Cl2).

3.4.2. Compound 12a. 1H NMR (CDCl3, 300 MHz): d 8.73
(1H, d, J¼4.5 Hz, H-20), 8.02 (1H, d, J¼9.2 Hz, H-80), 7.55
(1H, d, J¼2.6 Hz, H-50), 7.43 (1H, d, J¼4.3 Hz, H-30), 7.37
(1H, dd, J¼9.2, 2.6 Hz, H-70), 4.96 (1H, dq, J¼46.4, 6.3 Hz,
H-10), 4.85 (1H, d, J¼9.7 Hz, H-9), 3.95 (3H, s, OMe), 3.51
(1H, d, J¼14.2 Hz, H-2a), 3.62 (1H, d, J¼11.4 Hz, H-6b),
3.06 (1H, m, H-8), 2.91 (1H, d, J¼14.2 Hz, H-2b), 2.78
(1H, d, J¼11.4 Hz, H-6a), 1.87 (1H, m, H-4), 1.44 (3H,
dd, J¼25.0, 6.3 Hz, H-11), 1.35 (1H, m, H-5), 1.24 (1H,
m, H-7), 1.24 (1H, m, H-5), 0.92 (1H, m, H-7).

13C NMR (CDCl3, 75 MHz): d 157.5 (C-60), 147.7 (C-20),
144.7 (C-90), 144.2 (C-40), 131.7 (C-80), 127.7 (C-100),
121.3 (C-70), 120.1 (C-30), 102.5 (C-50), 91.8 (d,
J¼164.3 Hz, C-10), 82.7 (d, J¼18.8 Hz, C-3), 72.2 (C-9),
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68.6 (C-8), 60.6 (C-6), 59.4 (C-2), 55.6 (OCH3), 43.3
(d, J¼5.3 Hz, C-5), 24.1 (C-4), 21.8 (C-7), 16.2 (d,
J¼23.3 Hz, C11).

19F NMR (CDCl3, 282 MHz): �185.8 (m).

ESIMS: 361.1923 [M+H]+ (calculated for C20H26N2O3F,
361.19275), 383.1748 [M+Na]+ (calculated for
C20H25N2O3FNa, 383.17469). [a]D

20�6.92 (c 0.13, CH2Cl2).

3.4.3. Compound 13a. 1H NMR (CDCl3, 300 MHz): d 8.67
(1H, d, J¼4.5 Hz, H-20), 7.97 (1H, d, J¼9.2 Hz, H-80), 7.50
(1H, d, J¼2.7 Hz, H-50), 7.33 (1H, d, J¼4.5 Hz, H-30), 7.31
(1H, dd, J¼9.2, 2.7 Hz, H-70), 4.95 (1H, dq, J¼46.7, 6.3 Hz,
H-10), 4.70 (1H, br d, J¼9.7 Hz, H-9), 3.93 (3H, s, OMe),
3.55 (1H, d, J¼11.4 Hz, H-6b), 3.03 (1H, m, H-8), 2.91
(1H, d, J¼14.1 Hz, H-2a), 2.77 (1H, d, J¼11.4 Hz, H-6a),
2.73 (1H, d, J¼14.1 Hz, H-2b), 1.98 (2H, m, H-4), 1.64
(1H, m, H-5), 1.41 (3H, dd, J¼24.5, 6.3 Hz, H-11), 1.18
(1H, m, H-7), 0.83 (1H, m, H-7).

13C NMR (CDCl3, 75 MHz): d 157.8 (C-60), 148.0 (C-20),
145.1 (C-90), 144.7 (C-40), 132.1 (C-80), 128.1 (C-100),
121.5 (C-70), 120.6 (C-30), 103.2 (C-50), 89.9 (d,
J¼169.0 Hz, C-10), 83.5 (d, J¼19.4 Hz, C-3), 73.1 (C-9),
68.6 (C-8), 60.9 (C-6), 55.0 (d, J¼4.6 Hz, C-2), 55.9
(OCH3), 45.7 (s, C-5), 24.8 (C-4), 21.6 (C-7), 16.1 (d,
J¼23.3 Hz, C11).

19F NMR (CDCl3, 282 MHz): �181.3 (m).

ESIMS: 361.1926 [M+H]+ (calculated for C20H26N2O3F,
361.19275). [a]D

20 9.38 (c 0.16, CH2Cl2).

3.5. Hydrolysis of compounds 10b, 11b, 12b, and 13b

Compounds 10b, 11b, 12b, and 13b were treated with
K2CO3 (1.2 equiv) in a solution of MeOH–H2O (7/93, v/v).
After being stirred for 2 h, the residue was diluted with
AcOEt, washed, dried over anhydrous MgSO4, and concen-
trated in vacuo to give compounds 10a, 11a, 12a, and 13a as
colorless oils (90%).
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Abstract—Reaction between secondary amines and vinyl triflates of a-keto esters and imides under solvent-free condition provides a ready
access to a,b-diamino carboxylates.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Tandem (also described as domino or cascade) reactions,
which permit complex molecules to be constructed in a
one-pot assembly, are an important topic in organic synthe-
sis.1 Vinyl triflates of a-keto acid derivatives, which contain
three contiguous electrophilic centres, are therefore very
promising substrates in this field. However, it is rather sur-
prising to note that this readily available class of compounds
remains unexplored.2 We have recently started investigating
their potential in a series of tandem reactions and showed
their effectiveness in this area.3,4 We notably demonstrated
that such molecules are highly reactive with primary amines
to provide a reliable access to aziridine carboxylates4,5

through an overall aza-MIRC (Michael intramolecular ring
closure) process.6 The logical progression in terms of substi-
tution pattern now called for the addition of secondary
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amines which, through sequential conjugate addition–
intramolecular nucleophilic substitution, should provide an
unprecedented route towards aziridinium ions (type II,
Scheme 1).7 The latter, which are recognized as very reactive
transient electrophilic intermediates,8 are expected to be ring
opened during their formation by a second equivalent of
amine to provide a,b-diamino carboxylic acid derivatives
(Scheme 1).9

Herein are reported preliminary results establishing that this
path can be accomplished offering a new route to a,b-di-
amino carboxylic esters through an unusual aziridinium
ion formation mode.

2. Results and discussion

2.1. Reaction of the vinyl triflates with 2 equiv of a single
secondary amine

In a first series of experiments, the cinnamate derivative 1
(R¼Ph in Scheme 1) was reacted with various secondary
amines in neat conditions. These solvent-free conditions
were selected to overcome the intrinsic low reactivity of cin-
namate acceptors towards aza-nucleophiles.4 Amines were
used in excess to ensure homogeneous reaction conditions
with this crystalline substrate (Table 1). Once formed, the in-
termediate I (Scheme 1) was expected to evolve spontane-
ously into an aziridinium ion II owing to the very high
electrophilic character of the Ca atom bearing the triflate
and ester functionalities. Accordingly, the reactions were car-
ried out at room temperature unless otherwise indicated.
Since a,b-primary diamino carboxylic acids would be partic-
ularly useful final products, both diallylamine and dibenzyl-
amine were examined as synthetic ammonia equivalents.

mailto:vincent.dalla@univ-lehavre.fr
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Of the acyclic amines tested (runs 1–5), only dimethylamine,
rapidly and cleanly provided the expected diamino adducts
2at–c in a 1:1.3 ratio (run 1).10 More interestingly, even
aqueous (Me)2NH could be used, affording a prompt reac-
tion with an identical stereochemical profile (run 2).11

The lack of stereoselectivity obtained in this reaction was
similar to that previously observed in cases of aziridine syn-
theses, and suggests a non stereoselective protonation of the
enolate formed after the conjugate addition of the amine.4

The reaction of diethylamine (run 3) was slow and provided
the expected diamino esters 2bt–c (1.4:1 ratio) in moderate
yield, contaminated by side-products (TLC monitoring)
among them the enamine 3b (stereochemistry not deter-
mined) (Fig. 1). Type 3 enamines are common impurities
in this type of chemistry.12 An even slower but more selec-
tive reaction took place with diallylamine, affording, after
1 week the stereomeric mixture of inseparable diamino
esters 2ct–c (2.3:1 ratio) in correct yield along with the
enamine 3c as a unique impurity (run 4).

On the other hand, no trace of addition product of dibenzyl-
amine could be detected even after prolonged heating. This
first set of experiments clearly shows that the reaction
strongly depends on steric effects.

As expected, the less sterically demanding and more nucleo-
philic cyclic amines reacted equally well as dimethylamine,
giving a stereomeric mixture of all separable diamines
2et–gt of anti stereochemistry11 and 2ec–gc of syn stereo-
chemistry11 (runs 6–8) with a anti/syn ratio ranging from

Table 1. Reaction of vinyl triflate 1 with secondary amines

CO2Me

OTfPh

CO2Me

N(R)2

(R)2N

Ph
(R)2NH

1 2t-c

Runsa Amine Time Products t–c (yields %)b Yields (%)b

1 (Me)2NH10 24 h 2at (38)c 2ac (51)
2 (Me)2NHd 30 min 2at (39)c 2at (50)
3e (Et)2NH 4 d 2bt (33) 2bc (20)c 53c

4f (Allyl)2NH 7 d 2ct/2cc 2:1 59(73)g,h

5f (Bn)2NH 7 d No reaction
6 Morpholine 1 h 2et (61) 2ec (23)i 84
7 Pyrrolidine 1 h 2ft (51) 2fc (18)c

8 Piperidine 1 h 2gt (70) 2gc (30)i 100

a Unless otherwise indicated, the reactions were conducted at room temper-
ature.

b Isolated yields.
c The stereochemistry of 2at, 2bt and 2ft was determined by spectroscopic

correlation (see Section 2.3).
d An aqueous solution (50%) was used.
e Enamine 3b was isolated in 11% yield.
f The reaction was stirred at 40 �C for 7 days.
g Yield in brackets based on recovered starting triflate.
h Enamine 3c was isolated in 14% yield.
i The stereochemistry of 2et and 2gt was determined by chemical correla-

tion using the Sharpless method8c,d (see Section 2.3).

R2R1N

Ph

CO2Me R2, R1 = Et 3b

R2, R1 = Allyl 3c

Figure 1. Structure of the enamines 3b and c obtained as side-products
through this work.
2.3:1 to 2.8:1. The successful set of results depicted in
runs 1, 2 and 6–8 compares favourably with similar reactions
carried out on methyl cinnamate itself, and is testament of
the powerful role served by the triflate group to accelerate
the ordinarily slow uncatalyzed 1,4-additions of the weak
Michael donor secondary amines.

Overall, the low reactivity of the acyclic hindered amines
towards the cinnamate derivative 1 provides a severe limit
for the reaction. In terms of reactivity, conjugate acceptors
substituted by an alkyl group at the b-position ordinarily out-
perform their b-aryl analogues in the 1,4-addition reactions
of amines. Therefore, we next evaluated the b-ethyl vinyl
triflate 4 as a prototypic more electrophilic candidate for
this aza-MIRC process (Scheme 2).

CO2Me

Et OTf

CO2Me

N

Me
CO2Me

Nu

Nu

Et

O N

N

4

i

5at (43%)

or i'

Nu= 5ac (36%)

5bt (9%) 6 (65%)Nu= 5bc (11%)

Scheme 2. (i) Morpholine (3.5 equiv), rt, 5 min; (i0) Diallylamine
(3.5 equiv), rt, 8 h (not optimized).

Since compound 4 is an oil, a minimum amount of the
amines (3.5 equiv) was used. Substrate 4 actually turned
out to be exceedingly responsive towards both cyclic and
acyclic amines, as proven first by its reaction with morpho-
line, which readily gave the separable desired dimorpholino
esters 5at–c in 80% yield and almost no diastereoselectivity.
The vinyl triflate 4 also disappeared rapidly upon reaction
with diallylamine, to afford separable adducts 5bt and 5bc
in only 20% yield (Scheme 2). In this case, the major product
was the allylic a-amino ester 6, obtained as a sole geometri-
cal isomer Z or E, the stereochemistry of which could not be
determined due to interference in the 1H NMR spectrum
between the vinylic protons at C3 and C4 and the vinylic
hydrogen atoms of the diallylamine moiety. Carrying out
the reaction at 60 �C did not change the reaction profile,
with similar yields of 5bt–c and 6 being obtained. This dis-
appointing result markedly contrasts with a set of examples
recently published by Zhu and co-workers13 describing the
highly a-selective and generally efficient-opening of an
N,N-dibenzyl aziridinium salt derived from serine methyl
ester by a range of nucleophiles, including the sterically
demanding and poorly nucleophilic N,N-dibenzyl amine.14

In line with Zhu’s results, it should be postulated that the
diamines 5at–c and 5bt–c obtained herein originate from
an a-regioselective aziridinium opening, which is the in-
verse to the b-selectivity expected for the reactions involving
the cinnamate derivative 1.15 Overall, this result supports the
occurrence of an aziridinium pathway (Scheme 1), the open-
ing of which, either in the cis or trans form, is retarded at the
expense of a less sterically demanding elimination process
leading to compound 6 (Scheme 3).

The result of the reaction between 4 and diallylamine clearly
reveals that a more generally acceptable solution must be
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found for an efficient aza-MIRC reaction of acyclic second-
ary amines towards vinyl triflates derived from a-keto acids.
This prompted us to examine the use of unsaturated imides
as more electrophilic substrates.16 Hence, imides 7 and 10
were prepared in three steps (a. LiOH, b. (COCl)2/cat
DMF then c. N-lithium salt of oxazolidin-2-one) from the
methyl esters 1 and 4 and their reaction with diallylamine
was evaluated (Scheme 4). Conjugate addition to imide 7
was immediately rewarded by yield enhancement (68%
yield for 8bt–c as an inseparable mixture vs 20% yield for
5bt–c). Hence, the formation of the allylic a-amino acid de-
rivative 9 (one geometrical isomer, analogous to the product
6) was reduced from 65% (Scheme 2) to 19%. Reaction of
the cinnamoyl derivative 10 with diallylamine provided
additional insight into the beneficial impact of an imide
acceptor. In this case, the reaction rate was enhanced by at
least a seven-fold factor (in comparison with the reaction
of 1), affording an inseparable mixture of diamino imides
11bt–c in high yield and with an increased diastereomeric
ratio of 88:12 (see for comparison Table 1, run 3).

  7

OTfR

O

N O

O

N

N

R

O

N O

O

N

O

N O

OMe

i

8bt-c  (68%) 9 (19%)

ratio not determined

R=C2H5

10 11bt-c  (91%)

ratio: 88 : 12

R=C6H5

Scheme 4. (i) Diallylamine (3.5 equiv), rt, 1 h for 7, 24 h (unoptimized)
for 10.

The diamino compounds so obtained could, in principle,
have been obtained by direct intermolecular SN2 substitution
of the triflate group in the b-amino a-triflyloxy carbonyl
intermediate I (Scheme 1) without the need to invoke an
aziridinium ion. Owing to the above-mentioned very high
electrophilic character expected for the a-carbon in type I
intermediate, in conjunction with the comments relative
to Scheme 3 and with several recent publications in the
area of diamine synthesis from vicinal N,N-dialkylamino
alcohols, wherein the contribution of aziridinium forms
was clearly demonstrated,13,17 it is likely that aziridiniums

CO2Me

N
R R

NR2

NR2

CO2Me

OTf

CO2Me

NR2

CO2Me

+ OTf-

Elimination

(R)2NH

(R)2NH

4

(R)2NH
(R = )

5bt + 5bc (20%)

6 (65%)
Major pathway

SN2

Scheme 3.
are the active intermediates in the chemistry exposed herein.
Moreover, the replacement of the methoxy carbonyl group in
the cinnamate derivative 1 by the more activating imide
function in compound 10 questions about the influence of
such an imide group on the regioselectivity of the aziridi-
nium opening process (a- vs b-), which is known to be
highly b-selective in the ester series.15

2.2. Reaction of the vinyl triflates 1 and 10 with two
amines of different nucleophilicities

In order to expand the scope of the present methodology, we
sought to develop conditions by which the aziridinium II
(Scheme 1) could be continuously trapped by a second
nucleophile (Nu2) weaker than the first reactive amine (Nu1).

A model reaction was investigated by which morpholine
(3 equiv) was added to a solution of substrate 1 in aniline
(30 equiv). A very slow reaction took place at room temper-
ature18 to afford the easily separable diastereomers 12at (less
polar, syn)11 and 12ac (more polar, anti)11 in 64% yield,
along with the dianilino adduct (not shown) in 8% yield
(Scheme 5). Although the formation of this dianilino adduct
is, in the present case, anecdotic, it reveals that the aniline de-
rivatives behave as secondary amines rather than as primary
ones, an interesting feature that could potentially be ex-
ploited to expand the scope of the chemistry practiced herein.

OTfPh

CO2Me
NH

N

CO2Me

O

NH

N

CO2Me

O
1

12at 12ac

+

i

(28%) (36%)

Scheme 5. (i) Aniline (30 equiv), morpholine (3 equiv), rt, 168 h.

The structure of 12at–c could be tentatively assigned by
means of 1H and 13C NMR spectroscopies, which shows
that one molecule each of morpholine and aniline has been
incorporated in both cases. Regiochemistry was confirmed
by GC/MS analysis as the fragment ion [C6H5CHNHC6H5]+

was clearly observed for both diastereomers. These results
strongly support an aziridinium mechanism since direct
intermolecular displacement of the triflate group by aniline
in type I intermediate (Scheme 1) should have led to the for-
mation of the opposite regioisomer. Moreover, this result
corroborates with recent literature precedents, which have
revealed high levels of regiocontrol in openings of unsym-
metrical benzyl aziridinium ions.15

These solvent-free conditions were effective across a series
of combination of good and weak amine donors (R1R2NH
and Nu2, respectively) to give the crossed diamines in the
31–65% range of yields (Table 2). Combined with aniline,
piperidine and pyrrolidine displayed quite higher reactivity
than morpholine (2 h vs 7 days), and the outcome of their
reactions was improved at 40 �C (runs 2 and 3). Generally,
a virtually perfect regiocontrol did occur, favouring products
of types 12 and 14 resulting from an opening of the aziridi-
nium at the benzylic position (runs 1–4 and 6).15 Use of
diallylamine as the weak nucleophile in combination with
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Table 2. Reactions of vinyl triflates 1 and 10 with two amines of different nucleophilicities

O N

N
OTfPh

O

X
N

Nu2

Ph

O

X

N

N

Ph

O
O

X

1

12atc-12etc ( X = OMe) 13b (X = OMe, 6%)

15b (X = Oxazolidinone, 11%)g
14atc-14btc ( X = Oxazolidinone)

R1R2NH (= Nu1)
Nu2

=  R1R2N = Nu1

= Nu2

or 10

R1

R2

Runs X R1R2NH (equiv) Nu2 (equiv) Conditions Products (yields %)a anti/syn

1b OMe Morpholine (3) Aniline (30) 168 h, 20 �C 12at (28) 12ac (36) 56/44h

2c OMe Piperidine (2) Aniline (30) 2 h, 40 �C 12bt (27)d 12bc (32) 54/46h

3c OMe Pyrrolidine (2) Aniline (30) 2 h, 40 �C 12ct (46) 12cc (19) 30/70i

4c OMe Morpholine (1.5) tBuNH2 (30) 30 min, 20 �C 12dt/12dc 1:2 (31)e 66/33h

5c OMe Morpholine (1.5) Diallylamine (30) 24 h, 40 �C 12et/12ec 1:1 (41)f j

6c Oxazolidinone Morpholine (2) Aniline (10) 1 h, 20 �C 14at (43) 14ac (8) 16/84k

7c Oxazolidinone Morpholine (2) Diallylamine (10) 1 h, 20 �C 14bt (28) 14bc (10)g j

a Isolated yields.
b When the reaction was carried out at 40 �C, no acceleration was observed and 12at and 12ac were isolated in 12 and 22% yields, respectively.
c Time not optimized.
d A pure sample of the less polar adduct 12bt could not be secured due to contamination by the anti dipiperidino ester 2gt. A similar reaction profile was

observed carrying out the reaction at rt.
e The adducts were not separable. Moreover, stereomeric aziridine carboxylates and dimorpholino esters 2et–c were also isolated in 25 and 28% yields,

respectively.
f The regioisomer 13b (one stereomer, stereochemistry not determined) was isolated in 6% yield.
g The regioisomers 15bt and 15bc (stereochemistry not determined) were isolated in 8 and 3% yields, respectively.
h Stereochemistry determined by chemical correlation using the Sharpless method8c,d (see Table 3 and comments thereof).
i Stereochemistry determined by spectroscopic correlation (see Table 3 and comments thereof).
j Stereochemistry not determined.
k Stereochemistry determined by chemical correlation using the Sharpless method8c,d after methanolysis (see Scheme 8 and comments thereof).
morpholine made exception to this rule, with the expected
adducts 12et–c and 14bt–c being accompanied by low
amounts of regioisomers 13 and 15 (runs 5 and 7). This
observation compares with the previous Chuang–Sharpless
reports and supports the evidence that the nature of the
nucleophile is a key parameter in the regiochemical outcome
of type II aziridinium (Scheme 1) opening.8c,d When the
imide 10 (X¼oxazolidinone) was processed, yields similar
to those exhibited in the ester series were observed whereas
stereoselectivity was improved (as also previously observed
in the case of using only one amine: Scheme 4) and, perhaps
more interestingly, its sense reversed (runs 6 and 7 vs runs 1
and 2). The presence of intense peaks for the fragments ions
[C6H5CHNHC6H5]+ and [C6H5CHN(C3H5)2]+ in the GC/
MS spectra of the major isomers 14at–c and 14bt–c accounts
for a usual b-selective aziridinium opening pathway, and fur-
thermore proves that the functional group interconversions
at the carbonyl moiety is less influential than the amine
structure with respect to the regiochemical outcome of
aziridinium opening.

Even if closer inspection of the reaction conditions is further
needed to maximize the yield of the desired products in these
crossed reactions, we have shown for the first time that addi-
tion of two different amines to the double bond of activated
vinyl triflates is possible through an original pathway includ-
ing aziridinium ion formation followed by in situ opening by
a second amine.

2.3. Stereochemical determination

The last part of this work was aimed at determining the
stereochemistry of the diamino carboxylic acid derivatives
obtained in a stereochemically pure form throughout this
study. Several attempts to obtain crystals suitable for X-ray
crystallography from diamines 2et–gt, 12at–ct failed. There-
fore, we elected to use a sequence recently implemented by
Sharpless and Chuang to synthesize anti 2,3-diamino ethyl
esters from ethyl glycidate.8c,d Methyl glycidic ester 16
was synthesized in 48% yield (not optimized) by a Darzens’
reaction between a-chloro methyl acetate and benzaldehyde
promoted by NaH (Scheme 6). In agreement with the
Chuang and Sharpless results, compound 16 was efficiently
transformed in two steps into the aziridinium reservoirs
18a (N(R)2¼morpholine) and 18b (N(R)2¼piperidine) as
depicted in Scheme 6. The use of pyrrolidine as the amine
component was less satisfactory, affording in the oxirane
ring opening step the desired amino alcohol 17c in a disap-
pointing 26% yield after flash-chromatography on silica

Ph
CO2Me

O
OH

(R)2N

Ph

O

OMe

N(R)2Ph

O

OMe
Cl

Ph

O

NO

16 17a-c

i ii

iii

18a-b 19

PhCHO

Scheme 6. (i) a-Chloro methyl acetate (1 equiv), NaH (1 equiv), THF, 0 �C,
1 h, 48% yield; (ii) (R)2NH (1 equiv), MeOH, reflux, 12 h, (R)2¼
(CH2CH2)2O 17a (74%), (R)2¼(CH2)5 17b (78%), (R)2¼(CH2)4 17c
(26%); (iii) MsCl (1.05 equiv), NEt3 (1.05 equiv), CH2Cl2, 0 �C to rt, 3 h,
(R)2¼(CH2CH2)2O 18a (94%), (R)2¼(CH2)5 18b (96%), (R)2¼N(CH2)4

19 (90%).
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gel. An even worse result was obtained during the mesylation
protocol aimed at producing the required 3-chloro-2-pyrroli-
dino methyl ester 18c. The latter was indeed not formed and
the oxiranyl N-pyrrolidino carboxamide 19 was isolated
instead in 90% yield.

With the stereochemically pure (anti) aziridinium ion reser-
voirs 18a and 18b in hand, the stage was now set for the
stereochemical establishments. In line with the Chuang–
Sharpless results, subjection of 18a and 18b to the appropri-
ate amines under optimal conditions (1 equiv each of the
amine and K2CO3 in refluxing acetonitrile) gave in all cases
examined a single product in nearly quantitative yields
(Scheme 7). The comparison of the physical and analytical
data of the diamino esters so obtained (Rf, mp, 1H NMR
spectra) with those obtained through our aza-MIRC
approach (Table 3, lines 1 and 2 and 6–8) led to the following
conclusions.

NPh

O

OMe
N

O

ON

NH

NPh

O

OMe
N N

NH

NH

18a

2et NR1R2 = 99%

12ac NR1R2 = 93%

18b
2gt NR1R2 =

99%

12bc NR1R2 =
94%

12dc NR1R2 = 94%

i

i

R1

R2

R1

R2

Scheme 7. (i) K2CO3 (1 equiv), R1R2NH (1.1 equiv), CH3CN, reflux, 3 h.

When the cinnamate triflate 1 is processed by 2 equiv of the
same amine, the diamino ester with the anti stereochemistry
is produced as the less polar isomer and, correspondingly, the
diamino ester with the syn stereochemistry is formed as the
more polar isomer. In stark contrast, in the cases of using
two different amines, the diamine with the anti stereo-
chemistry is formed as the more polar isomer. Key data
ascertaining these stereochemical establishments, including
Rf values, melting points and chemical shifts in 1H NMR
spectroscopy for the MeO group in the case of adducts bear-
ing two identical amino groups (lines 1–5),19 are provided in
Table 3.

To complete this study on the stereochemical outcome of the
crossed reactions, we verified whether the rationale applied
to the methyl ester series would be also effective in the imide
series. To this end, attempts to transform 14at–c into their
methyl ester analogues using a recent Cu(OTf)2-catalyzed
methanolysis procedure20 left the substrates untouched
(Scheme 8). Processing other metal triflate catalysts (Yb,
Sn, Sc) also failed to give the expected esters 12a. After
a considerable number of trials, we found that, when treated
with K2CO3 (1 equiv) in refluxing dry methanol the less po-
lar (major) oxazolidinone adduct 14at was totally consumed
within 30 min to give several products among them the less
polar methyl ester 12at was isolated in a disappointingly low
6% yield (Scheme 8) and proved to be identical in all
respects (Rf, mp, 1H and 13C NMR) with the syn adduct
12at previously characterized. No trace of the diastereoiso-
mer 12ac could be detected. Provided that no epimerization
has taken place at the enolizable position, this experiment
demonstrates that the stereochemistry of the crossed imide
adducts correlates well with that of the corresponding
methyl esters, that is, the less polar adduct 14at is the syn
isomer and the more polar one 14ac is the anti isomer.

NH

N

O

O

N O

O

NH

N

O

O

OMe

14at

0.1 equiv  M(OTf)n  
MeOH/Toluene, reflux

1 equiv K2CO3

MeOH, heating, 30 min

12at

no reaction 

yield 6%

overnight

Scheme 8.

3. Conclusion

To summarize, we have shown that vinyl triflates of a-keto
esters and imides react with secondary amines in solvent-
free conditions to provide a,b-diamino carboxylates in good
yields, yet modest stereoselectivity through the probable
occurrence of an aziridinium ion. This reaction involves an
unprecedented aza-MIRC process leading to an aziridinium
ion, which is opened in situ by a second equivalent of amine.
We have also demonstrated that introduction of two amines
of markedly different nucleophilicities may be possible.

4. Experimental

4.1. General

1H and 13C NMR spectra were recorded, respectively, at 200
and 50 MHz. The infrared spectra were recorded on a
Perkin–Elmer FT-IR paragon 1000 spectrometer. Thin-layer
chromatographies (TLC) were performed with aluminium
plates (0.20 mm) precoated with fluorescent silica gel, using
EtOAc/hexanes as eluent. Reaction components were then
visualized under UV light and dipped in a Dragendorff
solution. Silica gel (230–400 mesh) was used for flash-
chromatography separations. Gas chromatography/mass
spectrometry (GC/MS) was performed with a GC apparatus
equipped with a 12 m capillary column, at 90 �C for 2 min,
then 10 �C min�1 up to 290 �C. The elemental analyses were
carried out by the microanalysis laboratory of INSA,
F-76130 Mt St Aignan, France.

4.2. Formation of the vinyl triflates 1, 4, 7 and 10

The preparation and analytical data of the methoxy car-
bonyls vinyl triflates 1 and 4 were reported recently.4
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Table 3. Stereochemical establishments for the diamines originating from the methyl cinnamate-derived vinyl triflate 1

Structure Stereochemistry Rf Mp (�C) d MeOa

N

N

CO2Me

O

O2e

Chuang–Sharpless 0.60b 162 3.76
Aza-MIRC t anti 0.60 160–165 3.76
Aza-MIRC c 0.41 100 3.38

N

N

CO2Me

2g

Chuang–Sharpless 0.55c 102 3.84
Aza-MIRC t anti 0.55 101–103 3.84
Aza-MIRC c 0.38 123–125 3.36

N

N

CO2Me

2f

Aza-MIRC t anti 0.68d 3.69
Aza-MIRC c 0.37 3.29

NMe2

NMe2

CO2Me

2a

Aza-MIRC t anti 0.44e 3.75
Aza-MIRC c 0.12 3.38

NEt2

NEt2

CO2Me

2b

Aza-MIRC t anti 0.65c 3.65
Aza-MIRC c 0.34 3.43

NH

N

CO2Me

O12a

Chuang–Sharpless 0.22c 117 3.41
Aza-MIRC t 0.33 135–136 3.52
Aza-MIRC c anti 0.22 116–118 3.41

NH

N

CO2Me

12b

Chuang–Sharpless 0.43c 183 3.40
Aza-MIRC t 0.58 f 3.49
Aza-MIRC c anti 0.43 183–184 3.40

NH

N

CO2Me

O
12d

tBu
Chuang–Sharpless 0.30c 3.70
Aza-MIRC tg 0.32 3.63
Aza-MIRC c anti 0.30 3.70

NH
CO2Me

N

12c

Aza-MIRC t 0.60c

Aza-MIRC c anti 0.42

a Values in parts per million corresponding to the chemical shift in 1H NMR spectroscopy.
b Eluent: cyclohexane/EtOAc 4:6.
c Eluent: cyclohexane/EtOAc 8:2.
d Eluent: cyclohexane/EtOAc 6:4.
e Eluent: cyclohexane/EtOAc 5:5.
f No melting point is given due to contamination of the less polar stereomer 12bt by the dipiperidino adduct 2gt.
g The two stereomers 12dt–c were not separated. However, their ratio could be evaluated by 1H NMR spectroscopy (12dc/12dt¼2:1).
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4.2.1. General procedures for the preparation of the
imides triflates 7 and 10.

4.2.1.1. Saponification. A solution of anhydrous LiOH
(3 equiv) in water (15 ml) was added dropwise over 30 min
at 0 �C to a solution of the methyl ester 1 or 4 (1 g) in THF
(15 ml). At the end of the addition, the reaction was stirred
for an additional period of 15 min at 0 �C. The cryogenic
bath was removed and the stirring was pursued for 10 min.
An aqueous solution of sodium hydrogen carbonate (10%)
was added, the two phases were decanted and the aqueous
layer was extracted rapidly three times with ether. The aque-
ous phase was carefully acidified using 6 M hydrochloric
acid, saturated with sodium chloride and extracted three
times with dichloromethane. After two washings with brine,
drying over magnesium sulfate and evaporation of the
solvent, the crystals were dried under high vacuum and
used directly without purification.

4.2.1.1.1. (Z)-3-Phenyl-2-trifluoromethylsulfonyloxy
propenoic acid.

OTf

O

OH

Yield 60–70%. Pale green solid, mp 104 �C (decomposi-
tion); IR (n, cm�1, CHCl3) 1712; 1H NMR (200 MHz,
CDCl3) d 7.45–7.55 (m, 3H), 7.65–7.75 (m, 3H), 12
(COOH, 1H); 13C NMR (62.5 MHz, CDCl3) d 108.7
(CF3), 115.1 (CF3), 121.5 (CF3), 127.9 (CF3), 129, 129.4,
130.9, 131.8, 133.7, 133.8, 134.2, 138.2, 166.5.

4.2.1.1.2. (Z)-2-Trifluoromethylsulfonyloxy pentenoic
acid.

OTf

O

OH

Yield 81%. White solid; 1H NMR (200 MHz, CDCl3) d 1.15
(t, J¼7.8 Hz, 3H), 2.41 (quint, J¼7.8 Hz, 2H), 6.91 (t,
J¼7.8 Hz, 1H).

4.2.1.2. Imide formation. To a solution of the above
carboxylic acids (1 equiv) in dry dichloromethane
(2 ml mmol�1) were added dropwise under an argon atmo-
sphere oxalyl chloride (2 equiv) and DMF (one drop). After
stirring for 1 h, the volatiles were carefully evaporated and
dry tetrahydrofuran (5 mP) was added under argon to the
acid chloride. This solution was kept at�80 �C. In the same
time, to a solution of 2-oxazolidinone (1.05 equiv) in dry
THF (2 ml mmol�1) was added under an argon atmosphere
at �80 �C a commercially available solution of n-butyl-
lithium 1.6 M in hexane (1.05 equiv per substrate equiv).
After stirring for 30 min, this solution was added dropwise
at �80 �C to the solution of the acid chloride. After stirring
for 1 h, water and ethyl ether (5 ml mmol�1) and solid NaCl
were added until saturation of the aqueous phase. After
decantation, the aqueous layer was extracted three times
with ethyl ether (5 ml mmol�1). The organic layer was dried
over magnesium sulfate and concentrated to afford a crude
product, which was purified by flash-chromatography.
4.2.1.2.1. (Z)-3-Phenyl-2-trifluoromethanesulfonyloxy
propenoic N-oxazolidin-2-one carboxamide (7).

OTf

O

N O

O

7

Yield 50%. White solid, mp 112 �C; IR (n, cm�1, CHCl3)
1794.2, 1587.3; 1H NMR (200 MHz, CDCl3) d 4.09 (t,
J¼7.8 Hz, 2H), 4.52 (t, J¼7.8 Hz, 2H), 7.09 (s, 1H), 7.4–
7.48 (m, 3H), 7.6–7.7 (m, 2H); 13C NMR (62.5 MHz,
CDCl3) d 43.3, 62.9, 108.7 (CF3), 115.1 (CF3), 121.5 (CF3),
127.9 (CF3), 128.9, 129.6, 130.7, 131.2, 136.4, 152.1,
162.3; LRMS m/z 365 (M+, 5), 232 (45), 204 (64), 105 (45),
89 (Base). Anal. Calcd for C13H10NO6F3S (365.28): C,
42.74; H, 2.76; N, 3.83. Found: C, 42.57; H, 2.98; N, 3.70.

4.2.1.2.2. (Z)-2-Trifluoromethylsulfonyloxy pentenoic
N-oxazolidin-2-one carboxamide (10).

OTf

O

N O

O

10

Yield 45%. White solid, mp 43 �C; IR (n, cm�1, CHCl3)
1797.0, 1698.2; 1H NMR (200 MHz, CDCl3) d 1.11 (t,
J¼7.8 Hz, 3H), 2.39 (quint, J¼7.8 Hz, 2H), 4.03 (t,
J¼7.8 Hz, 2H), 4.46 (t, J¼7.8 Hz, 2H), 6.39 (t, J¼7.8 Hz,
1H); 13C NMR (62.5 MHz, CDCl3) d 12.2, 19.9, 43.3,
62.7, 112.1 (CF3), 116.3 (CF3), 120.6 (CF3), 124.8 (CF3),
137.2, 137.6, 149.0, 161.6; LRMS m/z 231 (M+�96, 2),
184 (32), 114 (29), 88 (67), 69 (Base). Anal. Calcd for
C9H10NO6F3S (317.24): C, 34.07; H, 3.17; N, 4.41. Found:
C, 34.27; H, 3.09; N, 4.26.

4.3. General procedure for the reaction of amines with
the alkoxymethyl vinyl triflates 1 and 4

To 100 mg of the triflate was added in one portion 1 ml of the
amine. The mixture was magnetically stirred for 1 h, the ex-
cess of solvent was removed under vacuum and the residue
was purified by flash-column chromatography, eluting with
cyclohexane/EtOAc.

4.3.1. Methyl 2,3-bis-dimethylamino-3-phenyl propa-
noate (2a). The reaction gave two diastereomers but only
the less polar diamino adduct 2at could be recovered. Eluent
used for the flash-column chromatography: cyclohexane/
EtOAc 60:40 to EtOAc.

NMe2

NMe2

CO2Me

2at

Less polar isomer 2at, Rf¼0.44 (cyclohexane/EtOAc 50:50).
White solid; yield 31 mg, 38%; mp 101–103 �C; IR (n,
cm�1, CHCl3) 1725.7; 1H NMR (200 MHz, CDCl3, 25 �C)
d 2.05 (s, 6H), 2.20 (s, 6H), 3.75 (s, 3H), 3.85 (d,
J¼11.7 Hz, 1H), 3.99 (d, J¼11.7 Hz, 1H), 7.06–7.19 (m,
2H), 7.21–7.41 (m, 3H); 13C NMR (50 MHz, CDCl3,
25 �C) d 41.2, 41.3, 50.8, 67.5, 67.7, 127.3, 127.6, 129.5,
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171.5; LRMS m/z 205 (M+�45, <1), 191 (9), 134 (Base).
Anal. Calcd for C14H22O2N2 (250.34): C, 67.17; H, 8.86;
N, 11.19. Found: C, 67.27; H, 8.93; N, 11.06.

NMe2

NMe2

CO2Me

2ac

More polar isomer 2ac, Rf¼0.12 (cyclohexane/EtOAc
50:50). White solid; yield 41 mg, 51%; mp 57 �C; IR (n,
cm�1, CHCl3) 1725.7; 1H NMR (200 MHz, CDCl3, 25 �C)
d 2.19 (s, 6H), 2.46 (s, 6H), 3.38 (s, 3H), 3.92 (d,
J¼11.7 Hz, 1H), 4.03 (d, J¼11.7 Hz, 1H), 7.12–7.18 (m,
2H), 7.25–7.39 (m, 3H); 13C NMR (50 MHz, CDCl3,
25 �C) d 40.7, 41.4, 50.5, 66.0, 67.3, 127.6, 127.7, 129.5,
132.7, 169.6; LRMS m/z 206 (M+�44, 1), 191 (6), 134
(Base). Anal. Calcd for C14H22O2N2 (250.34): C, 67.17;
H, 8.86; N, 11.19. Found: C, 67.09; H, 8.95; N, 11.13.

4.3.2. Methyl 2,3-bis-diethylamino-3-phenyl propanoate
(2b). Eluent used for the flash-column chromatography:
cyclohexane/EtOAc 80:20.

NEt2

NEt2

CO2Me

2bt

Less polar diastereomer 2bt, Rf¼0.65. Colourless oil; yield
33 mg, 33%; IR (n, cm�1, CHCl3) 1725.7; 1H NMR
(200 MHz, CDCl3, 25 �C) d 0.75 (t, J¼7.0 Hz, 6H), 0.96
(t, J¼7.0 Hz, 6H), 1.90–2.12 (m, 2H), 2.20–2.40 (m, 2H),
2.49–2.79 (m, 4H), 3.69 (s, 3H), 4.02 (d, J¼11.7 Hz, 1H),
4.24 (d, J¼11.7 Hz, 1H), 7.08–7.35 (m, 5H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 13.6, 14.0, 44.1, 44.2, 50.5,
63.1, 64.2, 126.7, 127.3, 129.7, 135.5, 173.2; LRMS m/z
247 (M+�59, 2), 175 (2), 162 (80), 91 (Base). Anal. Calcd
for C18H30O2N2 (306.45): C, 70.54; H, 9.86; N, 9.14. Found:
C, 70.30; H, 9.99; N, 9.26.

NEt2

NEt2

CO2Me

2bc

More polar diastereomer 2bc, Rf¼0.34. Colourless oil; yield
20 mg, 20%; IR (n, cm�1, CHCl3) 1725.7; 1H NMR
(200 MHz, CDCl3, 25 �C) d 1.03 or 1.09 (t, J¼7.0 Hz,
12H), 2.03–2.19 (m, 2H), 2.29–2.46 (m, 2H), 2.58–2.76
(m, 2H), 2.80–2.99 (m, 2H), 3.43 (s, 3H), 4.02 (d,
J¼10.9 Hz, 1H), 4.25 (d, J¼10.9 Hz, 1H), 7.12–7.35 (m,
5H); 13C NMR (50 MHz, CDCl3, 25 �C) d 13.9, 13.9,
43.2, 44.0, 50.5, 61.5, 64.0, 127.1, 127.8, 128.3, 129.1,
137.2, 172.0; LRMS m/z 247 (M+�59, 2), 175 (2), 162
(80), 91 (Base). Anal. Calcd for C18H30O2N2 (306.45): C,
70.54; H, 9.86; N, 9.14. Found: C, 70.71; H, 9.97; N, 9.41.

4.3.3. Methyl 3-diethylamino-3-phenyl propenoate (3b).

NEt2
CO2Me

H
3b
Rf¼0.36. Yellow oil (contaminated by 2bc); yield 12 mg,
11% (estimated by 1H NMR spectroscopy); 1H NMR
(200 MHz, CDCl3) d 1.03 or 1.09 (t, J¼7.0 Hz, 6H), 3.05–
3.20 (m, 2H), 3.34 (s, 3H), 4.80 (s, 1H), 7.10–7.20 (m,
3H), 7.35–7.45 (m, 2H).

4.3.4. Methyl 2,3-bis-diallylamino-3-phenyl propanoate
(2c). Eluent used for the flash-column chromatography: cy-
clohexane/EtOAc 80:20. Stereomeric adducts 2ct and 2cc
were obtained as an inseparable mixture in an approximative
2.3:1 ratio. Rf¼0.57.

NAll2

NAll2

CO2Me
NAll2

NAll2

CO2Me
+

2ct 2cc

Colourless oil; yield 69 mg, 59%; IR (n, cm�1, CHCl3)
1728.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.40–2.56
(2dd, J¼8.6 Hz, 14.1 Hz, 2H, diast. 1+diast. 2), 2.75–2.95
(2dd, J¼8.6 Hz, 14.1 Hz, 2H, diast. 1+diast. 2), 3.2–3.4
(m, 6H, diast. 1+diast. 2), 3.35 (s, 3H, diast. 1), 3.49–3.59
(m, 6H, diast. 1+diast. 2), 3.73 (s, 3H, diast. 2), 4.10 (d,
J¼11.7 Hz, 1H, diast. 1), 4.14 (d, J¼11.7 Hz, 1H, diast.
2), 4.28 (d, J¼11.7 Hz, 1H, diast. 1), 4.33 (d, J¼11.7 Hz,
1H, diast. 2), 4.9–5.3 (m, 8H, diast. 1+diast. 2), 5.2–5.5
(m, 1H, diast. 1+diast. 2), 5.6–6.0 (m, 3H, diast. 1+diast.
2), 7.05–7.19 (m, 2H, diast. 1+diast. 2), 7.22–7.36 (m, 3H,
diast. 1+diast. 2); 13C NMR (50 MHz, CDCl3, 25 �C)
d 50.6, 52.5, 53, 53.3, 53.3, 60.6, 61.8, 62.4, 62.8, 116.8,
116.9, 117, 117.3, 127, 127.4, 127.5, 127.9, 129.3, 129.8,
134.1, 135.4, 136.2, 136.8, 137.3, 137.4, 171.4, 172.6.

4.3.5. Methyl 3-diallylamino-3-phenyl propenoate (3c).

NAll2
CO2Me

H
3c

Rf¼0.26. Yellow oil; yield 10 mg, 14%; IR (n, cm�1, CHCl3)
1725.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 3.43 (s, 3H),
3.7–3.8 (m, 4H), 4.89 (s, 1H), 5.10–5.30 (m, 4H), 5.60–
5.85 (m, 2H), 7.15–7.25 (m, 2H), 7.35–7.45 (m, 3H);
LRMS m/z 258 (M++1, 3), 257 (M+, 27), 226 (22), 216
(33), 186 (Base).

4.3.6. Methyl 2,3-dimorpholino-3-phenyl propanoate
(2e). Eluent used for the flash-column chromatography:
cyclohexane/EtOAc 40:60.

N

N

CO2Me

O

O
2et

Less polar diastereomer 2et, Rf¼0.60. White solid; yield
33 mg, 61%; mp 160–63 �C; IR (n, cm�1, CHCl3) 1728.4;
1H NMR (200 MHz, CDCl3, 25 �C) d 2.10–2.26 (m, 2H),
2.39–2.65 (m, 6H), 3.19–3.36 (m, 2H), 3.36–3.48 (m, 2H),
3.51–3.59 (m, 4H), 3.76 (s, 3H), 3.85 (d, J¼11.7 Hz, 1H),
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4.02 (d, J¼11.7 Hz, 1H), 7.05–7.12 (m, 2H), 7.25–7.36 (m,
3H); 13C NMR (50 MHz, CDCl3, 25 �C) d 49.6, 49.9, 50.9,
67.1, 67.4, 67.7, 67.8, 127.4, 127.6, 129.2, 133.1, 171.5;
LRMS m/z 275 (M+�59, 5), 176 (Base). Anal. Calcd for
C18H26O4N2 (334.42): C, 64.65; H, 8.08; N, 8.37. Found:
C, 64.89; H, 8.29; N, 8.26.

N

N

CO2Me

O

O
2ec

More polar diastereomer 2ec, Rf¼0.41. Yellow solid;
yield 12 mg, 23%; mp 100 �C; IR (n, cm�1, CHCl3)
1731.1 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.34–
2.60 (m, 4H), 2.68–2.90 (m, 4H), 3.38 (s, 3H), 3.60–3.75
(m, 8H), 3.87 (d, J¼11.7 Hz, 1H), 4.05 (d, J¼11.7 Hz,
1H), 7.07–7.17 (m, 2H), 7.23–7.35 (m, 3H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 49.2, 49.7, 51.0, 66.0, 67.2,
67.5, 67.7, 127.9, 128.0, 129.1, 134.2, 170.0; LRMS m/z
275 (M+�59, 5), 176 (Base). Anal. Calcd for C18H26O4N2

(334.42): C, 64.65; H, 8.08; N, 8.37. Found: C, 64.71; H,
8.16; N, 8.31.

4.3.7. Methyl 2,3-dipyrrolidino-3-phenyl propanoate
(2f). Eluent used for the flash-column chromatography:
cyclohexane/EtOAc 60:40.

N

N

CO2Me

2ft

Less polar diastereomer 2ft, Rf¼0.68. Yellow solid; yield
25 mg, 51%; mp 99–102 �C; IR (n, cm�1, CHCl3) 1725.7;
1H NMR (200 MHz, CDCl3, 25 �C) d 1.35–1.62 (m, 8H),
2.19–2.56 (m, 6H), 2.57–2.74 (m, 2H), 3.69 (s, 3H), 4.06
(d, J¼11.7 Hz, 1H), 4.24 (d, J¼11.7 Hz, 1H), 7.09–7.20
(m, 2H), 7.21–7.36 (m, 3H); 13C NMR (50 MHz, CDCl3,
25 �C) d 22.7, 23.4, 47.9, 49.1, 50.9, 65.1, 66.5, 127.0,
127.4, 129.6, 134.2, 172.8; 243 (M+�59, 3), 160 (Base).
Anal. Calcd for C18H26O2N2 (302.42): C, 71.49; H, 8.66;
N, 9.26. Found: C, 71.62; H, 8.81; N, 9.13.

N

N

CO2Me

2fc

More polar diastereomer 2fc, Rf¼0.37. White solid; yield
9 mg, 18%; mp 78–81 �C; IR (n, cm�1, CHCl3) 1725.4; 1H
NMR (200 MHz, CDCl3, 25 �C) d 1.52–1.80 (m, 8H),
2.33–245 (m, 2H), 2.55–2.92 (m, 6H), 3.29 (s, 3H), 3.88
(d, J¼9.4 Hz, 1H), 3.98 (d, J¼9.4 Hz, 1H), 7.10–7.32 (m,
5H); 13C NMR (50 MHz, CDCl3, 25 �C) d 22.9, 23.5,
49.7, 50.6, 51.1, 67.4, 68.4, 127.4, 127.7, 129.2, 170.6;
LRMS m/z 243 (M+�59, 3), 160 (Base). Anal. Calcd for
C18H26O2N2 (302.42): C, 71.49; H, 8.66; N, 9.26. Found:
C, 71.73; H, 8.52; N, 9.11.
4.3.8. Methyl 2,3-dipiperidino-3-phenyl propanoate (2g).
Eluent used for the flash-column chromatography: cyclo-
hexane/EtOAc 80:20.

N

N

CO2Me

2gt

Less polar diastereomer 2gt, Rf¼0.55. White solid; yield
40 mg, 70%; mp 101–103 �C; IR (n, cm�1, CHCl3)
1726.9; 1H NMR (200 MHz, CDCl3, 25 �C) d 0.97–1.54
(m, 12H, piperidine), 1.97–2.18 (m, 2H), 2.31–2.58 (m,
6H), 3.72 (s, 3H), 3.84 (d, J¼11.7 Hz, 1H), 4.02 (d,
J¼11.7 Hz, 1H), 7.02–7.17 (m, 2H), 7.18–7.35 (m, 3H);
13C NMR (50 MHz, CDCl3, 25 �C) d 24.5, 26.3, 26.8,
50.5, 50.6, 51.0, 68.4, 68.6, 126.7, 127.2, 129.4, 134.4,
172.3; LRMS m/z 243 (M+�31, 4), 174 (Base). Anal. Calcd
for C20H30O2N2 (330.47): C, 72.69; H, 8.15; N, 8.47. Found:
C, 72.53; H, 8.06; N, 8.44.

N

N

CO2Me

2gc

More polar diastereomer 2gc, Rf¼0.38. White solid; yield
18 mg, 30%; mp 123–125 �C; IR (n, cm�1, CHCl3)
1731.9; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.20–1.62
(m, 12H), 2.20–2.52 (m, 4H), 2.60–2.80 (m, 4H), 3.36 (s,
3H), 3.84 (d, J¼11.7 Hz, 1H), 4.03 (d, J¼11.7 Hz, 1H),
7.08–7.15 (m, 2H), 7.19–7.31 (m, 3H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 24.7, 24.9, 26.7, 26.9, 50.1,
50.5, 50.6, 66.7, 67.9, 127.2, 127.7, 129.1, 135.5, 171.0;
LRMS m/z 243 (M+�31, 4), 174 (Base). Anal. Calcd for
C20H30O2N2 (330.47): C, 72.69; H, 8.15; N, 8.47. Found:
C, 72.93; H, 8.38; N, 8.57.

4.3.9. Methyl 2,3-dimorpholino pentanoate (5a). Only the
less polar diastereoisomer could be isolated in pure form.
Eluent used for the flash-column chromatography: cyclo-
hexane/EtOAc 60:40.

N

N

CO2Me

O

O

5at

Less polar diastereomer 5at, Rf¼0.40. White solid; yield
44 mg, 43%; mp 109 �C; IR (n, cm�1, CHCl3) 1691.1; 1H
NMR (200 MHz, CDCl3, 25 �C) d 1.0 (t, J¼7.8 Hz, 3H),
1.30–1.80 (m, 2H), 2.42–2.60 (m, 6H), 2.64–2.89 (m, 3H),
3.09 (d, J¼10.9 Hz, 1H), 3.42–3.70 (m, 8H), 3.67 (s, 3H);
13C NMR (50 MHz, CDCl3, 25 �C) d 13.2, 20.6, 49.8,
50.2, 50.6, 63.8, 67.4, 67.9, 71.2, 171.5; LRMS m/z 227
(M+�59, 20), 128 (Base). Anal. Calcd for C14H26O4N2

(286.37): C, 58.72; H, 9.15; N, 9.78. Found: C, 58.83; H,
9.07; N, 9.54.
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More polar diastereomer 5ac, Rf¼0.34 (contaminated by the
first diastereomer). Orange solid; yield 21 mg, 36%; mp 69–
70 �C; IR (n, cm�1, CHCl3) 1725.7; 1H NMR (200 MHz,
CDCl3, 25 �C) d 0.91 (t, J¼7.8 Hz, 3H), 1.30–1.80 (m,
2H), 2.47–2.60 (m, 6H), 2.7–2.96 (m, 3H), 3.18 (d,
J¼9.4 Hz, 1H), 3.42–3.70 (m, 8H), 3.67 (s, 3H).

4.3.10. Methyl 2,3-bis-diallylamino pentanoate (5b). Elu-
ent used for the flash-column chromatography: cyclohexane/
EtOAc 95:05.

NAll2

NAll2

CO2Me
5bt

Less polar diastereomer 5bt, Rf¼0.40. Yellow oil; yield
10 mg, 9%; IR (n, cm�1, CHCl3) 1725.7; 1H NMR
(200 MHz, CDCl3, 25 �C) d 0.95 (t, J¼7.04 Hz, 3H),
1.32–1.76 (m, 2H), 2.70–3.50 (m, 10H), 3.64 (s, 3H),
4.98–5.22 (m, 8H), 5.53–5.83 (m, 4H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 13.1, 21.1, 50.4, 53.6, 54.0,
59.6, 66.2, 116.0, 117.0, 136.4, 137.8, 172.5; LRMS m/z
247 (M�59, 6), 138 (Base). Anal. Calcd for C18H30O2N2

(306.45): C, 70.54; H, 9.86; N, 8.47. Found: C, 70.83; H,
10.13; N, 8.24.

NAll2

NAll2

CO2Me
5bc

More polar diastereomer 5bc, Rf¼0.28. Yellow oil; yield
12 mg, 11%; IR (n, cm�1, CHCl3) 1722.9; 1H NMR
(200 MHz, CDCl3, 25 �C) d 0.88 (t, J¼7.04 Hz, 3H),
0.92–1.80 (m, 2H), 2.70–3.55 (m, 10H), 3.64 (s, 3H),
4.94–5.30 (m, 8H), 5.54–5.91 (m, 4H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 12.1, 23.0, 50.7, 52.9, 53.8,
58.0, 64.8, 115.7, 117.5, 136.4, 138.5, 172.0; LRMS m/z
247 (M�59, 6), 138 (Base). Anal. Calcd for C18H30O2N2

(306.45): C, 70.54; H, 9.86; N, 8.47. Found: C, 70.64; H,
10.00; N, 8.39.

4.3.11. Methyl 2-diallylamino pent-3-enoate (6).

NAll2

CO2Me

6

Rf¼0.14. Yellow oil; yield 46 mg, 65%; IR (n, cm�1, CHCl3)
1731.1; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.71 (d,
J¼6.3 Hz, 3H), 3.08–3.3 (d, J¼6.3 Hz, 4H), 3.68 (s, 3H),
3.91 (d, J¼7.8 Hz, 1H), 5.05–5.22 (m, 4H), 5.42–5.90 (m,
4H); 13C NMR (50 MHz, CDCl3, 25 �C) d 18.0, 51.6,
53.5, 65.7, 117.7, 125.6, 131.2, 135.6, 172.9; LRMS m/z
209 (M+, 1), 182 (6), 150 (Base). Anal. Calcd for
C12H19O2N (209.29): C, 68.86; H, 9.15; N, 6.69. Found:
C, 68.77; H, 9.19; N, 6.81.

N

N

CO2Me

O

O

5ac
4.4. General procedure for the reaction of diallylamine
with the oxazolidinone vinyl triflates 7 and 10

To 100 mg of the triflate was added in one portion 4 equiv of
diallylamine (0.15 ml for the reaction with triflate 7, 0.13 ml
for the reaction with triflate 10). The mixture was mag-
netically stirred for 5 h (case of triflate 7) or for 20 h (case
of triflate 10) and directly purified by flash-column chroma-
tography, eluting with cyclohexane/EtOAc 60:40.

4.4.1. 2,3-Bis-diallylamino pentanoic N-oxazolidin-2-one
carboxamide (8b). Eluent used for the flash-column
chromatography: cyclohexane/EtOAc 60:40. Stereomeric
adducts 8bt and 8bc were obtained as an inseparable mixture
in a nearly 1.5:1 ratio. Rf¼0.53.

NAll2

NAll2

O

N O

O NAll2

NAll2

O

N O

O

+

8bt 8bc

Colourless oil; yield 63 mg, 68%; IR (n, cm�1, CHCl3)
1690.0, 1775.0 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C)
d 0.87 (t, J¼7.04 Hz, 3H, diast. 1), 0.99 (t, J¼7.04 Hz,
3H, diast. 2), 0.9–1.1 (m, 1H, diast. 2), 1.35–1.50 (m, 1H,
diast. 2), 1.50–1.75 (m, 2H, diast. 1), 2.89–3.57 (m, 10H,
diast. 1+diast. 2), 3.97 (t, J¼8.6 Hz, 2H, diast. 1+diast. 2),
4.32 (t, J¼8.6 Hz, 2H, diast. 1), 4.34 (t, J¼8.6 Hz, 2H, diast.
2), 4.95–5.3 (m, 8H, diast. 1+diast. 2), 5.51–5.96 (m, 4H,
diast. 1+diast. 2); 13C NMR (50 MHz, CDCl3, 25 �C)
d 12.1, 13.4, 20.9, 22.2, 42.3 (2), 52.9, 53.2, 53.5, 53.9,
58.6, 60.3, 61.5, 61.7, 61.8, 62.6, 115.6 (2), 116.4, 116.9,
136.1, 136.2, 137.2, 138.5, 153.3, 153.5, 173.2, 173.8.

4.4.2. (Z or E)-2-Diallylamino pent-3-enoic N-oxazolidin-
2-one carboxamide (9).

NAll2

O

N O

O

9

Rf¼0.34. Yellow oil; yield 13 mg, 23%; IR (n, cm�1, CHCl3)
1698.2, 1780.5; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.72
(d, J¼6.3 Hz, 3H), 2.89–3.40 (m, 4H), 3.98 (t, J¼7.8 Hz,
2H), 4.37 (t, J¼7.8 Hz, 2H), 5.05–5.25 (m, 4H), 5.31 (d,
J¼7.8 Hz, 1H), 5.46–5.95 (m, 4H); 13C NMR (50 MHz,
CDCl3, 25 �C) d 18.2, 42.6, 53.9, 62.0, 62.8, 117.5, 124.8,
135.7, 152.7, 174.9; LRMS m/z 264 (M+, <1), 223 (6),
150 (Base). Anal. Calcd for C14H20O3N2 (264.32): C,
63.61; H, 7.62; N, 10.60. Found: C, 63.68; H, 7.70; N, 10.43.

4.4.3. 2,3-Bis-diallylamino-3-phenyl propanoic N-oxazo-
lidin-2-one carboxamide (11b). Stereomeric adducts 11bt
and 11bc were obtained as an inseparable mixture in a nearly
7:1 ratio. Eluent used for the flash-column chromatography:
cyclohexane/EtOAc 70:30. Rf¼0.5.

NAll2

NAll2

O

N O

O NAll2

NAll2

O

N O

O

+

11bt 11bc
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Colourless oil; yield 91 mg, 91%; IR (n, cm�1, CHCl3)
1692.7, 1775.0; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.4
(dd, J¼7.8 Hz, 14.8 Hz, 2H, diast. 2), 2.62 (dd, J¼8.6 Hz,
14.1 Hz, 2H, diast. 1), 3.30–3.8 (m, 8H, diast. 1+diast. 2),
3.91–4.25 (m, 1H, diast. 1+diast. 2), 4.3–4.5 (m, 1H, diast.
1+diast. 2), 4.4 (d, J¼10.9 Hz, 1H, diast. 1+diast. 2),
5.05–5.25 (m, 8H, diast. 1+diast. 2), 5.7 (d, J¼10.9 Hz,
1H, diast. 1+diast. 2), 5.8–6 (m, 4H, diast. 1+diast. 2); 13C
NMR (50 MHz, CDCl3, 25 �C) d 42.3, 52.9, 53.2, 59.7,
61.5, 62.0, 116.1, 116.2 (diast. min.), 116.3 (diast. min.),
117.0, 127.4, 127.5 (diast. min.), 127.8, 129.6, 130.0 (diast.
min.), 135.1, 136.0 (diast. min.), 136.9 (diast. min.), 137.2,
152.8, 172.8.

4.5. Crossed reactions of two different amines with vinyl
triflate 1

4.5.1. General procedure. To 100 mg of the triflate 1 were
successively added in one portion 30 equiv of the less
nucleophilic amine (0.88 ml aniline or 1 ml tert-butylamine
or 1.19 ml diallylamine) and the more nucleophilic amine:
morpholine (3 equiv, 89 ml), piperidine (2 equiv, 73 ml),
pyrrolidine (2 equiv, 53 ml) (cases of aniline and tert-butyl-
amine), or morpholine (1.5 equiv, 44 ml) (case of diallyl-
amine). The mixture was stirred at the temperature
indicated in Table 2 until total disappearance of the starting
material (TLC monitoring). The excess of the less nucleo-
philic amine was removed under vacuum and the crude mix-
ture was directly purified by flash-column chromatography,
eluting with cyclohexane/EtOAc.

4.5.1.1. Methyl 3-anilino-2-morpholino-3-phenyl pro-
panoate (12a). Eluent used for the flash-column chromato-
graphy: cyclohexane/EtOAc 80:20.

NH

N

CO2Me

O12at

Less polar diastereomer 12at, Rf¼0.33. Yellow solid; yield
28 mg, 28%; mp 135–136 �C; IR (n, cm�1, CHCl3)
1731.3; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.50–2.75
(m, 4H), 3.32 (d, J¼10.9 Hz, 1H), 3.52 (s, 3H), 3.59–3.82
(m, 4H), 4.49 (d, J¼10.9 Hz, 1H), 5.34 (s, 1H, NH), 6.51
(d, J¼8.6 Hz, 2H), 6.66 (t, J¼7.04 Hz, 1H), 7.05 (t,
J¼8.6 Hz, 2H), 7.20–7.35 (m, 3H), 7.40–7.48 (m, 2H); 13C
NMR (50 MHz, CDCl3, 25 �C) d 49.5, 51.1, 56.0, 67.4,
73.6, 113.9, 118.0, 127.4, 127.8, 128.7, 129.1, 140.7,
147.8, 169.0; LRMS m/z 340 (M+, 10), 281 (35), 180
(Base). Anal. Calcd for C20H24O3N2 (340.42): C, 70.56;
H, 7.10; N, 8.23. Found: C, 70.64; H, 7.25; N, 8.15.

NH

N

CO2Me

O12ac

More polar diastereomer 12ac, Rf¼0.22. White solid; yield
35 mg, 35%; mp 116–118 �C; IR (n, cm�1, CHCl3)
1736.9; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.42–2.68
(m, 4H), 3.31 (d, J¼6.3 Hz, 1H), 3.41 (s, 3H), 3.61–3.72
(t, J¼4.7 Hz, 4H), 4.72 (d, J¼6.3 Hz, 1H), 6.51 (d,
J¼8.6 Hz, 2H), 6.63 (t, J¼7.0 Hz, 1H), 7.07 (dd,
J¼7.0 Hz, 8.6 Hz, 2H), 7.20–7.35 (m, 5H); 13C NMR
(50 MHz, CDCl3, 25 �C) d 51.1, 51.4, 56.4, 66.8, 74.0,
113.3, 117.5, 126.6, 127.6, 128.5, 129.1, 139.5, 146.9,
170.8; LRMS m/z 340 (M+, 10), 281 (35); 180 (Base).
Anal. Calcd for C20H24O3N2 (340.42): C, 70.56; H, 7.10;
N, 8.23. Found: C, 70.71; H, 7.28; N, 8.11.

4.5.1.2. Methyl 3-anilino-2-piperidino-3-phenyl pro-
panoate (12b). Eluent used for the flash-column chromato-
graphy: cyclohexane/EtOAc 80:20.

NH

N

CO2Me

12bt

Less polar diastereomer 12bt (contaminated by the dipiper-
idino compound 2gt; 12bt/2gt¼1:0.66 deduced from the 1H
NMR spectrum), Rf¼0.58. Yellow solid; yield 48 mg (29 mg
12bt, 19 mg 2gt), 27%; 1H NMR (200 MHz, CDCl3, 25 �C)
d 1.35–1.78 (m, 6H), 2.38–2.57 (m, 4H), 3.26 (d, J¼10.2 Hz,
1H), 3.49 (s, 3H), 4.45 (d, J¼10.2 Hz, 1H), 5.5 (s, 1H, NH),
6.49 (d, J¼7.8 Hz, 2H), 6.62 (t, J¼7.0 Hz, 1H), 7.0–7.15 (m,
2H), 7.20–7.35 (m, 3H), 7.41 (d, J¼7.0 Hz, 2H).

NH

N

CO2Me

12bc

More polar diastereomer 12bc, Rf¼0.43. White solid; yield
35 mg, 32%; mp 183–184 �C; IR (n, cm�1, CHCl3)
1731.1; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.35–1.78
(m, 6H), 2.38–2.57 (m, 4H), 3.26 (d, J¼6.2 Hz, 1H), 3.40
(s, 3H), 4.70 (d, J¼6.2 Hz, 1H), 5.2 (s, 1H, NH), 6.51 (d,
J¼7.0 Hz, 2H), 6.66 (t, J¼7.0 Hz, 1H), 7.05 (t, J¼7.0 Hz,
2H), 7.20–7.35 (m, 5H); 13C NMR (50 MHz, CDCl3,
25 �C) d 24.3, 25.9, 51.2, 51.9, 56.6, 74.6, 113.4, 117.3,
126.8, 127.4, 128.4, 129.0, 140.0, 146.2, 171.4; LRMS
m/z 194 (M+�156, 1); 182 (Base). Anal. Calcd for
C21H26O2N2 (338.46): C, 74.52; H, 7.74; N, 8.27. Found:
C, 74.41; H, 7.88; N, 8.11.

4.5.1.3. Methyl 3-anilino-2-pyrrolidino-3-phenyl
propanoate (12c). Eluent used for the flash-column chroma-
tography: cyclohexane/EtOAc 80:20.

NH

N

CO2Me

12ct

Less polar diastereomer 12ct, Rf¼0.60. White solid; yield
48 mg, 46%; mp 134–135 �C; IR (n, cm�1, CHCl3) 1725.7;
1H NMR (200 MHz, CDCl3, 25 �C) d 1.72–1.85 (m, 4H),
2.60–2.75 (m, 2H), 2.80–2.97 (m, 2H), 3.48 (s, 3H), 3.65
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(d, J¼10.2 Hz, 1H), 4.49 (d, J¼10.2 Hz, 1H), 5.0 (s, 1H,
NH), 6.54 (d, J¼8.6 Hz, 2H), 6.66 (t, J¼7.0 Hz, 1H), 7.06
(dd, J¼7.0 Hz, 8.6 Hz, 2H), 7.18–7.38 (m, 3H), 7.46 (d,
J¼7.0 Hz, 2H); 13C NMR (50 MHz, CDCl3, 25 �C) d 23.5,
48.2, 50.9, 58.1, 69.5, 114.0, 117.7, 127.3, 127.6, 128.5,
128.9, 141.1, 148.1, 170.1; LRMS m/z 194 (M+�130, 1),
182 (Base). Anal. Calcd for C20H24O2N2 (324.42): C,
74.04; H, 7.45; N, 8.63. Found: C, 73.94; H, 7.52; N, 8.55.

NH

N

CO2Me

12cc

More polar diastereomer 12cc, Rf¼0.42. Pale yellow oil;
yield 18 mg, 17%; IR (n, cm�1, CHCl3) 1736.9; 1H NMR
(200 MHz, CDCl3, 25 �C) d 1.75–1.90 (m, 4H), 2.55–2.72
(m, 4H), 3.28 (d, J¼4.7 Hz, 1H), 3.42 (s, 3H), 4.65 (d,
J¼4.7 Hz, 1H), 5.45 (br, 1H, NH), 6.53 (d, J¼7.8 Hz, 2H),
6.65 (t, J¼7.8 Hz, 1H), 7.08 (t, J¼7.0 Hz, 2H), 7.23–7.40
(m, 5H); 13C NMR (50 MHz, CDCl3, 25 �C) d 23.2, 51.4,
51.8, 58.8, 73.6, 113.2, 117.1, 126.5, 127.5, 128.5, 129.0,
139.8, 147.4, 171.4; LRMS m/z 194 (M+�130, 1), 182
(Base). Anal. Calcd for C20H24O2N2 (324.42): C, 74.04;
H, 7.45; N, 8.63. Found: C, 74.09; H, 7.48; N, 8.39.

4.5.1.4. Methyl 3-tert-butylamino-2-morpholino-3-
phenyl propanoate (12d). The stereomeric adducts 12dt
and 12dc were obtained as an inseparable mixture in an
approximative 1:2 ratio. Eluent used for the flash-column
chromatography: cyclohexane/EtOAc 80:20.

N

CO2Me

O

NH

N

CO2Me

O

+

12dt 12dc

tBuNH tBu

Rf¼0.32. White solid; yield 33 mg, 31%; IR (n, cm�1,
CHCl3) 1728.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 0.81
(s, 9H, diast. min.), 0.85 (s, 9H, diast. maj.), 2.05–2.5 (m,
4H, diast. min.+diast. maj.), 3.11 (d, J¼10.9 Hz, 1H, diast.
min.), 3.25–3.35 (m, 4H, diast. min.), 3.40–3.50 (m, 4H,
diast. maj.), 3.55 (d, J¼10.9 Hz, 1H, diast. maj.), 3.63 (s,
3H, diast. min.), 3.70 (s, 3H, diast. maj.), 3.98 (d,
J¼10.9 Hz, 1H, diast. maj.), 4.04 (d, J¼10.9 Hz, 1H, diast.
min.), 7.20–7.35 (m, 5H); 13C NMR (50 MHz, CDCl3,
25 �C) d 29.1 and 30.3, 49.9 and 50.3, 50.8 and 51.7, 55.9
and 57.3, 67.4 and 67.5, 73.0 and 75.3, 126.7, 127.1,
127.7, 127.9, 128.0, 128.6, 129.4, 133.0, 171.0 and 177.0;
LRMS m/z 248 (M+�72, 1), 106 (Base).

4.5.1.5. Methyl 3-diallylamino-2-morpholino-3-phenyl
propanoate (12e). Eluent used for the flash-column chroma-
tography: cyclohexane/EtOAc 80:20. Stereomeric adducts
12et and 12ec were obtained as an inseparable mixture of
diastereomers in a nearly 1:1 ratio.

NAll2

N

CO2Me

O

NAll2

N

CO2Me

O

+

12et 12ec
Rf¼0.40. White solid; yield 44 mg, 41%; mp 108 �C; IR (n,
cm�1, CHCl3) 1728.4; 1H NMR (200 MHz, CDCl3, 25 �C)
d 2.40–2.92 (m, 6H, diast. 1+diast. 2), 3.22–3.5 (m, 4H,
diast. 1+diast. 2), 3.42 (s, 3H, diast. 1), 3.71–3.78 (m, 2H,
diast. 1+diast. 2), 3.78 (s, 3H, diast. 2), 3.89 (d, J¼
11.7 Hz, 1H, diast. 1), 3.93 (d, J¼11.7 Hz, 1H, diast. 2),
4.31 (d, J¼11.7 Hz, 1H, diast. 1), 4.36 (d, J¼11.7 Hz, 1H,
diast. 2), 5.10–5.25 (m, 4H), 5.62–5.95 (m, 2H), 7.15–
7.25 (m, 2H), 7.30–7.42 (m, 3H); 13C NMR (50 MHz,
CDCl3, 25 �C) d 49.7 (CH2), 50.8 (CH3), 52.7 (CH2), 53.4
(CH2), 60.3 (CH), 60.6 (CH), 67.2 (CH2), 67.6 (CH2),
116.9 (CH2), 127.1 (CH), 127.5 (CH), 127.6 (CH), 128.0
(CH), 129.2 (CH), 129.4 (CH), 137.1 (CH), 137.4 (CH),
170.0 (C]O), 171.3 (C]O); LRMS m/z 285 (M+�59,
8), 186 (92). Anal. Calcd for C20H28O3N2 (344.46): C,
69.74; H, 8.19; N, 8.13. Found: C, 69.69; H, 8.25; N, 8.21.

4.5.1.6. Methyl 2-diallylamino-3-morpholino-3-phenyl
propanoate (13b). This product was obtained as a single
stereomer.

N

NAll2

CO2Me

O

13b

Rf¼0.45. Colourless oil; yield 6 mg, 6%; IR (n, cm�1,
CHCl3) 1695.5, 1777.8; 1H NMR (200 MHz, CDCl3,
25 �C) d 2.28–2.52 (m, 4H), 2.93 (dd, J¼7.05 Hz, 14.1 Hz,
2H), 3.37 (s, 3H), 3.45–3.75 (m, 6H), 4.01 (d, J¼11.7 Hz,
1H), 4.10 (d, J¼11.7 Hz, 1H), 5.05–5.3 (m, 4H), 5.75–
5.95 (m, 2H), 7.08–7.19 (m, 2H), 7.23–7.38 (m, 3H); 13C
NMR (50 MHz, CDCl3, 25 �C) d 49.4, 50.8, 53.3, 62.0,
67.2, 67.4, 117.1, 127.7, 127.9, 129.2, 136.8, 171.3;
LRMS m/z 285 (10, M+�59, 2), 176 (Base). Anal. Calcd
for C20H28O3N2 (344.46): C, 69.74; H, 8.19; N, 8.13. Found:
C, 69.86; H, 8.33; N, 7.96.

4.6. Crossed reactions of two different amines with vinyl
triflate 10

4.6.1. General procedure. To a mixture of 10 equiv of the
less nucleophilic amine (0.25 ml aniline or 0.33 ml diallyl-
amine) and 2 equiv of the more nucleophilic amine (48 ml
morpholine) was added 100 mg of the triflate in one portion.
The mixture was stirred for 3 h, the residual less nucleophilic
amine was removed under vacuum and the crude mixture
directly purified by flash-column chromatography, eluting
with cyclohexane/EtOAc.

4.6.1.1. 3-Anilino-2-morpholino-3-phenyl pentanoic
N-oxazolidin-2-one carboxamide (14a). Eluent used for the
flash-column chromatography: cyclohexane/EtOAc 40:60.

NH

N

O

O

N O

O

14at

Less polar diastereomer 14at, Rf¼0.36. White solid; yield
46 mg, 43%; mp 170–173 �C; IR (n, cm�1, CHCl3)
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1783.3; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.57–2.88 (m,
4H), 3.43–4.27 (m, 6H), 4.38–4.59 (d+t, Jd¼10.2 Hz,
Jt¼7.4 Hz, 3H), 5.22 (d, J¼10.2 Hz, 1H), 5.22 (s, 1H,
NH), 6.52 (d, J¼8.6 Hz, 2H), 6.60–6.8 (m, 1H), 7.05 (t,
J¼8.6 Hz, 2H), 7.20–7.35 (m, 3H), 7.40–7.48 (m, 2H); 13C
NMR (50 MHz, CDCl3, 25 �C) d 42.2, 47.8, 49.3, 57.0,
61.7, 62.8, 67.5, 67.6, 113.1, 113.9, 118.0, 118.1, 127.8,
127.9, 128.5, 129.0, 129.3, 140.0, 147.9, 152.7, 170.3;
LRMS m/z 213 (M+�182, 3), 182 (Base). Anal. Calcd for
C22H25O4N3 (395.46): C, 66.82; H, 6.37; N, 10.62. Found:
C, 66.89; H, 6.43; N, 10.38.

NH

N

O

O

N O

O

14ac

More polar diastereomer 14ac, Rf¼0.31.Yellow solid; yield
8 mg, 8%; mp 170 �C; IR (n, cm�1, CHCl3) 1777.8; 1H
NMR (200 MHz, CDCl3, 25 �C) d 2.51–2.78 (m, 4H),
3.37–3.74 (m, 5H), 3.74–4.0 (m, 2H), 4.12–4.33 (m, 1H),
4.83 (d, J¼7.8 Hz, 1H), 5.16 (d, J¼7.8 Hz, 1H), 6.54 (d,
J¼7.8 Hz, 2H), 6.64 (t, J¼7.8 Hz, 1H), 7.07 (t, J¼7.8 Hz,
2H), 7.16–7.42 (m, 5H); 13C NMR (50 MHz, CDCl3,
25 �C) d 42.5, 50.6, 57.0, 61.9, 67.0, 67.8, 113.8, 117.8,
126.9, 127.6, 128.5, 129.1, 139.7, 146.7, 173.3, 181.5;
LRMS m/z 213 (M+�182, 3), 182 (Base).

4.6.1.2. 3-Diallylamino-2-morpholino-3-phenyl penta-
noic N-oxazolidin-2-one carboxamide (14b). Eluent used
for the flash-column chromatography: cyclohexane/EtOAc
50:50.

NAll2

N

O

O

N O

O

14bt

Less polar diastereomer 14bt, Rf¼0.30. Colourless oil; yield
30 mg, 28%; IR (n, cm�1, CHCl3) 1775.0, 1695.5; 1H NMR
(200 MHz, CDCl3, 25 �C) d 2.65 (dd, J¼8.6 Hz, 13.3 Hz,
2H), 2.85–3.0 (m, 3.5H), 3.4–3.65 (m, 3.5H), 3.65–3.80
(m, 3.5H), 3.80–3.95 (m, 1H), 4.02–4.35 (m, 2.5H), 4.44
(d, J¼11.7 Hz, 1H), 5.1–5.3 (m, 4H), 5.69 (d, J¼11.7 Hz,
1H), 5.80–6.05 (m, 2H), 7.15–7.45 (m, 5H); 13C NMR
(50 MHz, CDCl3) d 42.1, 49.5, 52.9, 60.6, 61.6, 61.9, 67.8,
117.2, 127.4, 128, 129.3, 129.7, 135.0, 137.0, 153.3,
170.1; LRMS m/z 287 (M++2�114, 2), 186 (Base). Anal.
Calcd for C22H29O4N3 (399.49): C, 66.14; H, 7.31; N,
10.52. Found: C, 66.28; H, 7.49; N, 10.28.

NAll2

N

O

O

N O

O

14bc

More polar diastereomer 14bc, Rf¼0.14. Yellow oil; yield
11 mg, 10%; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.6
(dd, J¼8.6 Hz, 14.1 Hz, 2H), 2.85–2.95 (m, 3H), 3.4–3.9
(m, 7H), 4.03–4.15 (m, 1H), 4.19–4.32 (m, 1H), 4.4 (d,
J¼11.7 Hz, 1H), 5.05–5.3 (m, 4H), 5.65 (d, J¼11.7 Hz,
1H), 5.7–5.95 (m, 2H), 7.15–7.45 (m, 5H); LRMS m/z 287
(M++2�114, 2), 186 (Base).

4.6.1.3. 2-Diallylamino-3-morpholino-3-phenyl penta-
noic N-oxazolidin-2-one carboxamide (15).

N

NAll2

O

O

N O

O

15bt

Less polar diastereomer 15bt, Rf¼0.51. Colourless oil; yield
8 mg, 8%; IR (n, cm�1, CHCl3) 1725.7; 1H NMR (200 MHz,
CDCl3, 25 �C) d 2.28–2.42 (m, 2H), 2.5–2.65 (m, 2H), 3.30–
3.80 (m, 10H), 3.9–4.4 (m, 2H), 4.2 (d, J¼11.7 Hz, 1H), 5.1–
5.3 (m, 4H), 5.67 (d, J¼11.7 Hz, 1H), 5.75–5.98 (m, 2H),
7.1–7.3 (m, 5H); 13C NMR (50 MHz, CDCl3, 25 �C)
d 42.4, 49.7, 53.6, 61.7, 67.2, 68.0, 77.2, 116.3, 127.8,
128.0, 128.6, 129.3, 137.2, 153.0, 170.2; LRMS m/z 223
(M+�176, 1), 176 (Base).

N

NAll2

O

N

O

O

O

15bc

More polar diastereomer 15bc, Rf¼0.34. Colourless oil; yield
3 mg, 3%; IR (n, cm�1, CHCl3) 1775.04, 1695.48; 1H NMR
(200 MHz, CDCl3, 25 �C) d 2.35–2.52 (m, 4H), 2.55–2.7
(m, 2H), 3.12–3.35 (m, 6H), 4.0–4.1 (m, 2H), 4.3–4.42
(m, 2H), 4.35 (d, J¼12.5 Hz, 1H), 5.0–5.15 (m, 4H), 5.5–
5.7 (m, 2H), 5.67 (d, J¼12.5 Hz, 1H), 7.12–7.35 (m, 5H);
13C NMR (50 MHz, CDCl3, 25 �C) d 42.4, 49.5, 53.4, 61.3,
61.8, 62.2, 67.3, 116.3, 127.2, 127.6, 129.7, 134.0, 136.8,
153.0, 171.7; LRMS m/z 223 (M+�176, 10), 176 (Base).

4.7. Stereochemical determinations

4.7.1. Stereochemical determination of diamine carbox-
ylates.

4.7.1.1. Methyl 3-phenyl glycidate (16). To a solution of
benzaldehyde (10.6 g, 100 mmol) and methyl chloro acetate
(10.86 g, 100 mmol) in dry tetrahydrofuran (200 ml) was
added NaH (4 g, 100 mmol, 60% in suspension in oil) by
small portions at 0 �C. After stirring for 1 h, the solution
was quenched with an aqueous solution of 0.5 M HCl
(100 ml). Ether (100 ml) was added, the aqueous layer was
extracted three times with ether (30 ml) and the combined
organic layers were dried over MgSO4. After concentration
under vacuum, the crude mixture was purified by flash-
column chromatography, eluting with cyclohexane/EtOAc
80:20 (Rf¼0.18), to afford the title compound as a colourless
oil (8.1 g, 48% yield).

CO2Me
O
16

1H NMR (200 MHz, CDCl3, 25 �C) d 3.51 (d, J¼1.6 Hz,
1H), 3.82 (s, 3H), 4.08 (d, J¼1.6 Hz, 1H), 7.20–7.40
(m, 5H).
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4.7.1.2. Methyl 2-hydroxy-3-morpholino-3-phenylpro-
panoate (17a). The title compound was synthesized using
the Sharpless protocol8c,d (epoxy ester 16 4.6 g,
25.84 mmol, morpholine 2.26 ml, 25.84 mmol, methanol
25 ml). Recrystallization of the crude product from ether
gave the pure regioisomer 17a (5 g, 74%) as a colourless
crystalline solid.

N

OH

CO2Me

O

17a

Mp 96 �C; Rf¼0.18 (cyclohexane/EtOAc 6:4); IR (n, cm�1,
CHCl3) 1739.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 2.38–
2.65 (m, 4H+OH), 3.57 (d, J¼3.9 Hz, 1H), 3.62 (s, 3H), 3.73
(t, J¼4.7 Hz, 4H), 4.79 (d, J¼3.9 Hz, 1H), 7.30–7.35 (m,
5H); 13C NMR (50 MHz, CDCl3) d 51.5, 52.2, 67.0, 70.1,
72.3, 128.2, 128.3, 129.0, 135.5, 173.1; LRMS m/z 206
(M+�59, 2), 176 (Base). Anal. Calcd for C14H19O4N
(265.31): C, 63.38; H, 7.21; N, 5.28. Found: C, 63.33; H,
7.34; N, 5.24.

4.7.1.3. Methyl 2-hydroxy-3-piperidino-3-phenylpro-
panoate (17b). The title compound was synthesized using
the Sharpless protocol8c,d (epoxy ester 16 3 g, 16.85 mmol,
piperidine 1.75 ml, 17.69 mmol, methanol 19 ml). Purifica-
tion of the crude product by flash-column chromatography,
eluting with cyclohexane/EtOAc 5:5 gave the pure
regioisomer 17b as the major compound (3.5 g, 78%) as a
colourless crystalline solid (the other regioisomer was also
isolated (188 mg, 4%).

N

OH

CO2Me

17b

Mp 88 �C; Rf¼0.32 (cyclohexane/EtOAc 5:5); IR (n, cm�1,
CHCl3) 1739.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.32–
1.70 (m, 6H), 1.6 (br s, 1H), 2.35–2.5 (m, 4H), 3.58 (s, 3H),
3.59 (d, J¼5.5 Hz, 1H), 4.81 (d, J¼5.5 Hz, 1H), 7.29–7.34
(m, 5H); 13C NMR (50 MHz, CDCl3) d 24.3, 26.1, 51.9,
52.0, 70.7, 72.5, 127.9, 128.1, 129.0, 136.1, 173.3; LRMS
m/z 204 (M+�59, 5), 174 (Base). Anal. Calcd for
C15H21O3N (263.34): C, 68.41; H, 8.03; N, 5.32. Found:
C, 68.48; H, 7.99; N, 5.35.

4.7.1.4. Methyl 2-hydroxy-3-pyrrolidino-3-phenyl-
propanoate (17c). The title compound was synthesized
using the Sharpless protocol8c,d (epoxy ester 16 3.5 g,
19.74 mmol, pyrrolidine 1.73 ml, 20.73 mmol, methanol
20 ml). Purification of the crude product by flash-column
chromatography, eluting with cyclohexane/EtOAc 3:7 to
0:10 gave the epoxide amide 19 (600 mg, 13%) and the
desired pure regioisomer 17c (1.3 g, 26%) as colourless
crystalline solids.

N

OH

CO2Me

17c
Mp 84 �C; Rf¼0.16 (cyclohexane/EtOAc 2:8); IR (n, cm�1,
CHCl3) 1646.1; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.75–
1.85 (br s, 1H+m, 4H), 2.45–2.6 (m, 2H), 2.62–2.76 (m, 2H),
3.56 (d, J¼3.1 Hz, 1H), 3.58 (s, 3H), 4.72 (d, J¼3.1 Hz, 1H),
7.24–7.39 (m, 5H); 13C NMR (50 MHz, CDCl3) d 23.4,
52.1, 52.8, 72.3, 72.4, 128.0, 128.1, 128.6, 137.4, 172.5;
LRMS m/z 218 (M+�31, 2), 82 (Base). Anal. Calcd for
C14H19O3N (249.31): C, 67.44; H, 7.68; N, 5.62. Found:
C, 67.72; H, 7.79; N, 5.57.

4.7.1.5. Methyl 3-chloro-2-morpholino-3-phenylpro-
panoate (18a). The title compound was synthesized using
the Sharpless protocol8c,d (amino alcohol 17a 4.24 g,
16 mmol, triethylamine 2.45 ml, 17.6 mmol, methanesul-
fonyl chloride 1.36 ml, 17.6 mmol, dichloromethane 16 ml).
After stirring for 3 h, the ammonium mesylate was removed
by treating the solution on a plug of silica gel, eluting with
ether. Concentration under vacuum afforded 18a (4.41 g,
97%, colourless crystalline solid) as a regioisomeric 3:1
mixture.

Cl

N

CO2Me

O
18a

Mp 112–113 �C; Rf¼0.57 (cyclohexane/EtOAc 6:4); IR (n,
cm�1, CHCl3) 1733.9; 1H NMR (200 MHz, CDCl3, 25 �C)
d 2.25–2.72 (m, 4H, two regioisomers), 3.28–3.45 (m, 4H,
major regioisomer), 3.28–3.45 (m, 4H, major regioisomer),
3.55–3.62 (m, 4H, minor regioisomer), 3.74 (d, J¼10.9 Hz,
1H, major regioisomer), 3.84 (s, 3H, two regioisomers),
4.08 (d, J¼10.9 Hz, 1H, minor regioisomer), 4.78 (d,
J¼10.9 Hz, 1H, minor regioisomer), 5.16 (d, J¼10.9 Hz,
1H, major regioisomer), 7.30–7.45 (m, 5H); 13C NMR
(50 MHz, CDCl3) d 50.1, 51.6, 52.7 (minor), 55.3 (minor),
59.1, 61.9 (minor), 67.0, 67.2 (minor), 72.2 (minor), 73.6,
127.8, 128.2 (minor), 128.3 (minor), 128.4, 128.6, 128.9 (mi-
nor), 138.4, 169.2; LRMS m/z 224 (M+�59, 16), 158 (Base).
Anal. Calcd for C14H18O3NCl (283.75): C, 59.26; H, 6.39; N,
4.94. Found: C, 59.33; H, 6.41; N, 5.01.

4.7.1.6. Methyl 3-chloro-2-piperidino-3-phenylpropa-
noate (18b). The title compound was synthesized using
the Sharpless protocol8c,d (amino alcohol 17b 2.48 g,
9.43 mmol, triethylamine 1.44 ml, 10.37 mmol, methane-
sulfonyl chloride 802 ml, 10.37 mmol, dichloromethane
10 ml). After stirring for 3 h, the ammonium mesylate was
removed by treating the solution on a plug of silica gel, elut-
ing with ether. Concentration under vacuum afforded the
pure regioisomer 18b (2.53 g, 96%) as a colourless crystal-
line solid. In contrast to its morpholino analogue 18a, com-
pound 18b decomposes on standing at room temperature and
therefore must be stored in the freezer at �20 �C. At this
temperature, 18b is indefinitely quite stable.

Cl

N

CO2Me

18b

Mp 88 �C; Rf¼0.69 (cyclohexane/EtOAc 8:2); IR (n,
cm�1, CHCl3) 1731.1; 1H NMR (200 MHz, CDCl3, 25 �C)
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d 1.1–1.3 (br s, 1H+m, 6H), 2.20–2.35 (m, 2H), 2.50–2.65
(m, 2H), 3.71 (d, J¼11 Hz, 1H), 3.83 (s, 3H), 5.17 (d,
J¼11 Hz, 1H), 7.30–7.40 (m, 5H); 13C NMR (50 MHz,
CDCl3) d 24.2, 26.2, 51.1, 51.3, 59.6, 74.2, 127.9, 128.2,
128.3, 138.9, 169.7; LRMS m/z 246 (M+�35, 2), 156
(Base). Anal. Calcd for C15H20O2NCl (281.78): C, 63.94;
H, 7.15; N, 4.97. Found: C, 63.90; H, 7.21; N, 4.91.

4.7.1.7. trans-2,3-Epoxy-3-phenyl-propenoic N,N-pyr-
rolidinylcarboxamide (19). The title compound was
obtained instead of the expected chloro amine 18c using
the Sharpless protocol8c,d (amino alcohol 17c 1.3 g,
5.22 mmol, triethylamine 800 ml, 5.74 mmol, methanesul-
fonyl chloride 444 ml, 5.74 mmol, dichloromethane 5 ml).
After stirring for 3 h, the ammonium mesylate was removed
by filtering the solution on a plug of silica gel, eluting with
ether. Concentration under vacuum afforded the pure com-
pound 19 (1.02 g, 90%) as a colourless crystalline solid.

O

O

N

19

Mp 56 �C; Rf¼0.25 (cyclohexane/EtOAc 3:7); IR (n, cm�1,
CHCl3) 1739.4; 1H NMR (200 MHz, CDCl3, 25 �C) d 1.85–
2.15 (m, 4H), 2.52–3.75 (m, 4H), 3.57 (d, J¼1.6 Hz, 1H),
4.15 (d, J¼1.6 Hz, 1H), 7.32–7.42 (m, 5H); 13C NMR
(50 MHz, CDCl3) d 23.3, 51.9, 52.6, 72.2, 125.6, 127.5,
127.9, 135.7, 172.4; LRMS m/z 217 (M+, 7), 82 (Base).
Anal. Calcd for C13H15O2N (217.76): C, 71.86; H, 6.96;
N, 6.44. Found: C, 72.0; H, 6.91; N, 6.31.

4.7.1.8. Methyl 2,3-dimorpholino-3-phenyl propanoate
(2et).

N

N

CO2Me

O

O
2et

The title compound was synthesized using the Sharpless pro-
tocol8c,d (amino chloride 18a 284 mg, 1 mmol, K2CO3

138 mg, 1 mmol, morpholine 96 ml, 1.1 mmol, acetonitrile
2 ml). The pure compound 2e so obtained (331 mg, 99%)
gave analytical data identical in all respects with those
described for the less polar product 2et obtained by our
aza-MIRC methodology.

4.7.1.9. Methyl 3-anilino-2-morpholino-3-phenyl pro-
panoate (12ac).

NH

N

CO2Me

O12ac

The title compound was synthesized using the Sharpless
protocol8c,d (amino chloride 18a 284 mg, 1 mmol, K2CO3

138 mg, 1 mmol, aniline 100 ml, 1.1 mmol, acetonitrile
2 ml). The pure compound 12a so obtained (316 mg, 93%)
gave analytical data identical in all respects with those de-
scribed for the more polar product 12ac obtained by our
aza-MIRC methodology.

4.7.1.10. Methyl 2,3-dipiperidino-3-phenyl propa-
noate (2gt).

N

N

CO2Me

2gt

The title compound was synthesized using the Sharpless
protocol8c,d (amino chloride 18b 282 mg, 1 mmol, K2CO3

138 mg, 1 mmol, morpholine 109 ml, 1.1 mmol, acetonitrile
2 ml). The pure compound 2g so obtained (327 mg, 99%)
gave analytical data identical in all respects with those
described for the less polar product 2gt obtained by our
aza-MIRC methodology.

4.7.1.11. Methyl 3-anilino-2-piperidino-3-phenyl
propanoate (12bc).

NH

N

CO2Me

12bc

The title compound was synthesized using the Sharpless
protocol8c,d (amino chloride 18b 282 mg, 1 mmol, K2CO3

138 mg, 1 mmol, aniline 100 ml, 1.1 mmol, acetonitrile
2 ml). The pure compound 12b so obtained (317 mg, 94%)
gave analytical data identical in all respects with those
described for the more polar product 12bc obtained by our
aza-MIRC methodology.

4.7.1.12. Methyl 3-tert-butylamino-2-morpholino-3-
phenyl propanoate (12dc).

NH

N

CO2Me

O

tBu

12dc

The title compound was synthesized using the Sharpless
protocol8c,d (amino chloride 18a 284 mg, 1 mmol, K2CO3

138 mg, 1 mmol, tert-butylamine 114 ml, 1.1 mmol, aceto-
nitrile 2 ml). The 1H NMR spectrum of the pure compound
12d so obtained (300 mg, 94%, mp 90 �C) exhibited signals
identical to those of the major stereomer in the adduct 12dt–
c obtained by our aza-MIRC methodology. 13C NMR
(50 MHz, CDCl3) d 30.4, 50.3, 50.8, 51.3, 55.9, 67.2, 75.4,
126.7, 127.1, 128.0, 133.0, 171.0. Anal. Calcd for
C18H28O3N2 (320.43): C, 67.47; H, 8.82; N, 8.74. Found:
C, 67.64; H, 8.95; N, 8.85.

Supplementary data

Supplementary data associated with this article can be found
in the online version, at doi:10.1016/j.tet.2006.07.085.
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