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The present review portrays a concise account of the isolation, bioactivity, and synthesis of bioactive quinazolinone-based natural products for
the period 1983–2005 and the recent developments in the area of complex quinazolinone natural products with a special emphasis on new
synthetic routes and strategies.
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1. Introduction

Quinazolinone (Fig. 1) is a building block for approximately
150 naturally occurring alkaloids isolated to date from
a number of families of the plant kingdom, from animals
and from microorganisms. The first quinazolinone was syn-
thesized1 in the late 1860s from anthranilic acid and cyano-
gen to give 2-cyanoquinazolinone (1, Fig. 2). Interest in
the medicinal chemistry of quinazolinone derivatives was
stimulated in the early 1950s with the elucidation of a quin-
azolinone alkaloid, 3-[b-keto-g-(3-hydroxy-2-piperidyl)-
propyl]-4-quinazolone [febrifugine2 (2), Fig. 2], from an
Asian plant Dichroa febrifuga, which is an ingredient of
a traditional Chinese herbal remedy, effective against
malaria.

In a quest to find additional potential quinazolinone-based
drugs, various substituted quinazolinones have been synthe-
sized, which led to the synthesis of the derivative, 2-methyl-
3-o-tolyl-4-(3H)-quinazolinone [methaqualone (3), Fig. 2].
Methaqualone (3) was synthesized3 for the first time in
1951 and it is the most well-known synthetic quinazolinone
drug, famous for its sedative–hypnotic effects.4 The intro-
duction of methaqualone and its discovery as a hypnotic trig-
gered the research activities toward the isolation, synthesis,
and studies on the pharmacological properties of the quina-
zolinones and related compounds. Quinazolinones and their
derivatives are now known to have a wide range of useful
biological properties, such as hypnotic, sedative, analgesic,
anti-convulsant, anti-tussive, anti-bacterial, anti-diabetic,
anti-inflammatory, anti-tumor, and several others.5,6 The
chemistry of the quinazolinone alkaloids is well docu-
mented5,6 in a number of comprehensive reviews and mono-
graphs and is continuously updated in Natural Product
Reports.7

The review by Johne6b has covered the literature of all the
quinazolinone natural products isolated up to the middle of
1983. After 1983, relatively few reviews have appeared on
quinazolinones, which were very specific to either selected
natural products5,6i or to general quinazolinone synthetic
methods.6g,h Quinazolinone is an important pharmacophore
and several new natural products have been isolated and syn-
thesized during the past two decades. We, therefore feel that
a complete literature review of all the quinazolinone natural
products isolated after 1983 is necessary at this point in time.
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Figure 1. Quinazolinone basic structure.
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Figure 2. Synthetic and natural quinazolinones.
Accordingly, the present review portrays a concise account
of the isolation, bioactivity, and synthesis of naturally occur-
ring quinazolinone alkaloids isolated after the middle of
1983 up to 2005, pertaining strictly to the basic structure
shown in Figure 1 and recent developments in the area of
the complex quinazolinone natural products, with an empha-
sis on new synthetic routes and strategies. The chemistry of
quinazolinone alkaloids is published in a broad range of sci-
entific journals. We have tried, to the best of our ability, to
assemble and present the information on natural quinazoli-
nones in this report, but no pretension of completeness is
claimed. In order to simplify and understand the chemistry
of the naturally occurring quinazolinone alkaloids, these
compounds have been divided into subclasses according to
their structures. Each group contains information about the
natural products in tabular form, incorporating their struc-
ture, name, molecular formula, species from which they
were isolated, bioactivity, and references pertaining to syn-
thesis. A table is followed by a discussion and illustration
of the synthesis of the representative quinazolinone alka-
loids from the list. In the last part, the biological activity
of quinazolinones and their applications in clinical treat-
ments have been discussed and this is followed by a final
summary.

Quinazolinone derivatives are of interest because of their
pharmacological properties,6g,8 e.g., protein tyrosine kinase
inhibitory, cholecystokinin inhibitory, anti-microbial, anti-
convulsant, sedative, hypotensive, anti-depressant, anti-
inflammatory, and anti-allergy properties. Some of these
compounds also have interesting biological properties8

such as anti-malarial activity, biofungicide, and diuretic
properties. A literature survey has revealed that there are
about 75 new quinazolinone-based natural products isolated
under the present review period, and these were character-
ized by UV, IR, 1H NMR, 13C NMR, 2D NMR, and mass
spectroscopic methods, together with X-ray crystallographic
analysis data. In view of the importance of quinazolinones
and their derivatives, many classical methods for their syn-
thesis have been reported in the literature.5,6g,h,8,9 The
main synthetic routes to quinazolinone compounds utilize
2-aminobenzoic acid or its derivatives, 2-aminobenzamide,
2-aminobenzonitrile, isatoic anhydride, 2-carbomethoxy-
phenyl isocyanate, N-arylnitrilium salts, and 4H-3,1-benz-
oxazinones as suitable precursors. In the solid-phase
synthesis field, lithium reagents and transition metals
have been used for the preparation of these compounds.5

Other important methods include coupling of O-methyl-
butyrolactam with anthranilic acid, cycloaddition of an-
thranilic acid iminoketene to methylbutyrolactam (via
sulfonamide anhydride), reactions of anthranilic acid deriv-
atives with a wide range of substrates including imidates
and imino halides, the reaction of anthranilic acid and
the appropriately substituted imidate in a facile one-pot
procedure, and microwave-promoted reaction of anthranilic
acid with amines and formic acid (or its ortho ester) and
isatoic anhydride.9

All the important methods for the synthesis of the quinazo-
linone alkaloids are described in the following sections in
detail. These alkaloids have been divided into six major
categories according to their structural features and further
subdivided depending on their substitution pattern.
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2. Quinazolinones substituted at 2- and/or 3-positions

These compounds are simple quinazolinones substituted at
2- and/or 3-positions. They are further divided into sub-
classes depending on the position of the substituents.

2.1. Simple 2-substituted quinazolin-4-ones

Three simple 2-substituted quinazolin-4-ones isolated from
various species under the review period are listed in Table 1.

2-Methyl-4(3H)-quinazolinone (6) was isolated from culture
of the microorganism Bacillus cereus10a and has been pre-
pared synthetically before its isolation.10a Recently, it was
synthesized by Connolly and Guiry.11 In their general ap-
proach to the synthesis of this type of alkaloids (Scheme 1),
in which a straightforward condensation between anthra-
nilic acid (4) and various imidates of general formula
RC(¼NH)OMe in boiling methanol produced a range of
2-substituted quinazolin-4(3H)-ones, e.g., condensation with
the imidate 5 produced the alkaloid 6 (Table 1, entry 1) in
42% overall yield. A more efficient one-pot approach to
this type of moiety was provided by Kametani et al.,16 in
which a natural product, glycosminine (8), has been synthe-
sized starting from anthranilic acid via a sulfonamide anhy-
dride 7 in 40% overall yield (Scheme 2).

The natural product, 2-(4-hydroxybutyl)-quinazolin-4-one
(Table 1, entry 2), is a one-carbon homologue of the cyto-
toxic alkaloid, pegamine, i.e., 2-(3-hydroxypropyl)-quina-
zolin-4-one, a natural product isolated from Peganum
harmala.17 We have synthesized both these natural products
in our research group and have further transformed them into
the natural products, mackinazolinone14 and deoxyvasici-
none,18 respectively. To date, no synthetic approach to bou-
chardatine (Table 1, entry 3) is known in the literature. The
natural product, luotonin F, also comes under this structural
class of alkaloids and, for better representation, it will be
discussed under the luotonin class of alkaloids in Section 4.

2.2. 3-Substituted quinazolin-4-ones

Nine natural 3-substituted quinazolin-4-ones have been iso-
lated from various species (Table 2, entries 1–9) during the
present review period.

(+)-Hydrachine A was reported to be a new natural product
isolated from Hydrangea chinensis,26a but the discoverers
with the help of additional NMR have now conceded that
(+)-hydrachine A and the alkaloid, (+)-neodichroine, iso-
lated from D. febrifuga12 are identical, although there is still
doubt about the absolute stereostructure.26b

A general route to this structural type can be exemplified
by two recent approaches. In a search to speed up an
aspect of drug-discovery processes, Besson et al.27 have

NH2

OH

O

NH

MeMeO N

NH

O

Me
+ i

64 5

Scheme 1. Reagents and conditions: (i) MeOH, 25 �C, 30 min, then 80 �C,
6 h (42%).

NH2

CO2H

N
H

S

O

O

O N

O

NHi ii

 glycosminine (8)4 7

Scheme 2. Reagents and conditions: (i) SOCl2, benzene, reflux, 2 h; (ii)
phenylacetamide, benzene, rt, 12 h (40% overall yield).
Table 1. Simple 2-substituted quinazolin-4-ones

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C9H8N2O) 

N

NH

O

Me
2-methyl-4(3H)-quinazolinone

Bacillus cereus10a BMH225-mF1,
Streptomyces sp.10b GW23/1540
(low acute toxicity in mice)

Synthesis known before isolation10a

Connolly and Guiry11

2

(C12H14N2O2)

N

O

NH

OH

2-(4-hydroxybutyl)quinazolin-4-one

Dichroa febrifuga12 Synthesis known before isolation13

Mhaske and Argade14

3

(C17H11N3O2) 

N

O

NH

N
H

CHO

bouchardatine

Bouchardatia neurococca15 Not known
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Table 2. 3-Substituted quinazolin-4-ones

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C10H10N2O2)

N

N
OH

O

echinozolinone

Echinops echinatus19 Synthesis known before isolation19

2

(C10H10N2O3)

N

N
OH

O

OH
7-hydroxyechinozolinone

Echinops echinatus20 Not known

3

(C15H10N2O3)

N

N

O

CO2H

3-(2-carboxyphenyl)-
4(3H)-quinazolinone

Isatis indigotica21 (anti-endotoxic) Synthesis known before isolation21

4

(C14H10N2O2)

N

N

O

OH

3-(2-hydroxyphenyl)-
4(3H)-quinazolinone

Isatis indigotica22 Synthesis known before isolation22

5
N

N

O
MeO

OH

OMe

dictyoquinazol A
(C17H15N2O4)

Dictyophora indusiata23 Not known

6

(C16H12N2O)

N

N

O

(E)-bogorin

Glycosmis cf. chlorosperma24

(cytotoxic, anti-fungal)
Seger et al.24

7

(C16H12N2O)

N

N

O

(Z)-bogorin

Glycosmis cf. chlorosperma24

(cytotoxic, anti-fungal)
Seger et al.24

8

monodontamide F 

NHN
H

OO

N

N

O

OOHCNH

(C25H27N5O5)

Monadonta labio25 Niwa et al.25

9

(C17H19N3O3)

N

O

N
N

O
OH

H

(+)-neodichroine

Dichroa febrifuga12 Deng et al.12



9791S. B. Mhaske, N. P. Argade / Tetrahedron 62 (2006) 9787–9826
O
R1 R1 R1CO2H CO2H NH

+ NH2-CHO -H2O NR2 R2 R2N
R3 R3 R3

NH2

NH2a or b
-H2O

9  10 11

Scheme 3. Niementowski reaction: (a) conventional conditions: 130–150 �C, average time 6 h (40–60%); (b) microwave conditions: MW (60 W), 150 �C,
average time 20 min (70–90%).
re-investigated the Niementowski synthesis of the 3H-quina-
zolin-4-one core using microwave irradiation and have im-
proved the yields and reduced the reaction time (Scheme
3). The product 11 can be further transformed into the struc-
tural type shown in Table 2 by reaction with the correspond-
ing alkyl/aryl halides or epoxides.

The other approach describes an efficient one-pot synthesis
of an array of quinazolin-4-(3H)-ones from anthranilic acid,
ortho esters (or formic acid), and amines using Yb(OTf)3 as
a catalyst under solvent-free conditions.9a Compared with
the classical reaction conditions, this new synthetic method
has the advantage of high to excellent yields (75–99%),
shorter reaction times (few minutes), and re-usability of
the catalyst (Scheme 4).

O
CO2H HCO2H R'-NH2 R'/Ar 

i Nor + or
NH2 HC(OR) 3 Ar-NH2 N

+

4 12

Scheme 4. Reagents and conditions: (i) Yb(OTf)3, heat under solvent-free
conditions (75–99%).
(Z)-Bogorin (17, entry 7), a new quinazolone alkaloid
isolated from Javanese Glycosmis cf. chlorosperma, was
obtained in quantities too small for confirmation of its struc-
ture by 2D NMR spectroscopic experiments.24 The putative
structure was therefore substantiated by the short synthesis24

depicted in Scheme 5. Base-induced elimination of hydro-
gen chloride from 15 produced exclusively (E)-bogorin
(16, entry 6), which proved to be identical to another trace
alkaloid in the plant extract. Photochemical isomerization
of 16 yielded a separable 1:1 mixture of (E)- and (Z)-bogor-
ins, the latter of which gave 1H and 13C NMR spectroscopic
signals identical to those of natural 17. (Z)-Bogorin showed
anti-fungal activity toward Cladosporium herbarium (IC50

40 mg cm�3) and was moderately cytotoxic toward Artemia
salina (brine shrimp). The corresponding (E)-isomer and
the synthetic precursors were found to be significantly less
active.

Monodontamide F (21, entry 8) was isolated25 from Mono-
donta labio. The structure 21 was determined spectroscop-
ically, and confirmed by a synthesis (Scheme 6).25

Ozonolysis of alcohol 19, followed by reductive workup,
provided formamide 20, which was converted into the corre-
sponding iodo compound using NaI. Finally, N-3 alkylation
NH2

CO2H NH2

HO N

NH

O

N

N

O

OH

N

N

O

ClN

N

O

N

N

O

+ i ii

iii

ivv

(E)-bogorin (16)(Z)-bogorin (17)

4 13 14

15

1:1

Scheme 5. Reagents and conditions: (i) 130 �C, 2.5 h (83%); (ii) styrene oxide, Py (cat.), PriOH, reflux (43%); (iii) SOCl2, benzene, reflux (93%); (iv) DBU,
benzene, reflux (65%); (v) hv (Hg lamp), CyH, rt (50%).

N

N

O
N
H

OO

N
H

O NHCHO

N
H

N
H

OO

EtO

N
H

N
H

OO

N
H

OH

N
H

OO

N
H

OH
O NHCHO

monodontamide F (21)

i

ii

iii-v

18 19

20

Scheme 6. Reagents and conditions: (i) 4-aminobutan-l-ol, 70 �C (90%); (ii) O3, NaHCO3, MeOH, �78 �C, then Me2S, �78 �C to rt (62%); (iii) p-TsC1, Py,
0 �C; (iv) NaI, CaCO3, acetone, 50 �C; (v) 4-hydroxyquinazoline, KOH, EtOH, rt to reflux (43% over iii–v).
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of quinazoline with the iodo compound was effected using
KOH, yielding 21 (43% from 20).

A group of researchers from China have isolated the
interesting new quinazolinone–quinolizidine dimer, (+)-neo-
dichroine (entry 9), which was isolated as a crystalline
solid12 as the principal component from extracts of the leaves
of D. febrifuga. Evidence for the structure of neodichroine
came from 1H and 13C NMR spectra, recorded in deuterated
pyridine, together with COSY and NOE data. Neodichroine
also formed an acetate that gave a well-resolved 1H
spectrum. A short synthesis12 of neodichroine by a Mannich
reaction between the natural product, febrifugine (2), and
formaldehyde at pH 4 provided a definitive evidence for
the structure of the isolated natural product.

There is no synthetic method reported to date for 7-hydroxy-
echinozolinone (entry 2) and dictyoquinazol A (entry 5), but
their synthesis should be possible by using strategies used
for the synthesis of other members of this class.

2.3. 2,3-Disubstituted quinazolin-4-ones

There are only two quinazolinone natural products (Table 3,
entries 1 and 2) isolated under the review period, substituted
both at the 2- and the 3-positions, and they are trypto-
quivaline analogs. 27-epi-Tryptoquivaline (entry 1) and
27-epi-nortryptoquivaline (entry 2) are the epimers of the
previously known quinazolinone alkaloids, tryptoquivaline
and nortryptoquivaline, respectively, which were isolated
from Aspergillus clavatus.28

The first total synthesis of tryptoquivaline was achieved by
Nakagawa et al.30 and this can be extended to the synthesis
of the new tryptoquivalines by using an amino acid with the

Table 3. 2,3-Disubstituted quinazolin-4-ones (tryptoquivaline analogs)

Entry Quinazolinone alkaloid
(MF)

SourceRef. (activity) SynthesisRef.

1
O

N

N

O

H

N

O

OH H

O
OCOMe

27-epi-tryptoquivaline
(C29H30N4O7)

Corynascus setous29

(tremorgenic)
Not known

2
O

N

N

O

H

N

O

OH

H

H

O
OCOMe

27-epi-nortryptoquivaline
(C28H28N4O7)

Corynascus setous29

(tremorgenic)
Not known
appropriate stereochemistry. Several efficient methods for
the synthesis of a variety of 2,3-disubstituted quinazolinones
are available in the literature.9g,31

In conclusion, the quinazolinones substituted at positions 2
and/or 3 (Tables 1–3) are structurally quite simple alkaloids
with a wide range of bioactivity and most have been synthe-
sized using various simple synthetic strategies. We feel that
the synthesis of bouchardatine (Table 1, entry 3) should be
possible by using an ortho-directed lithiation strategy, which
was developed by us32 in the synthesis of the quinazolinone
alkaloids, luotonins A, B, and E. The synthesis of (Z)-bogorin
(Scheme 5) can probably be improved by performing
a chemoselective Wittig reaction on the N-formyl derivative
of compound 13 (similar imides) or by using a better trans–
cis isomerization catalyst for converting 16 into 17. The
lower yields for the last two steps in the synthesis of mono-
dontamide F (Scheme 6) may be possibly due to a feasible
intramolecular cyclization in compound 20, under the reac-
tion conditions. Besson et al.27 made the 3-substitued quina-
zolinones more readily accessible by improving the classical
and famous Niementowski reaction in terms of reaction con-
ditions and yield. We feel that 1,3-benzoxazinones will be
potential precursors for the synthesis of 3-substitued quina-
zolinones (Table 2, entries 1–9) and tryptoquivaline analogs
(Table 3).

3. Quinazolinones fused with a pyrrole ring system

There are nine naturally occurring quinazolinone alkaloids
having quinazolinone ring fused with a pyrrole ring system.
They all are analogs or derivatives of deoxyvasicinone or
vasicinone isolated from various species and are listed in
Table 4 (entries 1–9). The synthetic methods for this struc-
tural type can be understood by illustrating various
approaches to deoxyvasicinone and vasicinone, which is
a basic structural unit for all these alkaloids (entries 1–9).

Deoxyvasicinone (22) has been isolated from Adhatoda
vasica44 and possesses anti-microbial, anti-inflammatory
and anti-depressant acitivities.45 Several synthetic routes to
deoxyvasicinone (22) are known in the literature.16,43b,46

Two efficient and easy approaches are discussed in detail
below and the selected methods have been summarized in
Table 5.

Kametani et al.46e synthesized deoxyvasicinone (22) in good
yields from the reaction of the unstable sulfonamide anhy-
dride 7 with O-methylpyrrolidone (Scheme 7), affording de-
oxyvasicinone in 65% overall yield. Later, they improved16

these conditions by using simple 2-pyrrolidone to obtain 22
in 93% overall yield.

The azide 24 obtained from pyrrolidone (23) was treated
with triphenylphosphine, but the cyclization required heat-
ing at a higher temperature for a longer time. When tributyl-
phosphine was used, the reaction was complete in a shorter
time at room temperature with a good yield (Scheme 8).46i

This aza-Wittig reaction protocol is now famous as Eguchi’s
protocol. Gil et al.46p synthesized deoxyvasicinone in quan-
titative yields by using polystyrene-supported triphenyl-
phosphine in the aza-Wittig reaction, which facilitates easy
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Table 4. Pyrroloquinazolinones (deoxyvasicinone/vasicinone and derivatives)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(±)-vasicinone
(C11H10N2O2)

N

N

O

OH
Galium aparine,33a Peganum multisectum,33b,c

Nitraria schoberi33d Eguchi et al.,34 Kamal et al.35

2 N

N

O

OH
(+)-vasicinone
(C11H10N2O2)

Adhatoda vasica36 Eguchi et al.,34 Kamal et al.35

3 N

N

O

OHOMe
adhavasinone

(C12H12N2O3)

Adhatoda vasica37 Chowdhury and Bhattacharyya37

4

(C12H12N2O3)

N

N

O

OH

MeO

7-methoxyvasicinone

Adhatoda vasica38 Not known

5

(C19H19N3O2)

N

N

O

OH
Me2N

desmethoxyaniflorine

Adhatoda vasica38 Not known

6

(C20H19N3O4)

N

N

OH

NHMe

O

CO2Me

3-hydroxyanisotine

Adhatoda vasica39 Synthesis known before isolation40

7

dipeginol
N

N

N

N

O

OH

(C22H20N4O2)

Peganum harmala41 Not known

(continued)
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Table 4. (continued)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

8

(C20H18N2O4)

N

N

O

OH

OMe

OMeisaindigotone

Isatis indigotica,22,42a Isatis tinctoria42b

scavenger of superoxide (anti-oxidant)
Molina et al.,43a Liu et al.43b

9

(C19H17N3O3)
vasnetine

N

N

O

NH

CO2Me

Adhatoda vasica39 Not known

Table 5. Various approaches to deoxyvasicinone (22)

Entry Brief scheme Overall yield (%) (steps) Ref.

1

NH2

CO2H
N

MeO N

N

O

+

22

82% (one step) Onaka46c

2

N

N

O
NH2

I

CO
Pd(OAc)2-PPh3

K2CO3

+ NH

O
22

52% (one step) Mori et al.46g

3

NO2

Cl

O

N

O

NO2

O

Et3N

23 Ru3(CO)12

CO
22

55% (two steps) Watanabe et al.46k

4
Cl

O

N3

N

O O

N3

Et3N

23

a

(a) baker's yeast or TMSCl-NaI 

22 w82% (two steps) Kamal and Ramana35

5 NH

O

N

Cl

i) HCl

ii) POCl3

NH2

CO2Me

22
88% (two steps) Lee et al.46n
NH2

CO2H

N
H

S
O

O

O
N

MeO
N

N

O

4  7 22

i ii

Scheme 7. Reagents and conditions: (i) SOCl2, benzene, reflux, 2 h; (ii)
2-methylpyrrolidone, benzene, rt, 1–2 h (65%).
N

O O

N3 N

N

O

NH

O

i ii

2223 24

Scheme 8. Reagents and conditions: (i) NaH, benzene, o-azidobenzoyl
chloride, rt (75%); (ii) PPh3, 140 �C, 5 h or PBu3, rt, 3 h (99%).
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removal of the byproduct, triphenylphosphine oxide from
the reaction mixture.

We have developed18 a new route to deoxyvasicinone (22)
with 85% overall yield via the acylation of anthranilamide
(25) with succinic anhydride (26), followed by diazo-
methane esterification of the formed succinanilic acid 27,
chemoselective LAH-reduction of ester 28, in situ LiOH-
catalyzed dehydrative cyclization and an intramolecular
Mitsunobu ring-closure reaction pathway (Scheme 9).

Morris et al.46a completed a partial synthesis of deoxyvasici-
none (22) by oxidation of deoxyvasicine, which is also a nat-
ural product. Kamal et al.46l recently developed a route for
the synthesis of deoxyvasicinone (Table 5, entry 4), in which
they have used FeCl3–NaI as a reagent for the last reductive
cyclization step. Nishiyama et al.46m used selenium as a cat-
alyst for the reductive cyclization step and could synthesize
deoxyvasicinone in good yield by following the same strat-
egy as used by Watanabe et al.46k (Table 5, entry 3). A new
method for the preparation of deoxyvasicinone has been
reported,46o in which 2-nitrobenzoic acid on reaction with
2-pyrrolidinone followed by 10% Pd/C reduction afforded
22 in good yields. A novel one-pot microwave-assisted
domino reaction, between anthranilic acid and 4(tert-butoxy-
carbonylamino)butyric acid in the presence of P(OPh)3 in
pyridine, developed by Liu et al.,43b furnished deoxyvasici-
none in 89% yield. This is a very efficient and general method
for the synthesis of quinazolinones.
(�)-Vasicinone (33) has been isolated44 from the aerial parts
of an evergreen subherbaceous bush A. vasica and exhibits
anti-tumor, bronchodilating, hypotensive, anthelmintic,
and anti-anaphylactic activities.33b,47 It is used in the Indian
ayurvedic system of medicine as a remedy for cold, cough,
bronchitis, rheumatism, phthisis, and asthma.44,48 Recently,
Joshi and co-workers39,49 reversed the previously assigned50

3(R)-configuration of (�)-33 on the basis of X-ray crystallo-
graphic analysis49a and by using the Mosher ester analysis
method.49b Three synthetic routes to vasicinone are known
in the literature.34,35,46c,g

Onaka46c completed the synthesis of (�)-vasicinone (33)
from deoxyvasicinone (22) (Scheme 10). Deoxyvasicinone
(22), obtained by following his own scheme as shown in
Table 5 (entry 1), was brominated using NBS and the mono-
bromo product 31 was converted into acetylvasicinone 32 by
treatment with AcONa–AcOH. Acetylvasicinone 32 was
then hydrolyzed under basic conditions to obtain (�)-vasici-
none (33) in 17% overall yield starting from anthranilic acid.
A similar approach was used by Ziaee et al.46o Mori et al.46g

synthesized (�)-vasicinone by a modification of Onaka’s
method,46c employing the expensive AcOAg instead of
AcONa.

Eguchi et al.34 completed the synthesis of (�)-vasicinone
(33), (�)-vasicinone (33), and (+)-vasicinone (33) via an
aza-Wittig reaction as the key step (Scheme 11). The se-
quence of the reactions shown in Scheme 11 was first carried
N
H

O
CONH2

CONH2

CONH2

OH

O
27

i ii

28

NH2

O

NH2 +

25 26

O

O

O

iii

N

O

NH
OH

ivN

N

O

  29pegamine (30)deoxyvasicinone (22)

N
H

O

O

OMe

N
H

O
OH

Scheme 9. Reagents and conditions: (i) Et2O/benzene/1,4-dioxane (2:2:1), rt, 2 h (98%); (ii) CH2N2, Et2O, rt, 1 h (98%); (iii) LAH, THF, 90 min, aqueous
workup (93%); (iv) PPh3, DEAD, THF, rt, 1 h (95%).

N

N

O

Br
N

N

O

OAc
N

N

O

OH
N

N

O

22 (±)-vasicinone (33)

i ii iii

31 32

Scheme 10. Reagents and conditions: (i) NBS, benzoyl peroxide, CCl4, reflux (57%); (ii) AcONa–AcOH, reflux (33%); (iii) aq KOH, rt (17% overall yield from
anthranilic acid).
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O

Cl NH

O
OTBDMS

N

N3

O O

OTBDMS

N

N

O

OH
N

N

O

OTBDMS

+
i ii iii

(–)-vasicinone (33)
    (82%, 97% ee)

34 35 36 37

Scheme 11. Reagents and conditions: (i) NaH, THF, 0 �C to rt, 3 h (83% from o-azidobenzoic acid); (ii) n-Bu3P, toluene, rt, 1 h, then reflux, 2 h (76%); (iii)
TBAF, THF, 0 �C to rt, 15 h (97%).
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out by using racemic 3-hydroxy-g-lactam to obtain (�)-
vasicinone (33). Both optical isomers of the quinazolinone
alkaloid, vasicinone, were synthesized by two different
methods. The first method used 3(S)-3-hydroxy-g-lactam
(derived from L-aspartic acid in six steps)51 as a chiral
synthon, which was, after O-TBDMS protection, o-azido-
benzoylated followed by sequential treatment with tri-n-
butylphosphine and TBAF to afford (S)-(�)-vasicinone via
the tandem Staudinger/intramolecular aza-Wittig reaction
(Scheme 11). The second method utilized asymmetric
oxygenation of deoxyvasicinone (22) with (1S)-(+)- or
(1R)-(�)-(10-camphorsulfonyl)oxaziridine (Davis reagent).
The aza-enolate anion of deoxyvasicinone was treated with
the (S)-(+)-reagent to afford (R)-(+)-vasicinone in 71% ee,
while the reaction with the (R)-(�)-reagent gave (S)-(�)-
vasicinone in 62% ee. These results provided a good method
to prepare both the enantiomers of vasicinone and confirmed
the recently reversed39,49 stereochemistry of natural (�)-
vasicinone.

Kamal et al.35 have reported an efficient enzymatic resolu-
tion of (�)-acetylvasicinone 32 and (�)-vasicinone (33) to
obtain both enantiomers of vasicinone (Scheme 12). Deoxy-
vasicinone (22) was synthesized using their own scheme
(Table 5, entry 4) and it was converted in good yields into
(�)-acetylvasicinone 32 and (�)-vasicinone (33) by bromi-
nation followed by displacement with acetate and hydrolysis
reaction sequence.

Acetylvasicinone thus obtained has been enzymatically hy-
drolyzed employing lipase PS Amano into its (R)-alcohol
and (S)-acetate in 98% ee with nearly 50% conversion. Al-
ternatively, racemic vasicinone has been resolved by trans-
esterification with different lipases. It was observed that
THF, followed by toluene and di-isopropyl ether, provides
good selectivity with good conversions and, interestingly,
the (R)-acetate is obtained in >99% ee employing lipase
PS in THF.

Recently, we have demonstrated18 a concise, efficient, and
practical chiral pool synthesis of (�)-vasicinone (33)
starting from the readily available (S)-malic acid as a chiral
synthon. A total synthesis of (�)-vasicinone (33) with 80%
overall yield (97–98% ee) has been accomplished via
a highly regioselective ring opening of 2(S)-acetoxysuccinic
anhydride (38) at the more reactive electron-deficient car-
bonyl carbon, followed by repetition of the same reaction
sequence, as depicted in Scheme 9, without using any
protection–deprotection chemistry. The present synthesis
of (�)-vasicinone with a chiral pool strategy directly
confirmed the stereochemistry of the natural product
(Scheme 13).

Adhavasicinone (Table 4, entry 3) has been synthesized by
Chowdhury and Bhattacharya37 starting from 2-amino-3-
methoxybenzaldehyde. 7-Methoxyvasicinone (entry 4) can
be very easily synthesized by using the various methods
available for the synthesis of vasicinone. Desmethoxyani-
florine (entry 5), 3-hydroxyanisotine (entry 6), the semisyn-
thesis40 of which by oxidation of the natural product
anisotine is known, and dipeginol (entry 7) can be synthe-
sized using Kokosi’s52 synthetic route. This route was
N
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OAc
N

N
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N
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+

+
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originally developed for the synthesis of the quinazolinone
natural product, vasicolinone, the structure of which is
similar to that of the alkaloids listed in entries 5–7. A
straightforward condensation of deoxyvasicinone (22) with
4-acetoxy-3,5-dimethoxybenzaldehyde in acetic anhydride
followed by hydrolysis of the ester completed the first
synthesis43a of isaindigotone (entry 8) in 64% overall yield.
A novel microwave-assisted, three-component, one-pot ap-
proach, developed by Liu et al.,43b provided isaindigotone
in 79% yield. Vasnetine (entry 9), having a similar structure
to that of the natural alkaloid, anisessine (the only difference
being the alkoxycarbonyl moiety), was synthesized by Ona-
ka46c by nucleophilic displacement of the bromine atom in
bromovasicinone 31 with ethyl anthranilate. Synthesis of
vasnetine will also be easily possible following Onaka’s pro-
cedure for anisessine.

In conclusion, the new pyrroloquinazolinone alkaloids pre-
sented in Table 4 (entries 1–9) are deoxyvasicinone/vasici-
none analogs and the synthesis of some of them is known.
The synthesis of these alkaloids should be possible by em-
ploying various synthetic strategies available for the synthe-
sis of deoxyvasicinone/vasicinone (Schemes 7–13 and Table
5) and by their transformations including oxidation, substi-
tution or condensation. The reductive cyclization using
various catalysts developed for this class of compounds pro-
vided an easy access to these alkaloids and the use of baker’s
yeast for this purpose is novel and interesting. To the best of
our knowledge, the enzymatic resolution of (�)-vasicinone
is the first example of a quinazolinone resolution using
lipases and it seems possible to apply it to the resolution
of other quinazolinone alkaloids, e.g., isovasicinone, luoto-
nin B, and 7-hydroxyrutaecarpine. A microwave-assisted
domino reaction sequence, developed by Liu et al., for the
construction of quinazolinone alkaloids is very efficient,
general, and useful for the synthesis of a large number of
combinatorial libraries.

4. Quinazolinones fused with a pyrroloquinoline ring
system

The species from the plant kingdom Peganum nigellastrum
Bunge (Zygophyllaceae) is found all over Asia and is
more common in the northwestern region of China. The
same plant with the Chinese name Luo-Tuo-Hao53 has
been used in Chinese traditional medicine as a remedy for
rheumatism, abscesses, and inflammation.53 Recently,
Nomura and co-workers from Japan in their collaborative
work with scientists from China have isolated six new alka-
loids,17b,54 luotonin A–F (Table 6 and Fig. 3), from the aerial
parts of P. nigellastrum.

Luotonins C and D are unusual canthin-6-one derivatives.
The structural assignments of luotonins A–F have been
achieved on the basis of analytical and spectral data,17b,54

and these bioactive natural products exhibit anti-tumor acti-
vity.54a,58 Ma et al.59a have reported an interesting bioactiv-
ity study of luotonins A and F analogues. Hecht et al.59b,c and
Dallavalle et al.59d reported the synthesis and biochemical
Table 6. Pyrroloquinalinoquinazolinones (luotonin alkaloids)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C18H12N3O)

N

N

N

O

luotonin A 

A B C
D

E

Peganum nigellastrum54a

(cytotoxic toward the murine leukemia
P388 cell line, IC50 1.8 mg/mL)
(naturally occurring human DNA
topoisomerase I poison, IC50 5.7–
12.6 mmol/mL)55

Thirteen syntheses43a,46n,54b,56

Mhaske and Argade32

2

(C18H12N3O2)

N

N

N

O OH

luotonin B 

Peganum nigellastrum54a

(cytotoxic toward leukemia P388 cells)
Four syntheses54a,b,56c,h,j,k

Mhaske and Argade32

3

(C19H13N3O2)

N

N

N

O OMe

luotonin E 

Peganum nigellastrum17b Three syntheses17b,54b,56j

Mhaske and Argade32

4a

(C18H11N3O2)
luotonin F 

N

N

NH

O

O
Peganum nigellastrum17b (anti-tumor)

Ma et al.,17b,54b

Mhaske and Argade57

a Described here, along with other luotonin alkaloids, although it comes under different class.
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properties of luotonin A derivatives. Ma et al.6i have recently
published a review on the isolation, structural determination,
synthesis, and biological activity of luotonin A and related
derivatives.

Luotonin A (48, Table 6, entry 1) is cytotoxic toward the
murine leukemia P388 cell line (IC50 1.8 mg/mL).17b,54 Re-
cently, Hecht et al.55 have demonstrated that, despite the
lack of lactone ring functionality, luotonin A stabilizes the
human DNA topoisomerase I-DNA covalent binary complex
and mediates topoisomerase I-dependent cytotoxicity in in-
tact cells (IC50 5.7–12.6 mmol/mL), like camptothecin and
its analogs60 (Fig. 4). In a very short time span (6 years),
13 syntheses (Schemes 14–17, Table 7) of luotonin A have
been reported from different laboratories using a variety of
elegant synthetic strategies.43a,46n,54b,56 A few approaches
are illustrated below and the remaining syntheses have
been summarized in Table 7.

The structure of luotonin A (48) was unambiguously
confirmed by Ganesan’s total synthesis56a (Scheme 14).
3-Oxo-1H-pyrrolo[3,4-b]quinoline (47) was synthesized
starting from o-nitrobenzaldehyde (43) via quinoline 46 in
five steps. Deprotonation of quinoline 47 gave an anion,
which was coupled with 2-sulfinylaminobenzoyl chloride
(prepared from the reaction of anthranilic acid with thionyl
chloride) to afford the natural product, luotonin A (48), in
7% overall yield starting from o-nitrobenzaldehyde (43) in
five steps (Scheme 14).

In Toyota’s approach,56d,i the intramolecular hetero Diels–
Alder reaction of an aryl imino ether (diene) with an aryl
nitrile (dienophile) has been used as the key reaction for an
efficient approach to the pyrroloquinazolino-quinoline alka-
loid, luotonin A (48) (Scheme 15). Activation of the diene
moiety by the incorporation of a methoxy group played an
important role for the hetero Diels–Alder reaction. Acyl-
ation of amine 50 with acid 49 provided the bromo-amide
51, which was converted into the cyano-amide 52 by
using a palladium-catalyzed coupling reaction with CuCN.

luotonin C (R' = Me)
luotonin D (R' = Et)

N
NMeO

O
R'

Figure 3. Luotonins C and D.
Cyano-quinoline 52 was next subjected to an intramolecular
hetero Diels–Alder reaction by heating with TMSCl and
Et3N in the presence of ZnCl2, which was followed by an
in situ elimination of methoxy group as methanol to regain
the aromaticity, to obtain luotonin A (48) in 35% overall
yield in three steps (Scheme 15).

Most of the multistep syntheses of linear pentacyclic luoto-
nin A have been completed using two suitable building
blocks with the construction of ring B or D. Harayama
et al.56h,k completed the synthesis of luotonin A (48) with
the construction of middle ring C using a Pd-assisted biaryl
coupling reaction, in which quinazolinone 55 was synthe-
sized by coupling of quinazolinone 13 and bromo-quinoline
54. A total synthesis of luotonin A (48) was completed by
using a Pd-assisted biaryl coupling reaction of compound
55 in an overall 79% yield over two steps (Scheme 16).
Both of such couplings have been used earlier by Comins
et al.60b in their total synthesis of camptothecin.

A regioselective quinazolinone-directed ortho-lithiation on
an adjacent quinoline moiety has been used by us as a key
step for a short, efficient, and practical synthesis32a of luoto-
nins A, B, and E. The qinazolinoylquinoline 58, prepared
starting from anthranilamide (25) and quinoline-2-carboxy-
lic acid chloride (56), on treatment with in situ-generated
non-nucleophilic mesityllithium,32b furnished the desired
dilithiated intermediate 59, which, on treatment with form-
aldehyde followed by a Mitsunobu ring-closure reaction,
gave luotonin A (48) in very good yield. The reaction of
the dilithiated intermediate 59 with DMF directly furnished
luotonin B (62) in 81% yield. Luotonin B (62), on methyla-
tion with p-TsOH/methanol, gave luotonin E (63) in 82%
yield (Scheme 17).

NO2

CHO

NMeO2C

NMeO2C

Br

N
NH

O

NH2

CHO

N

N

N

O

i ii

iii

ivv

43 44 45

47 46

luotonin A (48)

Scheme 14. Reagents and conditions: (i) FeSO4, NH4OH (57%); (ii) (a)
EtCOCO2H, NaOEt, MeOH, reflux, 16.5 h; (b) H2SO4, MeOH, reflux,
24.5 h (60%); (iii) NBS, AIBN, CCl4, reflux, 7 h (34%); (iv) NH3, MeOH
(74%); (v) LiN(TMS)2, 2-sulfinylaminobenzoyl chloride (85%).
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Figure 4. Camptothecin and its analogs.
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Scheme 17. Reagents and conditions: (i) Et3N (2 equiv), THF, rt, 3 h (96%); (ii) 5% aq KOH, EtOH, reflux, 5 min (98%); (iii) (a) mesityllithium (2.2 equiv),
�78 �C, 30 min to �20 �C (gradually), (b) THF solution of HCHO (5 equiv), �30 �C, 20 min, satd aq solution of NH4Cl (86%), (c) DMF (5 equiv), �20 �C,
30 min, satd aq solution of NH4Cl (81%); (iv) PPh3 (1.3 equiv), DEAD (1.2 equiv), THF, rt, 1 h (95%); (v) PCC (1.2 equiv), powdered 4 Å MS, CH2Cl2, rt, 1 h
(61%); (vi) p-TsOH (5 equiv), MeOH, reflux, 3 h (82%).
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toluene, 150 �C in a sealed tube (46%).
Molina et al.,43a in their formal synthesis of luotonin A (48),
directly oxidized deoxyvasicinone to the corresponding
precursor dione (Table 7, entry 1), the transformation of
which into luotonin A (48) by a Friedl€ander condensation
with 2-aminobenzaldehyde using Kelly’s procedure56b is
known.

To date, four syntheses of luotonin B,54a,b,56c,h,j three of
luotonin E,17b,54b,56j and two of luotonin F17b,54b are known.
Ma et al.54a exposed a chloroform solution of luotonin A (48)
to sunlight for two weeks to obtain luotonin B (Table 6, entry
2), whereas the reaction of luotonin A (48) with ceric ammo-
nium nitrate (CAN) also gave luotonin B in 15% yield.56c

Harayama et al.56h brominated luotonin A with NBS under
irradiation from a tungsten lamp, followed by solvolysis
with silver nitrate in aqueous acetone to obtain luotonin B
in 59% yield. Ma et al.17b confirmed the structure of luotonin
E (Table 6, entry 3) by a synthesis from luotonin B, in which
luotonin B was treated with BF3-etherate in a methanol
solution to obtain luotonin E in 70% yield.

Ma et al.17b completed the first total synthesis of luotonin F
(Table 6, entry 4), starting from 3-formylquinoline with
5.6% overall yield in six steps (Scheme 18). This molecule
comes under a different class, but has been described here
along with other members of the luotonins. Quinoline 68,
obtained in four steps from formylquinoline 64 via alcohol
65, chloride 66, and cyano-quinoline 67, was reacted with
isatoic anhydride to obtain the bioactive precursor, de-
oxoluotonin F (69). Ma et al.59a recently reported that the
synthetic compound, deoxoluotonin F, has cytotoxic activity
(IC50 2.3 mg/mL) and shows DNA topoisomerase II
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Table 7. Various approaches to luotonin A (48)

Entry Brief scheme Overall yield (%) (steps) Ref.

1 48

N

O

OH

N

N

N

O

O

Jones
reagent

44

Triton B 

33

5% (seven steps) Kelly et al.56b

2 48

N

O

OH

N
+

Me N

Me

p-TsOH

33

24% (three steps) Ma et al.56c

3
NH2

N
NH

O

3 steps
48

a

(a) NaH, 2-nitrobenzoyl chloride; then Fe, AcOH/EtOH 
47

8% (six steps) Dallavalle et al.56e

4

N
NH

O
N
H

O

O

O
+

MW
48

47

85% (one step) Yadav et al.56f

5
N

NH

O

48

47

EtO2C N

NAc
3 steps 

Formal synthesis Osborne et al.56g

6 N
NH

O

48

47

N
N

Cl

HCl
POCl3

a

(a) methyl anthranilate 

88% (two steps) Lee et al.46n

7

N

O

O

O

H
48

NH2

O

NH2+
5 steps

51% (five steps) Chavan and Sivappa56j

8
48

N

O

N

CHO

H2N

Dy(OTf)3 (10 mol%),
24 h 

51% (last step) Twin and Batey56l

9 48

N

O

N
I

Ph

CN

a

(a) (Me3Sn)2, t-BuPh, hν

21% (last step) Bowman et al.56m
inhibition at a concentration of 25 mM. Deoxoluotonin F was
oxidized with MnO2 in the presence of sunlight to obtain
luotonin F 70 (Scheme 18).

We have demonstrated57 an efficient biogenetic-type synthe-
sis of the alkaloid, luotonin F (70), starting from succinic
anhydride (26) via PCC oxidation of the natural product,
pegamine18 (30), Friedl€ander condensation, and Yamazaki’s
CrO3–H5IO6 oxidation reaction sequence. The overall yield
of 70 starting from 30 was 38% and, starting from succinic
anhydride (26), luotonin F (70) was obtained in six steps
with 34% overall yield. In our hands, all attempts to oxidize
hydroxypegamine 42 to the corresponding desired keto-
aldehyde or its ring-closed form, e.g., 72, using a variety
of oxidizing agents, failed and, hence, we were unable to
complete the short two-step synthesis of 70 starting from
42 (Scheme 19).

In conclusion, the pyrroloquinazolino-quinoline alkaloids,
luotonins A, B, and E, and the 2-substituted quinazolino-
quinoline alkaloid, luotoin F (Table 6, entries 1–4), isolated
by Nomura and co-workers, are important alkaloids having
anti-tumor activity. Various elegant synthetic methods for
all these alkaloids are known. Several syntheses of the
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Scheme 19. Reagents and conditions: (i) PCC, CH2Cl2, rt, 3 h (64%); (ii) Ac2O, Py, rt, 8 h (98%); (iii) o-aminobenzaldehyde, KOH, EtOH, reflux, 15 h (62%);
(iv) CrO3, H5IO6, DMF, rt, 1 h (96%).
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Scheme 18. Reagents and conditions: (i) NaBH4, MeOH (85%); (ii) SOCl2, benzene (96%); (iii) KCN, KI, 80% EtOH (62%); (iv) concd H2SO4 (71%); (v)
isatoic anhydride, 200–210 �C (43%); (vi) MnO2, CHCl3, sunlight (36%).
alkaloid, luotonin A, in a short time period and its correlation
with camptothecin prove the importance of the luotonin
class of alkaloids as promising candidates for clinical pur-
poses.

5. Quinazolinones fused with a piperidine ring system

Ten new quinazolinones fused with a piperidine ring system
have been isolated from various species in the review period
and these are listed in Table 8 (entries 1–10). Actually, nine
of them possess the indolopiperidine moiety.

Rutaecarpine (74), its analogs and auranthine (Fig. 5 and
Table 8, entries 1–10) are derivatives of mackinazolinone
(76), the simplest quinazolinone alkaloid having a quinazoli-
none ring fused with a piperidine ring system, which was
isolated64 from Mackinalaya species, for which several syn-
theses16,43b,46l,m,p,64,65 are known. Mackinazolinone was also
synthesized35,46k,n by repeating the same reactions as shown
in Table 5 (entries 3–5) using 2-piperidone instead of 2-pyr-
rolidone. Spath and Ruffner66 synthesized compound 76 by
the reduction of pyridoquinazoline 75 (Scheme 20). The first
known representatives of the quinazolinocarboline alkaloids
were rutaecarpine and evodiamine. The dried fruits of
Evodia rutaecarpa have been used67 in traditional Chinese
medicine under the name Wu-Chu-ru67b and Shih-Hu67c as
a remedy for headache, dysentery, cholera, worm infections,
and postpartum.67a,d The drug extract contains the quinazo-
linocarboline alkaloids, rutaecarpine (74) and evodiamine.68

Recently, callus tissue cultured from the stem of Phelloden-
dron amurense has been shown to produce 74, along with
a variety of other alkaloids7b(ix),61c,69 (Fig. 5). In the recent
literature, 74 and its derivatives have been reported to
possess strong analgesic, anti-emetic, astringent, anti-hyper-
tensive, uterotonic, TCDD-receptor, antinociceptive, anti-
inflammatory, and cyclooxygenase-2 (COX-2) inhibitory
activities.70 Rutaecarpine (74) was also found to suppress
platelet plug formation in mesenteric venules and increase
intracellular Ca2+ in endothelial cells.71 Recently, Don
et al.63a reported their studies on the effect of structural
modification on the inhibitory selectivity of rutaecarpine
derivatives on human CYP1A1, CYP1A2, and CYP2B1
and found a few of them to be highly selective inhibitors.

The rutaecarpines shown in Table 8 (entries 1–9) are new
quinazolinocarboline alkaloids isolated form various
species.61 1-Methoxyrutaecarpine (Table 8, entry 2) was pre-
pared61b by methylating 1-hydroxyrutaecarpine with diazo-
methane and 7,8-dehydrorutaecarpine (Table 8, entry 3) was
synthesized by Bergman and Bergman62 from rutaecarpine
by oxidation with DDQ. 2-Methoxyrutaecarpine (Table 8,
entry 7) has been synthesized63a in good yields by condens-
ing anthranilic acid with 1,2,3,4-tetrahydro-b-carboline. A
synthetic route could be designed for other natural products
of this class of alkaloids by utilizing various approaches
available for the synthesis of rutaecarpine.

The first total synthesis of the important bioactive natural
product, rutaecarpine (74), was reported72 by Robinson
et al. in 1927 and, since then, several routes to 74 and its de-
rivatives have been developed.5,16,46e,g,n,52,56k,62,65,73 A few
syntheses are described below in detail and the remaining
preparations are listed in Table 9.
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Table 8. Quinazolinones fused with a piperidine ring system (rutaecarpines and auranthine)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C18H13N3O2)

N

O

N

N
H

OH

(+)-7-hydroxyrutaecarpine

Tetradium glabrifolium61a [Evodia meliaefolia],
Tetradium ruticarpum61a, Phellodendron amurense61c Not known

2

(C19H15N3O2)

N

O

N

N
H

OMe

1-methoxyrutaecarpine

Zanthoxylum integrifolium61b

(anti-platelet aggregation activity)
Sheen et al.61b

3

(C18H11N3O)

N

O

N

N
H

7,8-dehydrorutaecarpine

Phellodendron amurense61d Synthesis known
before isolation62

4

(C18H13N3O3)

N

O

N

N
H

OH
OH

(  )-7,8-dihydroxyrutaecarpine

Phellodendron amurense61c Not known

5

(C18H13N3O2)

N

O

N

N
H

OH

3-hydroxyrutaecarpine

Leptothyrsa sprucei61e [Rutaceae] Not known

6

(C18H13N3O3)

N

N

N
H

O

OH
OH

1,2-dihydroxyrutaecarpine

Bouchardatia neurococca15 Not known

7

(C19H15N3O2)

N

N

N
H

O

MeO

2-methoxyrutaecarpine

Araliopsis tabouensis61f (anti-malarial) Don et al.63a

8

(C20H17N3O2)

N

N

N

O

MeO

CH3

2-methoxy-13-methyl-rutaecarpine

Araliopsis tabouensis61f (anti-malarial) Not known

(continued)
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Table 8. (continued)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

9

(C19H13N3O2)

N

O

N

N
H

OMe

1-methoxy-7,8-dehydrorutaecarpine

Zanthoxylum integrifolium61g

(cytotoxic against P-388 or HT-29 cell lines in vitro)
Not known

10

(C19H14N4O2)

N

O

N

N
NH

O

auranthine

Penicillium aurantiogriseum63b Not known

N

N

N
H

O

R

(13b,14)-dihydrorutaecarpine (C18H15N3O): R = H
evodiamine (C19H17N3O): R = Me
14-formyl-13b,14-dehydrorutaecarpine: R = CHO
(C19H15N3O2)

N

N

N
H

O

rutaecarpine (74) (C18H13N3O): R1 = R2 = R3 = H
hortiacine (C19H15N3O2): R1 = R2 = H, R3 = OMe 
euxylophoricine (C19H13N3O3): R1R2 = -O-CH2-O-, R3 = H 
euxylophoricine A  (C20H17N3O3): R1 = R2 = OMe, R3 = H 
euxylophoricine D (C21H19N3O4): R1 = R2 = R3 = OMe 

1
2

3
4

4a 5
6 7

8

8b

8a
9

10

1112

13
12a

13a

14
13b

A

E

R1

R2

R3

Figure 5. Naturally occurring bioactive rutaecarpines and analogs.
Hermecz et al.65 completed an efficient synthesis of rutae-
carpine via the natural product mackinazolinone (76). Mack-
inazolinone (76) was synthesized either from 2-piperidone
and anthranilic acid46e or by the reduction66 of compound
75. Compound 76 was converted into hydrazone 78 by two
different methods. In one of the methods, 76 was brominated
to the dibromo compound 77, which was then treated with
phenylhydrazine to obtain the hydrazone 78 in good yield.
In the other method, which was later generalized by the
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N

N
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N

N
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N

N
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N
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N
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Phrutaecarpine (74)

mackinazolinone (76)75 77
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v

Scheme 20. Reagents and conditions: (i) H2, cat. (92%); (ii) PhN2
+Cl�,

AcOH, pH 4, �5 to 10 �C, 12 h (98%); (iii) Br2, AcOH–AcONa, 50 �C,
1 h (98%); (iv) phenylhydrazine, EtOH, reflux, 4 h (81%); (v) polyphos-
phoric acid, 180 �C, (92%).
authors,74 the compound 76 was treated with phenyldi-
azonium chloride to obtain directly the hydrazone 78 in
quantitative yield. Interestingly, the hydrazone 78 shows
solvent-dependent geometric isomerism. Hydrazone 78,
under PPA-catalyzed Fischer indolization, gave rutaecarpine
(74) in good yield, completing its total synthesis in three
steps and 83% overall yield (Scheme 20).

Kokosi’s52 rutaecarpine synthesis started with deoxyvasici-
none (22). Treatment of the active methylene group of
deoxyvasicinone (22) with the Vilsmeier–Haack reagent
afforded the amino derivative 79, which, on treatment with
phenylhydrazine, gave the hydrazone 81 via the inter-
mediate 80. Heating the hydrazone 81 in Dowtherm A gave
rutaecarpine (74) via 82 in 49% yield and in 40% overall
yield from deoxyvasicinone (22) (Scheme 21).

Mohanta and Kim73d developed an efficient general ap-
proach for the synthesis of rutaecarpine (74) and its analogs
(Scheme 22), starting from the reaction of methyl anthrani-
late (83) with 4,5-dichloro-1,2,3-dithiazolium chloride (Ap-
pel’s salt, 84)75 to obtain the derivative 85. The anthranilate
derivative 85 was then treated with tryptamine to obtain the
cyanoquinazolinone 86. Quinazolinone 86 was then con-
verted into rutaecarpine (74) by treatment with trifluroacetic
anhydride and HCl gas, completing the total synthesis of ru-
taecarpine (74) in two steps with 59% overall yield from 85.
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Table 9. Various approaches to rutaecarpine

Entry Brief scheme Overall yield (%) (steps) Ref.

1 N
H

NH

O
NH2

CO2Me
+

POCl3
74

24% (one step) Robinson et al.72

2

N
H

N
74

N
H

S
O

O

O

+ 80% (one step) Kametani et al.46e

3
OHCHN indole

7

N

O

N
indole

HCl
AcOH

74
27% (two steps) Kametani et al.16

4
NHCO2Me

I N
H

O

N

O
indole+ Tryptamine CO

Pd(OAc)2
-PPh3, K2CO3

POCl3
74 31% (two steps) Mori et al.46g

5

N

N

O

O

76 78
i) PhCHO, Ac2O

ii) O3, (CH3)2S

PhNHNH2 PPA
74 78% (four steps) Lee et al.73c

6
NH

N
HO

N
N
HCl

74

83i) HCl
ii) POCl3 92% (two steps) Lee et al.46n

7

N

N

O

O

78
PhNHNH2 PPA

74
87

5 steps
45% (seven steps) Chavan and Sivappa73f

8
N
H

Br
N

N

O

a
74

(a) Pd(OAc)2, PCy3, KOAc, DMF, reflux  

89% (last step) Harayma et al.56k

N

N

O

N

N

O

H
NMe2

N

N

O

H
NHNHPh22 79  80

N

N

O

H
NHNHPhN

N

N

O

81 82

i ii

iiiN

N

O

N
H

rutaecarpine (74)

Scheme 21. Reagents and conditions: (i) POCl3, DMF, rt, 1 h; (ii) PhNHNH2, EtOH, D, 3 h; (iii) Dowtherm A, 160–190 �C, 0.5 h (49%).
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NH2
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Scheme 22. Reagents and conditions: (i) CH2Cl2, Py, rt, 3 h; (ii) tryptamine, CH2Cl2, rt, 31 h (62%); (iii) TFAA, HCl (g), 120–130 �C, 4 h (95%).
Bergman and Bergman62 provided the most efficient ap-
proach for the synthesis of rutaecarpine (74). Isatoic
anhydride (87) was converted into 2-fluoromethyl-benzoxa-
zinone 88 and then treated with tryptamine under mild con-
ditions to obtain 89. Quinazolinone 89 was cyclized under
acidic conditions to compound 90, which, on refluxing in
aqueous EtOH, gave rutaecarpine (74), completing the total
synthesis in 93% overall yield from benzoxazinone 88
(Scheme 23).

N

N

O

N
H

N

N

O

N
H

CF3
N
H

O

O

O N

O

O

CF3

N

N
H

O

N
H

CF3

rutaecarpine (74)

87 88
89

90

i ii

iii

iv

Scheme 23. Reagents and conditions: (i) TFAA, Py, 25 �C/15 min+115 �C/
5 min; (ii) tryptamine, 30 min (98%); (iii) HCl, AcOH (95%); (iv) H2O,
EtOH (100%).
In continuation of our work on the synthesis of quinazoli-
none natural products, we have completed14 a total synthesis
of rutaecarpine (74) via the natural products, 2-(4-hydroxy-
butyl)quinazolin-4-one (Table 1, entry 2) and mackinazo-
linone (76), by using a zeolite-induced Fischer-indole
reaction as a key step. We envisaged that it would be possible
to design the five-carbon, six-membered ring C in 74 from
glutaric anhydride (91) and a facile six-step synthesis of 74
has been completed, starting from glutaric anhydride (91),
via o-amidoglutaranilic acid (92) formation, esterification,
chemoselective ester reduction, intramolecular dehydrative
cyclizations, hydrazone formation, and zeolite-induced
Fischer-indole synthesis with 53% overall yield. The condi-
tions employed in the present synthesis are mild, efficient,
and general (Scheme 24).

Kaneko et al.73b completed the synthesis of rutaecarpine (74)
by following almost the same strategy as described by Berg-
man and Bergman62 (Scheme 23). They replaced the CF3

group by Cl in order to study the mechanism of the reaction
and obtained rutaecarpine in better yields. Their studies also
provided evidence for the participation of the spiro inter-
mediate in the cyclization step of Bergman’s62 rutaecarpine
synthesis. Chang et al.73e extended this approach for the syn-
thesis of rutaecarpine analogs for COX-2 inhibitory activity
studies developed by their own group.73c
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O

O

O

N

N

N
H

O
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     rutaecarpine (74)

+

91
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O
CONH2
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O
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CONH2 OH

N
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O OH

N
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O
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O

N
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Ph

O

N

OCONH2

 9392

9495

mackinazolinone (76) 78E

i ii

iii

iv

v vi

2-(4-hydroxybutyl)-
quinazolin-4(1 H)-one (96)

1

3

6

Scheme 24. Reagents and conditions: (i) Benzene/1,4-dioxane (2:1), rt, 2 h (98%); (ii) MeOH, H2SO4 (cat.), rt, 8 h (96%); (iii) NaBH4, THF, reflux, 3 h, aqueous
workup (86%); (iv) NaH, p-TsCl, THF, rt, 30 min (81%); (v) aniline, 30% HCl, NaNO2, AcOH, �5 to 5 �C, 8 h (98%); (vi) Zeolite (H-Mordenite), AcOH,
reflux, 5 h (82%).
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N
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O
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Scheme 25. Reagents and conditions: (i) PCC, CH2Cl2, rt, 1 h (72%); (ii) aniline, 30% HCl, NaNO2, AcOH, �5 to 5 �C, 8 h (98%).
Rutaecarpine (74) on DDQ oxidation is known to provide
7,8-dehydrorutaecarpine (100) in 77% yield.62 We also
planned to synthesize 100 starting from the natural product
96, obtained in our rutaecarpine synthesis.14 The alcohol
96 was converted into the quinazolinone 97, by PCC oxida-
tion. The compound 97 in a diazonium-coupling reaction
directly furnished the hydrazone 99 in quantitative yield,
plausibly via dehydration of the intermediate 98. We tried
several reagents/reaction conditions such as PPA, ZnCl2,
BF3-ether, neat heating, heating in high-boiling solvents,
and zeolite and acidic resins for conversion of 99 into 7,8-de-
hydrorutaecarpine (100), but all of them met with failure
(Scheme 25).76 Protection of the secondary alcohol in 100,
followed by hydrazone formation, Fischer-indolization,
and deprotection, may provide a way to the natural product,
(�)-7-hydroxyrutaecarpine (Table 8, entry 1), and further
dehydration under acidic conditions would provide 7,8-de-
hydrorutaecarpine (100). We feel that the alkaloid, 7,8-dehy-
drorutaecarpine (100), would be a potential precursor for the
enantioselective synthesis of (+)-7-hydroxyrutaecarpine and
(�)-7,8-dihydroxyrutaecarpine (Table 8, entries 1 and 4).

Auranthine (Table 8, entry 10), a derivative of mackinazo-
linone (76), is a structurally quite different quinazolinone
alkaloid in this class and, to date, no synthetic method is
known for this compound. Recently, Bergman et al.77 re-
ported studies toward the synthesis of the alkaloid, auran-
thine, in which different approaches have been discussed.
The auranthine precursor (Fig. 6) synthesized was treated
with 50% polyphosphonic acid anhydride in ethyl acetate
and DMA for the dehydration to occur, but, unfortunately,
instead of auranthine, a C-acetyl derivative of auranthine
was obtained.

In conclusion, rutaecarpine analogs (Table 8, entries 1–9)
isolated from various species have moderate to good bioac-
tivity and their synthesis should be possible by extending the
several approaches available for rutaecarpine (Schemes 20–
24 and Table 9). Some approaches to rutaecarpine used

N
H

N
H

O

O

N

O

NH

Figure 6. Auranthine precursor.
tryptamine as a starting material, in which the indole moiety
was carried forward from the beginning, whereas, in many
approaches, the indole moiety was built up in the last step
by using a Fischer-indole reaction. Several publications on
the synthesis and bioactivity of rutaecarpine and its analogs
reveal that they are molecules of pharmaceutical impor-
tance. We feel that the synthesis of auranthine (Table 8, entry
10) should be possible by further functionalization of the
natural product mackinazolinone.

6. Quinazolinones fused with a piperazine ring system

The quinazolinones fused with a piperazine ring system are
subdivided into three classes: (a) quinazolinones fused with
a simple piperazine ring, (b) quinazolinones fused with a
piperazine ring, along with a spiro-ring functionality, and
(c) quinazolinones fused with a piperazine ring, along with
a prenyl-substituted indole moiety, i.e., the alkaloids, ardee-
mins.

6.1. Quinazolinones fused with a simple piperazine ring
system

During the review period, 14 (Table 10, entries 1–14) quina-
zolinones having a quinazolinone ring fused with a simple
piperazine ring system have been isolated from various
species. Some representative syntheses are discussed in
this section.

The first synthesis of the three related pyrazino[2,1-b]quina-
zoline-3,6-dione alkaloids, anacine, verrucine A, and verru-
cine B (entries 1–3) has been accomplished by exploring
the peptide assembly on Sasrin resin (Scheme 26),80 e.g.,
the resin-bound L-glutamine derivative 101 was sequen-
tially condensed with anthranilic acid and Fmoc-protected
L-phenylalanine chloride to give via 102 the resin-bound
tripeptide 103. Intramolecular dehydration followed by
treatment with piperidine, a general procedure developed
by Wang and Ganesan,83 the scope, limitations, and mecha-
nism of which was proposed by Snider et al.,9b,94 afforded
the amidine 104. Cyclization with concomitant detachment
from the resin was effected by overnight heating in a mixture
of acetonitrile and 1,2-dichloroethane to give N-tritylverru-
cine A (105) in 17% overall yield from 101, with only
0.8% of the corresponding 1,4-anti-disubstituted isomer
being isolated. Removal of the trityl group was achieved
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Table 10. Quinazolinones fused with a simple piperazine ring system

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1
N

O

N
NH

O

CONH2

anacine
(C18H22N4O3)

Penicillium verrucosum,78

Penicillium aurantiogriseum79 Wang and Sim80

2

(C21H20N4O3)

N

O

N
NH

H
O

H

CONH2

(+)-verrucine A

Penicillium verrucosum78 Wang and Sim80

3

(C21H20N4O3)

N

O

N
NH

H
O

H

CONH2

(+)-verrucine B

Penicillium verrucosum78 Wang and Sim80

4

(C20H16N4O2)

N
H

N

N
NH

O
O

(  )-glyantrypine

Aspergillus clavatus81 Six syntheses82–87

5

(C24H23N5O4)

NNH

N

N
NH

O

HCH3

O

O

OH

fumiquinazoline A

Aspergillus fumigatus88,89 (cytotoxic) Snider and Zeng90

6

(C24H23N5O4)

NNH

N

N
NH

O

CH3H

O

O

OH

fumiquinazoline B

Aspergillus fumigatus88,89 (cytotoxic) Snider and Zeng90

(continued)
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Table 10. (continued)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

7

(C23H21N5O4)
fumiquinazoline D

N

N
NH

H
OH

N
N

O

Me

O

Me

H

O H
Aspergillus fumigatus89 (cytotoxic in P388
lymphocytic leukemia test system)

Not known

8

(C29H25N5O5)
fumiquinazoline E 

N

N
NH

H
OH

N
N
H

O

O

Me

H

H
O

MeMeO

Aspergillus fumigatus89

(cytotoxic in P388 lymphocytic
leukemia test system)

Snider and Zeng90,91

9

(C21H18N4O2)

N
H

N

N
NH

O
O

MeH

H

fumiquinazoline F

Aspergillus fumigatus,89

Penicillium thymicola92

(cytotoxic in P388 lymphocytic
leukemia test system)

Wang and Ganesan,83,84

Hern�andez et al.,86 Liu et al.87

10

(C21H18N4O2)

N
H

N

N
NH

O
O

HMe

H

fumiquinazoline G

Aspergillus fumigatus89

(cytotoxic in P388 lymphocytic
leukemia test system)

Six syntheses83,84,86,93–95

11

(C27H29N5O4)

N

N
NH

O

N
N
H

O

H
O

OH

(  )-fumiquinazoline I

Acremonium sp.96

(anti-fungal)
Snider and Zeng90

12

(C26H27N5O4)

NNH

N

N
NH

O
O

Me O

OH

H

H

fiscalin A 

Neosartorya fischeri97 Not known

(continued)
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Table 10. (continued)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

13

(C23H22N4O2)

N
H

N

N
NH

O
O

fiscalin B

Neosartorya fischeri,97 Corynascus setous29 Five syntheses83,84,86,87,98

14

(C27H29N5O4)

NNH

N

N
NH

O
O

Me O

OH

Me

H

fiscalin C

Neosartorya fischeri97 Not known

NH

NHFmoc
Ph O

O

CONHCPh3

O
N
H

O

N

NH2

Ph

O

CONHCPh3

O
N
H

O

N

N

O

N
NH

H
O

H

CONHCPh3

Ph
N

O

N
NH

H
O

CONH2

R R1 2

FmocHN
O

CONHCPh3

O
i, ii iii

iv, v

vivii

O

CONHCPh3

O
N
H

NH2

O

(+)-anacine (106): R1 = Bui; R2 = H
(+)-verrucine A (107): R1 = Bn; R2 = H
(+)-verrucine B (108): R1 = H; R2 = Bn

101 102 103

104

105

Scheme 26. Reagents and conditions: (i) 20% piperidine in DMF, 15 min; (ii) EDC, anthranilic acid, DMF or NMP, rt, 19 h; (iii) Fmoc-L-Phe-Cl, Py, CH2Cl2, rt,
13 h, workup, repeat condition (i); (iv) PPh3, I2, EtNiPr2, CH2Cl2, rt, 15 h; (v) 20% piperidine in CH2Cl2, rt, 30 min; (vi) MeCN/(CH2Cl)2 (1:1), reflux overnight
(17% over six steps); (vii) TFA/Et3SiH/CH2Cl2 (2:2:1), rt, 15 min (84%).
reductively with triethylsilane in trifluoroacetic acid to give
(+)-verrucine A (107). Similar reaction sequences employ-
ing D-phenylalanine and L-leucine afforded (+)-verrucine B
(108) and (+)-anacine (106), respectively, in 14.5 and
9.3% overall yields, based on 101 (Scheme 26). The absolute
configuration of the former, not assigned when it was first
isolated, has thus been established unambiguously.

The other members of this family, e.g., glyantrypine, fumi-
quinazolines F and G, and fiscalin B (entries 4, 9, 10, and
13), have been synthesized86 as shown in Scheme 27. Aven-
daño and co-workers86 have investigated the acylation of
a range of diketopiperazines 109, prepared by standard
methods from the respective N-Boc dipeptides, with 2-azi-
dobenzoyl chloride via the silyl imidates 110 (Scheme
27).86 The selective monoacylation on the N(4) nitrogen
atom of the glycine derivative 109 (R¼H) to give 111 was
ascribed to a boat-like conformation of the silylated interme-
diate, with the indolyl substituent folding in such a way that
N(1) becomes blocked. The selectivity was also good with
the (S)-alanine derivative of 109 [R¼(S)-Me], but less
impressive with the (R)-alanine and (S)-valine analogues
[R¼(R)-Me and (S)-Pri], which gave almost equal amounts
of the N(1)-acylated products. All of these acylated products
111 could be cyclized by an intramolecular Staudinger reac-
tion upon treatment with tributylphosphine to complete the
syntheses of (�)-glyantrypine (112), (�)-fumiquinazoline
F (113), fumiquinazoline G (114), and fiscalin B (115),
respectively. Very recently, Liu et al.87 developed a micro-
wave-promoted, three-component, one-pot reaction for
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82-98%

R = H 54%
R = (S)-Me 41%
R = (R)-Me 30%
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glyantrypine (112): R = H
fumiquinazoline F (113): R = (S)-Me
fumiquinazoline G (114): R = (R)-Me
fiscalin B (115): R = (S)-Pri
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4
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Scheme 27. Reagents and conditions: (i) TMSCl, Et3N, CH2Cl2, rt; (ii) 2-N3C6H4COCl, CH2Cl2, rt; (iii) Bu3P, toluene, rt.
a highly efficient and concise total synthesis of glyantrypine
(112), fumiquinazoline F (113), and fiscalin B (115), achiev-
ing overall yields of 55, 39 and 20%, respectively.

The more complex (�)-fumiquinazolines A, B, and I (entries
5, 6, and 11) have been synthesized by Snider’s group90 us-
ing routes in which most of the effort was, understandably,
devoted to constructing the 3-oxotetrahydro-1H-imi-
dazo[1,2-a]indol-9-yl substituents. Formation of the
2H-pyrazino[2,1-b]quinazoline-3,6(1H,4H)-dione moieties
was left to the final stages of the synthesis, and involved
a methodology similar to that shown in Scheme 26 (see steps
from 102 to 105). In the case of fumiquinazoline A, e.g.,
treatment of the precursor 117 (prepared from the advanced
intermediate 116) with triphenylphosphine and bromine in
the presence of triethylamine followed by aminolysis of
the resulting benzoxazine with piperidine and final cycliza-
tion gave a mixture of the Cbz-protected quinazolinone and
its C-4 epimer in overall yields of 49 and 14%, respectively
(Scheme 28). Removal of the Cbz protecting group from the
former by hydrogenolysis over palladium completed the
synthesis of (�)-fumiquinazoline A (118) in 90% yield.
The overall yields for (�)-fumiquinazolines B (119) and I
from the appropriate precursors similar to 117 were 42 and
52%, respectively (Scheme 28).

6.2. Quinazolinopiperazines with a spiro-ring system

There are five alkaloids (Table 11, entries 1–5), having a
quinazolinone ring fused with a piperazine ring, along with
a spiro-ring system, which have been isolated from various
species.

The advanced intermediate 116 (Scheme 28), previously
used by Snider and Zeng90 in a synthesis of the Aspergillus
metabolite, fumiquinazoline A (118), has been elegantly
transformed into two other complex fumiquinazolines by
the same group (Scheme 29).91
Condensation of 116 with a selenocysteine derivative, (R)-
FmocNHCH(CH2SePh)CO2H, yielded the quinazoline pre-
cursor of the type 117 (Scheme 28), which was subjected
to Ganesan’s cyclization conditions to sequentially afford
the benzoxazine and amidine (of the type 104, Scheme
26) intermediates. Heating the crude amidine in aceto-
nitrile/acetic acid (25:1) at reflux set off a cascade of reac-
tions that culminated in the formation of a mixture of 121
and its oxygen-bridged isomer 122 in yields of 56 and
14%, respectively, based on the benzoxazine. Compound
121 could be partially converted into 122 by further heat-
ing, and recovered 121 was recycled. Finally, standard
transformations on both products completed the first total
syntheses of (�)-fumiquinazolines C (123) and E (120),
respectively. A similar set of reactions on the appropriate
analogue of 116, designed to produce (�)-fumiquinazoline
H (Table 11, entry 2), was accomplished, and required
replacement of the Cbz protecting group by Fmoc in the
benzoxazine intermediate before a satisfactory cyclization
could be effected.

The principles implicit in the Wang and Ganesan83,84 route
to fumiquinazolines have been applied by Hart and Mago-
medov100,101 to a synthesis of the structurally complex alka-
loid, alantrypinone (129) (Scheme 30).

In this case, dehydration of the precursor tripeptide of the
type 117 (Scheme 28) gave the benzoxazine intermediate
124 in 80% yield. Treatment with 10 equiv of (Me3AlSPh)Li
in THF at low temperature gave the expected pyrazino[2,1-
b]quinazoline-3,6-dione 125 in 46% yield. With 5 equiv of
the reagent, however, the intermediate quinazolinone was
isolated and efficiently cyclized to 125 (94% yield) when
treated with piperidine in THF at 0 �C. Oxidative elimina-
tion of the methylthio group then yielded the exo-methylene
product 126 (79%), which cyclized in trifluoroacetic acid to
the bridged hexacyclic compound (�)-127 (89%). Oxidative
rearrangement of this indole to an oxindole produced
O
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Scheme 28. Reagents and conditions: (i) Fmoc-L-Ala/D-Ala, EDAC, MeCN; (ii) (a) PPh3, Br2, Et3N, (b) piperidine, EtOAc, (c) MeCN, reflux; (iii) H2, Pd/C.
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Table 11. Quinazolinones fused with a piperazine ring along with a spiro-ring system

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C24H21N5O4)

H

N

N

O

N

O

Me O

N
NH

H

O
fumiquinazoline C

Aspergillus fumigatus88,89 (cytotoxic) Snider and Zeng90,91

2

(C27H27N5O4)

N

N
NH

O

O

N
N
H

O

H
O

(  )-fumiquinazoline H

Acremonium sp.96 (anti-fungal) Snider and Zeng90,91

3

(C23H19N5O4)

H

N

N

O

N

O

O

N
NH

H

O

H

Me

(  )-spiroquinazoline

Aspergillus flavipes99

(inhibits binding of substance P
to human astrocytoma cells)

Not known

4

(C21H16N4O3)
(+)-alantrypinone

N
H

N

N

O

O

NH

O

Me Penicillium thymicola,92a

Aspergillus terreus92b
Hart and Magomedov,100,101

Kende et al.102

5

(C21H16N4O4)
(  )-serantrypinone

N
H

N

N

O

NH

O

O

OH
Penicillium thymicola103 [IBT 5891],
Aspergillus terreus92b Not known
a mixture of (�)-alantrypinone 129 (the unnatural enantio-
mer) and its C-17 epimer (�)-128 in 30 and 44% yields,
respectively. The synthesis confirmed the absolute configu-
ration of natural alantrypinone, previously determined by
the anomalous dispersion technique.
Recently, Kende et al.102 accomplished an efficient synthesis
of (�)-alantrypinone and its 17-epi-isomer by employing
a novel aza-Diels–Alder reaction between compounds 130
and 131 as the key step. The reaction sequence comprises
eight steps starting from anthranilic acid and proceeds via
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N
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N

N

CO2Me

NHFmoc

SMe
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H

N

N
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SMe

N
H

N

N
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N

N

O
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H
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Me
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O
Me
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+
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iii
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124 125 126

127      128

(44% yield)(  )-alantrypinone (129), 
        (30% yield)

Scheme 30. Reagents and conditions: (i) (a) (Me3AlSPh)Li, THF,�78 to�10 �C, (b) piperidine, THF, 0 �C (71%); (ii) (a) m-CPBA, CH2Cl2,�78 �C, (b) Ph3P,
benzene, reflux (79%); (iii) TFA, 70 �C (89%); (iv) (a) NBS, TFA/THF/H2O, (b) H2, Pt/C, MeOH.
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O
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(–)-fumiquinazoline E (120)
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122: R = Cbz
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 iv
121

iii, iii

77%

Scheme 29. Reagents and conditions: (i) MeCN/AcOH (100:1), reflux, 2 h; (ii) HCl (0.2 M), MeOH, 25 �C; (iii) H2 (1 atm), Pd/C, 30 min; (iv) H2, Pd/C, 30 h.

N

O

N
N

OEt

N
H

O

N
H
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N
NH
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H

N

O

N
N

OEt
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+
i ii

(±)-alantrypinone (129)

130 131 132

Scheme 31. Reagents and conditions: (i) CHCl3, rt, 24 h (55%); (ii) EtOAc, 1.0 N HCl, rt, 5 h (85%).
132 in 13.5% overall yield (Scheme 31). The present hetero
Diels–Alder reaction provides an efficient method for the
synthesis of (�)-alantrypinone and its analogues.

6.3. Quinazolinopiperazines with a prenylated indole
moiety

As part of a screening program for bioactive metabolites,
McAlpine et al.104,105 found that extracts of the fungus As-
pergillus fischeri (var. brasiliensis) demonstrated the ability
to restore vinblastine sensitivity to a tumor cell line that was
otherwise insensitive. Isolation of the active components
from the fermentation mixture led to the characterization
of three structurally related agents, which were called ardee-
mins for their ability to reverse drug insensitivity (vide
infra). The major and most active constituent was named
5-N-acetylardeemin and two other constituents isolated
from the product mixture were termed ardeemin and 15b-
b-hydroxy-5-N-acetylardeemin (Table 12, entries 1–3).

Structurally, the ardeemins belong to an interesting class of
natural products, which are termed reverse prenyl hexahy-
dropyrrolo[2,3-b]indole alkaloids. Danishefsky et al.106,107

completed the first total synthesis of these structurally com-
plex quinazolinones. The starting material was bis(Boc)-
tryptophan methyl ester 133 (Scheme 32), which was
transformed to the diketopiperazine 136 via the prenyl-
acid 134 and prenyl-ester 135 by using standard transforma-
tions. The diketopiperazine 136 was obtained in 76% yield
upon deprotection of 135 and ammonia–DMAP-induced
intramolecular cyclization. An intramolecular variant of the
aza-Wittig reaction was used for the efficient fusion of the
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Table 12. Quinazolinopiperazines with a prenylated indole moiety (ardeemin alkaloids)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C26H26N4O2)

N

O

N
N

N
HH

H

O

(  )-ardeemin

Aspergillus fischeri104,105 [var. brasiliensis] Danishefsky et al.106,107

2

(C28H28N4O3)

N

O

N
N

NAc
H

H

O

(−)-5-N-acetylardeemin

Aspergillus fischeri104,105 [var. brasiliensis]
(reversed multiple drug resistance (MDR)
in human tumor cell lines and sensitized
cells to anti-cancer vinblastine)

Danishefsky et al.106,107

3

(−)-15b- -hydroxy-5-N-
acetylardeemin

N

O

N
N

NAc
H

OH

O

(C28H28N4O4)

Aspergillus fischeri104,105 [var. brasiliensis] Not known

N
HH

O N
NH

Me
O

N
H

H
N

Me
ON

N

O

R

Boc
N N

H
HO2C

Boc
N N

H
O

NH

Me
CO2Me

Boc Boc

N
HH

O N
N

Me
O

O

N
N2

-
+

Bu3P:

ardeemin (138): R = H
N-acetylardeemin (139): R = OAc

133 134 135

136137

N

NH CO2Me

Boc

Boc

i,ii

iii

ivv

vi

Scheme 32. Reagents and conditions: (i) FCN, Py, CH2Cl2, �15 �C; (ii) D-Ala-OMe$HCl, NaHCO3, H2O, CH2Cl2 (71%); (iii) TMSI, MeCN, 0 �C, then NH3,
DMAP, MeOH (76%); (iv) KHMDS, o-N3C6H4COCl, THF, �78 �C (80%); (v) Bu3P, benzene (72%); (vi) LDA, THF, �78 �C to rt, then AcCl, reflux (82%).
(3H)-quinazolin-4-one sector. Acylation of 136 with o-azi-
dobenzoyl chloride furnished 137, which reacted with tribu-
tylphosphine in benzene to afford ardeemin (138) in 56%
yield starting from 136. Finally, acylation of 138 provided
5-N-acetylardeemin (139) in 11% overall yield. In summary,
the core structure of the three reverse prenylated hexahydro-
pyrroloindole alkaloids was assembled rapidly and stereo-
selectively (through thermodynamic control) from a suitably
protected tryptophan in two steps. Synthesis of (�)-15b-b-
hydroxy-N-acetylardeemin appears possible following the
same strategy.
Recently, Sollhuber et al.108a have developed a new method
for the synthesis of the framework of ardeemin without the
prenyl group (Scheme 33). Deprenyl-ardeemin 143 was syn-
thesized108a in four steps via 141 with 45% overall yield,
starting from N-2-aminobenzoyl-a-amino ester 140 using
standard transformations (Scheme 33). In the last step, the
acid-promoted cyclization of the dione 142 occurs in an
irreversible and stereocontrolled fashion. Cledera et al.108b

synthesized deprenyl-ardeemin by the reaction of the appro-
priate lactim ether with anthranilic acid, under microwave
irradiation, in the absence of solvent, with 48% yield.
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Scheme 33. Reagents and conditions: (i) PPh3, I2, EtNiPr2, 3 h; (ii) (a) 20% piperidine/CH2Cl2, rt, 3 h, (b) CH3CN, reflux, 2 h; (iii) TFA, rt (45% overall yield).
In conclusion, it appears that the two important protocols,
Eguchi’s protocol and Ganesan’s protocol, have been used
extensively for the synthesis of this class of alkaloids (Tables
10–12). We feel that the most difficult and challenging task
in the synthesis of the complex alkaloids, fumiquinazolines
A, B, C, E, H and I, was further functionalization of the
indole moiety. Snider et al., in their elegant approaches to
various fumiquinazolines, have developed an easy and
straightforward access to these structurally complex and
strained moieties.

7. Quinazolinones fused with a diazepine ring system

This class of quinazolinones is subdivided into simple benzo-
diazepines like sclerotigenin, circumdatins, and benzomal-
vins and the more complex asperlicins.

7.1. Sclerotigenin, circumdatins, and benzomalvins

The 11 quinazolinones isolated from various species and
listed in Table 13 (entries 1–11) have a diazepine ring fused
with a quinazolinone system.

Sclerotigenin (148) was known as a synthetic compound be-
fore its isolation.110 After its isolation, many syntheses have
been reported.110–112 Snider and Busuyek95 provided an ef-
ficient general synthetic method for the synthesis of sclero-
tigenin and other members of the benzodiazepine class
(Scheme 34). The benzodiazepinedione 144 was selectively
acylated at the more acidic anilide nitrogen, followed by aza-
Wittig cyclization of the resulting imide 146 with Bu3P, af-
fording 43% of sclerotigenin (148) from dione 144 in two
steps, without using protection–deprotection chemistry.
This strategy is general and can be applied for the synthesis
of other quinazolinones (Table 13, entries 2, 5, and 6) of this
class. Liu et al.112b completed an efficient one-pot total
synthesis of sclerotigenin (148) in 55% yield, via a novel
microwave-assisted domino reaction of anthranilic acid,
N-Boc-glycine, and methyl anthranilate in the presence of
triphenyl phosphite. This important methodology was fur-
ther generalized for the synthesis of more complex quinazo-
linone natural products.

Circumdatins are fused benzodiazepine alkaloids isolated
from terrestrial isolates of the fungus Aspergillus ochra-
ceus.113,115 Circumdatins C, F, and G are prototypical mem-
bers, while others, such as circumdatins D, E, and H, contain
an additional tetrahydropyrrole ring (Table 13, entries 2–7).
Benzodiazepines constitute a widely prescribed class of
psychoactive drugs.113 The first total synthesis of circum-
datins C (158) and F (149) was reported by Witt and
Bergman114 (Scheme 35).

N-Sulfinylanthraniloyl chloride was the preferred starting
material for Witt and Bergman’s assembly of the tripeptides
152 and 153, key intermediates in a route to the fungal
metabolites, circumdatins F (149) and C (158) (Scheme 35),
respectively.114 Cyclization of 152 and 153 with triphenyl-
phosphine and iodine in the presence of Hunig’s base gave
the benzoxazines 154 and 155, respectively. Aminolysis of
the benzoxazines with piperidine produced the respective
amidines 156 and 157. The target alkaloids 149 and 158
were obtained after deprotection with HBr in acetic acid
followed by treatment with a tertiary amine and silica gel.

An efficient total synthesis of circumdatin F (149) was
reported by Snider and Busuyek95 in 69% yield from the
dione 145, following a selective acylation and aza-Wittig
cyclization reaction sequence via 147 (Scheme 34). A new
synthesis of circumdatin F arose from the work of Witt
and Bergman,111 where a suitable benzoxazinone was used
as a potential intermediate.

Grieder and Thomas112 developed a concise building-block
approach to a diverse multi-array library of the circumdatin
family of natural products using a polymer-supported, phos-
phine-mediated intramolecular aza-Wittig reaction as a key
step of the reaction sequence, e.g., an analogue of the type
shown in Figure 7 has been prepared using a novel modified
Eguchi protocol. The multi-array library-generation strategy
commenced from readily accessible benzodiazepinedione
derivatives. Liu et al.112b extended their one-pot, micro-
wave-assisted, domino-reaction strategy to the synthesis of
circumdatin F (32% yield) and, additionally, analogues of
circumdatin E were synthesized via the three-component,
one-pot, sequential reactions promoted by microwave irradi-
ation.

We planned the synthesis of circumdatin F using Ullman-
type coupling (Goldberg reaction) as a key step.76 Conden-
sation of Boc-L-alanine (159) with anthranilamide (25) in
the presence of EDAC gave amide 160, which was trans-
formed into quinazolinone 161 by using a base-catalyzed
dehydrative cyclization. Boc deprotection of quinazolinone
161 furnished the amine 162, which was condensed with
2-iodobenzoic acid to obtain compound 163. We tried sev-
eral reagents and reaction conditions to cyclize compound
163, but all of them met with failure. We feel that Ullman-
type coupling (Goldberg reaction) will provide an access
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Table 13. Quinazolinobenzodiazepines (sclerotigenin, circumdatins and benzomalvins)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

(C16H11N3O2) 

N

N

N
H

O

O

sclerotigenin

Penicillium sclerotigenum109 (anti-insect)
Synthesis known
before isolation110 four syntheses95,111,112

2

(C17H13N3O3) 

N

N

N
H

O

O

OH

(−)-circumdatin C

Aspergillus ochraceus113 Witt et al.114

3

(C21H19N3O5) 
(−)-circumdatin D

N

N

O

O
N

H

OMe

MeO

OH

Aspergillus ochraceus113 Not known

4

(C20H17N3O4)
(–)-circumdatin E

N

N

O

O
N

H

MeO

OH
Aspergillus ochraceus113 Not known

5

(C17H13N3O2) 
(–)-circumdatin F

N

N

N
H

O

O
Aspergillus ochraceus113 Witt and Bergman,111,114 Snider and Busuyek,95

Liu et al.112b

6

(C17H13N3O3) 
(–)-circumdatin G

N

N

N
H

O

O

OH
Aspergillus ochraceus115a Not known

7 N

N

O

O
N

H

MeO

(C20H17N3O3) 
(–)-circumdatin H

Aspergillus ochraceus115b

(inhibitor of mitochondrial
NADH oxidase)

Not known

(continued)
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Table 13. (continued)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

8
N

O

N

N
O

Me

benzomalvin A 
(C24H19N3O2) 

Penicillium culture116

(inhibitor of substance P, the endogenous
ligand for neurokinin-1 receptor)

Sun et al.,117 Eguchi
et al.,118,119 Liu et al.112b

9
N

O

N

N
O

Me

benzomalvin B 
(C24H17N3O2) 

Penicillium culture116 Sugimori et al.119

10
N

O

N

N
O

MeO

benzomalvin C 
(C24H17N3O3) 

Penicillium culture116 Not known

11
N

O

N

N
O

Me

benzomalvin D 
(C24H19N3O2) 

Penicillium culture117 Sun et al.117
to 149 (Scheme 36). The same strategy would be applicable
to the synthesis of the circumdatin family of natural products
and other quinazolinone natural products like sclerotigenin
and benzomalvins and its logical extension to the synthesis
of asperlicin C and asperlicin would be also possible.

Benzomalvins (Table 13, entries 8–10) are another class of
benzodiazepine-fused quinazolinones isolated from the fun-
gus Penicillium culture.116 A further unstable new metabo-
lite, (+)-benzomalvin D (entry 11), has now been extracted
from the same culture.117 On standing overnight in
a chloroform solution at room temperature, benzomalvin D
was converted into benzomalvin A and, similarly, benzomal-
vin A interconverted with benzomalvin D. Storage of the
solid compounds at �40 �C retarded their equilibration.
The structural differences between the two compounds
were confirmed by the first total synthesis117 of benzomalvin
A from isatoic anhydride, L-phenylalanine, and methyl
anthranilate, following a similar reaction sequence to that
used by Bock et al.120 in their synthesis of asperlicins C
and E (see Scheme 38). The enantiomerically pure synthetic
benzomalvin A (3.7% overall yield) equilibrated in the same
NH

N
H

OO

R

N

N
H

OO

R

ON3 O

N

N

N
H

O

R
144: R = H
145: R = Me

146: R = H
147: R = Me

sclerotigenin  (148): R = H
circumdatin F (149): R = Me

i ii

Scheme 34. Reagents and conditions: (i) (a) Et3N, DMAP, DMSO–CH2Cl2, then 2-N3C6H4COCl, CH2Cl2, 20 �C (for R¼H), (b) Et3N, DMAP, THF, then
2-N3C6H4COCl, THF, 20 �C (for R¼Me); (ii) Bu3P, benzene, rt to 60 �C.
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150: R = H
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154: R = H
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156: R = H
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46% (R = H)
27% (R = OBn)

58% (R = H)
63% (R = OBn)

67% (R = H)
77% (R = OBn)

25% (R = H)
30% (R = OBn)

N-sulfinylanthraniloyl
chloride

Scheme 35. Reagents and conditions: (i) Methyl anthranilate (R¼H) or methyl 5-benzyloxyanthranilate (R¼OBn), toluene, rt, 48 h; (ii) N-Cbz-L-Ala, DCC,
CH2Cl2, 0 �C to rt; (iii) Ph3P, I2, Pri

2NEt, CH2Cl2, rt [57% (R¼H), 36% (R¼OBn)]; (iv) 20% piperidine in EtOAc, rt; (v) 45% HBr in HOAc, 60 �C; (vi) Et3N (for
R¼H) or Pri

2NEt (for R¼OH), EtOAc, rt.
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Cl

N

Figure 7. Circumdatin analogue.
manner as the natural product. Eventually, variable-temper-
ature NMR revealed that the two compounds are conforma-
tional isomers and, in fact, atropisomers. The syntheses of
(�)-benzomalvin A (168) and benzomalvin B (169) by Egu-
chi and co-workers118,119 utilized their own Eguchi protocol
[acylation of suitable precursors with 2-azidobenzoyl chlo-
ride (34) followed by an intramolecular aza-Wittig reaction]
to construct both heterocyclic rings (Scheme 37).119 In brief,
NH2
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H

O

H O
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Scheme 36. Reagents and conditions: (i) EDAC, THF, rt, 2 h (87%); (ii) aq LiOH/THF (1:1), rt, 1 h (98%); (iii) AlCl3, CH2Cl2, rt, 3 h (95%); (iv) 2-iodobenzoic
acid, EDAC, THF, rt, 1 h (96%).
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Scheme 37. Reagents and conditions: (i) Et3N, THF, 0 �C to rt; (ii) Bu3P, toluene, rt to reflux; (iii) TFA/H2O/THF (1:1:12.5), rt; (iv) KN(SiMe3)2, THF,�78 �C;
(v) 28, THF, �78 �C to rt; (vi) Ph3P, toluene, rt to reflux; (vii) NBS, AIBN, CCl4, reflux; (viii) DBU, toluene, reflux.
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Table 14. Quinazolinobenzodiazepines (asperlicin alkaloids)

Entry Quinazolinone alkaloid (MF) SourceRef. (activity) SynthesisRef.

1

N

N

N
H

O

O

OH

N
NH

O

H

(–)-asperlicin
(C31H29N5O4) 

Aspergillus alliaceus121

(antagonist of the peptide hormone CCK)
Snider et al.124

2

N

N

N
H

O

O

OH

N
N

O

HOH

asperlicin B
(C31H29N5O5) 

Aspergillus alliaceus122

(agonist of CCK, selectivity affecting
peripheral CCK receptors)

Not known

3

N

N

N
H

O

O

N
H

asperlicin C
(C25H17N4O2) 

Aspergillus alliaceus123

(agonist of the peptide hormone CCK)
Bock et al.,120 Snider
et al.,95,124 Liu et al.112b

4

N
H

N

N
NH

O O

asperlicin D
(C25H18N4O2) 

Aspergillus alliaceus123 Not known

5

N

N

O

O
N

NH
OH

HH

asperlicin E
(C25H18N4O3)

Aspergillus alliaceus123 Bock et al.120
the reaction of 34 with N-methyl-L-phenylalanine methyl
ester 164 yielded the intermediate azide 165 (ee 99.7%),
which, after treatment with tributylphosphine in boiling
toluene followed by acidic workup, yielded the (�)-benzo-
diazepinedione 166 in 87% yield and high optical purity.
A second application of the Eguchi protocol completed the
synthesis of (�)-benzomalvin A (168). Benzomalvin B
(169) was prepared from benzomalvin A (168) as a mixture
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of (E)- and (Z)-isomers by a benzylic bromination–dehydro-
bromination sequence. An efficient one-pot total synthesis
of (�)-benzomalvin A in 16% yield was completed by Liu
et al.,112b using a microwave-assisted domino reaction.

7.2. Asperlicin alkaloids

Asperlicins A–E (Table 14, entries 1–5) are competitive non-
peptide cholecystokinin (CCK) antagonists isolated from the
fungus Aspergillus alliaceus.121–123

Asperlicin has 300- to 400-fold more affinity for pancreatic,
gastrointestinal, and gallbladder CCK receptors than proglu-
mide, a standard agent of this class. Moreover, asperlicin is
highly selective for peripheral CCK receptors relative to
brain CCK and gastrin receptors. Bock and co-workers120

reported the first total synthesis of the potentially important
asperlicins C and E (Scheme 38). Compound 170 was syn-
thesized starting from isatoic anhydride (87) and L-trypto-
phan and was then reacted with Lawesson’s reagent to
give a 1:1 mixture of monothioamides, which were sepa-
rated. The desired thioamide 171 was elaborated to asperli-
cin C (173) in two steps via 172 and further transformed into
asperlicin E (174) by rose Bengal-sensitized photooxygena-
tion and in situ reduction with dimethyl sulfide (Scheme 38).

Liu et al.112b developed a novel one-pot, microwave-assisted
domino reaction for the synthesis of (�)-asperlicin C (20%
yield) and also completed a formal synthesis of (�)-asperli-
cin E using the same strategy.

Snider et al.,124 in their communication, reported an efficient
synthesis of asperlicin C (173) (Scheme 39) and further
successfully extended this to the first total synthesis of
(�)-asperlicin (Scheme 40). The most challenging aspect
of the synthesis of the more complex antibiotic, (�)-asperli-
cin (181), was the construction of the tryptophan-derived
1H-imidazo[1,2-a]indol-3-one moiety in the intermediate
177, following which the Eguchi protocol yielded the fused
quinazolinone 178 (75%). Hydroxylation of the indole ring
with an oxaziridine followed by reductive workup with so-
dium borohydride, competitively reduced the quinazolinone
to the dihydroquinazolinone 179, but re-oxidation with DDQ
restored the unsaturated linkage to give 180. Removal of the
benzyloxycarbonyl protecting group completed a stereospe-
cific synthesis of (�)-asperlicin (181) in 15 steps and 8%
overall yield from the Troc-protected tryptophan (176).
The authors have elegantly shortened and improved the syn-
thesis of asperlicin C (173). They have developed a general
route to the hydroxyimidazoindolone ring system, and ap-
plied it for the first synthesis of (�)-asperlicin (181), which
proceeds stereospecifically and efficiently.

In conclusion, structurally interesting new benzodiazepine
alkaloids isolated from various species, tabulated in Tables
13 and 14, have good bioactivity and various research groups
have synthesized important alkaloids from this class. The
synthesis of sclerotigenin, circumdatin F and, asperlicin by
Snider et al. and an efficient synthesis of asperlicin E by
Bock et al. provided an easy access to these bioactive natural
products and also generated a significant amount of new
chemistry. A novel microwave-assisted, domino-reaction
strategy, developed by Liu et al. for this class of alkaloids,
made these natural products easily accessible in a high yield-
ing, one-pot reaction sequence.

8. Quinazolinones in clinical treatments

Several quinazolinone alkaloids are known to elicit a wide
variety of biological responses. This has stimulated the
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preparation and pharmacological evaluation of a great num-
ber of quinazolinone derivatives and intensive research in
the quinazolinone area is still in active progress. This topic
has been very well reviewed in the literature4,6b,g,125,126

and only a few quinazolinone natural products and deriva-
tives of pharmaceutical importance are provided in Table 15.
The quinazolinone alkaloid, luotonin A, has attracted the at-
tention of chemists and pharmacists worldwide, because it is
strikingly reminiscent of the cytotoxic alkaloid, camptothe-
cin, the derivatives of which are clinically useful anti-cancer
agents. Cagir et al.55 recently increased the importance of
these findings by demonstrating that, despite the lack of
Table 15. Natural/synthetic quinazolinones of therapeutic importance4,6b,g,7,125,126

Entry Natural/synthetic quinazolinones Activity

1

N
H

N

N

O

O
OH

febrifugine

Anti-malarial ingredient in a traditional Chinese herbal remedy
effective against malaria

2

N

N

O

methaqualone

Sedative-hypnotic

3

N

N

O

Cl

H2NO2S

metolazone

Diuretic

4
N

N

O

OH
(–)-vasicinone

Anti-tumor, bronchodilating, hypotensive, anthelmintic, anti-anaphylactic
used in the Indian ayurvedic system of medicine as a remedy for cold, cough,
bronchitis, rheumatism, phthisis, and asthma

(continued)
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Table 15. (continued)

Entry Natural/synthetic quinazolinones Activity

5 N

N

N

O

luotonin A 

A B C

D

E

Anti-tumor cytotoxic toward the murine leukemia P-388 cell line
(IC50 1.8 mg/mL) naturally occurring human DNA topoisomerase I
poison (IC50 5.7–12.6 mmol/mL), activity like camptothecin

6 N

O

N

N
H

rutaecarpine

Strong analgesic, anti-emetic, astringent, anti-hypertensive, uterotonic,
TCDD-receptor, antinociceptive, anti-inflammatory, and
cycloxygenase-2 (COX-2) inhibitory activities

7
N

N

O

O
tryptanthrin

Antibiotic

8

N

N
O

O

Anti-fertility

9
N

O

N
N

NAc
H

H

O

(–)-5-N-acetylardeemin

Reversed multiple drug resistance (MDR) in human tumor cell lines
and sensitized cells to the anti-cancer agent, vinblastine

10

N

N

N
H

O

O

OH

N
NH

O

H

(–)-asperlicin

300- to 400-fold more affinity for pancreatic, gastrointestinal, and
gallbladder CCK receptors than proglumide, a standard agent
of this class; highly selective for peripheral CCK receptors relative
to brain CCK and gastrin receptors
A-ring functionality, luotonin A stabilizes human DNA
topoisomerase I-dependent cytotoxicity in intact cells. It is
important to note that the quinazolinone alkaloids are a class
of natural compounds with very diverse structures and,
hence, at the present time, approximately 50 quinazolinone
derivatives with a wide variety of biological activities are
available for clinical use.6b,g,125,126

9. Summary

In the present review, we have presented a concise account
of the natural quinazolinone alkaloids isolated during the
review period, along with their bioactivity and various
synthetic approaches. All the information collected and
presented here has been well supported by the provision
of more than 230 references from various monographs
and international journals. The combination of unique
structural features, extensive functionalization, and very
high biological activity found in the quinazolinone alka-
loids have presented an elegant challenge to the synthetic
chemists to design these molecules in a shorter and smarter
fashion. During the last 20 years, a number of research
groups have reported a variety of synthetic approaches
to biologically active natural/synthetic quinazolinone
alkaloids.
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There have been approximately 75 new quinazolinone alka-
loids isolated as natural products during the review period.
Various synthetic approaches to these quinazolinone alka-
loids and their analogs have been illustrated and are dis-
cussed in detail. The importance of natural and synthetic
quinazolinones for clinical purposes has also been reviewed.
From the synthetic chemistry point of view, the Eguchi pro-
tocol and the Ganesan protocol are two important protocols
developed during the synthesis of quinazolinones. To date,
the Ganesan protocol provides the best conditions for the de-
hydration of diamides to form a quinazolinone moiety, but
it proceeds through the intermediate benzoxazine–amidine
and, hence, efficient reagent and reaction conditions to effect
the direct transformation to the quinazolinone are presently
in need of discovery. We feel that a variety of benzoxazi-
nones are potential intermediates for the synthesis of quina-
zolinones. A more detailed investigation is needed for the
development of reaction conditions that would facilitate
the condensation of benzoxazinones with aliphatic/aromatic
amines, which is otherwise difficult or low yielding. (�)-Va-
sicinone, luotonin A, rutaecarpine, ardeemin, and (�)-asper-
licin are the important quinazolinone natural products from
a structural and therapeutic point of view. We strongly feel
that luotonin A or its derivatives will be lead molecules for
the treatment of cancer and may replace the clinically useful
complex anti-cancer agents, the camptothecin derivatives.

It should be obvious that investigations over the last few
years have revealed that the natural quinazolinone alkaloids
and their synthetic derivatives exhibit a wide variety of phar-
macological activities. The continually increasing stream of
publications on this subject permits the hope that, even in the
foreseeable future, an answer must be found to the general
philosophical question of the place and role of alkaloids in
nature in general and of the quinazolinone alkaloids in partic-
ular. In the continuing search for the compounds producing
interesting biological activities, the quinazolinone alkaloids
should provide an excellent starting point for further in-
vestigation. The use of several other natural and unnatural
a-amino acids in combination for the design of natural,
pseudo-natural, and hybrid quinazolinones with tailored
properties is the most challenging task. The applications of
b-amino acids in the synthesis of quinazolinones will provide
an elegant entry to new quinazolinone entities. In conclusion,
quinazolinone chemistry has a very rich past to its credit and
a very bright present, coupled with a highly promising future
from both the basic and application point of view.
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Abstract—Although Lewis acid-catalyzed condensation of 9-H dipyrrinones with acetone dimethylketal is known to afford 10,10-dimethyl-
bilirubin analogs, stannic chloride-catalyzed condensation with acetone followed a different course to give a novel linear tetrapyrrole con-
taining a C(9)–C(10)–N(23) linkage that forms a pyrrolizine unit with one of the internal pyrroles. The structures (1 and 2) of this unexpected
new type of tetrapyrrole, which might be viewed as an N-inverted and N-bridged extended bilirubin, were characterized by a combination of
mass spectrometry, NMR spectroscopy, and X-ray crystallography.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Some 15 years ago, Xie and Smith1 reported the preparation
of a gem-dimethyldipyrrylmethane (Fig. 1A) in 65–75%
yield by condensing benzyl 3,4-dimethylpyrrole-2-carboxy-
late with acetone in the presence of BF3$OEt2 catalyst.
The reaction apparently also led to a small amount of
a side product containing two pyrrole rings connected via
two acetone units (5, Fig. 1B). Attempts to carry out a similar
reaction with two dipyrrinones so as to prepare a 10,10-di-
methyl bilirubin analog, e.g., to convert a methyl neoxantho-
bilirubinate analog (Fig. 1C) to a 10,10-dimethyl bilirubin
ester analog (Fig. 1E) by coupling with acetone, failed to
give the expected tetrapyrrole dimethyl ester and yielded,
however, the a-isopropenyl dipyrrinone (Fig. 1D). After nu-
merous attempts (including changes in Lewis acid catalysts)
to effect the conversion, a successful synthesis of the 10-
gem-dimethyl bilirubin analog (Fig. 1E) was accomplished
by replacing acetone with 2,2-dimethoxypropane, using
TFA as a catalyst in the place of BF3$OEt2, and using the
dipyrrinone acid rather than its ester.2 This successful conver-
sion was later generalized in the synthesis of 10,10-dimethyl
bilirubin analogs with varying alkanoic acid chain lengths.3

And it was also used to generate 10,10-spiro analogs from
ketals such as those of cyclohexanone and fluorenone.4

Recently, we reinvestigated our failed coupling of dipyrri-
nones with acetone and wish to report in the following on
the novel tetrapyrroles produced from the SnCl4-catalyzed
self-coupling of 2,3,7,8-tetramethyl-10(H)-dipyrrin-1-one
(3) and its tetraethyl analog (4) (Fig. 1F) in CH2Cl2–acetone.

Keywords: Pyrrole; Pyrrolizine; Bilirubin; X-ray.
* Corresponding author. Tel.: +1 775 784 4980; fax: +1 775 784 6804;

e-mail: lightner@scs.unr.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.022
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Figure 1. (A) The gem-dimethyldipyrrylmethane was prepared by Xie and
Smith by the reaction of the corresponding a-H monopyrrole with acetone+
BF$Et2O; (B) The proposed minor side product was obtained in the
synthesis of (A); (C) 2-Ethylneoxanthobilirubic acid methyl ester was con-
verted to its 9-iso-propenyl derivative (D) by the reaction that yields (A); (E)
The gem-dimethyl rubin was produced from the free acid of (C) by reaction
with 2,2-dimethoxypropane in the presence of trifluoroacetic acid; (F) The
dipyrrinones that were used in the current study.
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2. Results and discussion

2.1. Synthesis and molecular structure

When (4Z)-2,3,7,8-tetramethyl-10(H)-dipyrrin-1-one (3)
was dissolved in a mixture of CH2Cl2 and acetone and
treated with SnCl4 a new yellow, crystalline product (1)
was isolated in approximately 35% yield. The FABMS
showed a molecular weight of 512 and a molecular formula
of C32H40N4O2 for the product, indicative of a composition
from 2 equiv of 3 and 2 equiv of acetone, less 2 equiv of wa-
ter. Analogously, the tetraethyl analog (4) of 3 reacted quite
similarly to give an ethylated product of molecular weight
568—again indicating condensation of 2 mol equiv of
dipyrrinone 4 with 2 equiv of acetone to produce what we
believed must be a novel type of tetrapyrrole. From the
FABMS of 1, showing a molecular ion peak at m/z 512
and a fragment at m/z 257, it appeared that 1 could fragment
by splitting the molecule in half, so as to retain one dipyrri-
none connected to three carbons (of acetone)—a molecular
fragment equivalent to the structure of Figure 1D, mutatis
mutandis. These data suggest that two such fragments being
conjoined (Fig. 2A), less 2H—to make our tetrapyrrole
equivalent to the Xie and Smith reported minor product
(Fig. 1B).1 However, we also recognized that the tetrapyrrole
structure of Figure 2A could not easily fit the 13C NMR data,
which did not support an exocyclic carbon–carbon double
bond.
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Figure 2. (A) A diacetone tetrapyrrole analog of the Xie–Smith diacetone
dipyrrole of Figure 1B; (B) A possible route to its formation from 3 or 4
by reaction with acetone/SnCl4 to give two reactive dipyrrinone intermedi-
ates: one with an isopropenyl group at C(9), the other with an isopropyl
carbocation at C(9). An alternative mechanism would have two acetones
undergoing an SnCl4-catalyzed aldol condensation to give a C6 carbocation
reactive intermediate.
13C NMR of 1 showed 18 sp2-carbon resonances and 14 sp3

(Table 1) to account for all 32 carbons of the molecular for-
mula. Likewise the 13C NMR spectrum of 2 showed all 18
sp2-carbon resonances and the expected 18 sp3-carbon reso-
nances. The C(9) doublet of 3 or 4 in the 13C NMR spectrum
was replaced by a singlet in 1 or 2, and remaining 13C NMR
signals correlated with the expected ring carbons of two
dipyrrinones, but the two dipyrrinones are not related by
symmetry. Thus, as expected the dipyrrinones were joined
at C(9) but they were not identical in the tetrapyrrole prod-
uct. Aside from the 13C NMR resonance of the pyrrole
b-substituents that tagged along with the dipyrrinones, we
found six new high field 13C NMR signals due to three
CH3 groups, one CH2 group and two quaternary carbons.
There were no new or unexpected sp2-carbon resonances
such as what might have been seen if the ‘diacetone’ connec-
tion between the two dipyrrinones (Fig. 2) resembled that
(Fig. 1B) proposed by Xie and Smith.1 However, because
we saw no extra sp2 carbons in the 13C NMR of 1 and 2, other
than those belonging to the dipyrrinone skeletons, we knew
that our tetrapyrroles could not have quite the same ‘diace-
tone’ connection unit as in Figure 2A or as that in the dipyr-
role of Figure 1B.

In order to reconcile the absence of an extra sp2-C signal
in the 13C NMR spectra of 1 and 2, we looked at a conforma-
tionally different representation of the Xie–Smith dipyrrole
(Fig. 3A), wherein a pyrrole NH is brought into close
proximity to the azafulvene exocyclic double bond. In this
conformation, one might imagine an intramolecular nucleo-
phile attack by the pyrrole nitrogen on the terminal carbon of
the azafulvene, activated by a Lewis acid (H+ or SnCl4),
leading (after work-up) to a cyclopentanopyrrole (pyrroli-
zine) structure. By analogy, from the protonated and confor-
mationally oriented form (Fig. 3B) of the tetrapyrrole of
Figure 2A, the same cyclization mechanism would lead to
one of the central pyrrole rings fused to a cyclopentane
ring into a 1H,2H,3H-pyrrolizine in a novel type of extended
linear tetrapyrrole (Fig. 3C).

Such a structure would be expected to exhibit the same num-
ber and types of carbons as shown in Table 1, with no extra
sp2 carbon in the 13C NMR and only three NH resonances in
the 1H NMR spectrum, and its molecular ion should undergo
facile mass spectrometric fragmentation to give an m/z 257
ion. Consistent with the structure of Figure 3C, long-range
H–C COSY (HMBC) experiments show couplings from
the ‘diacetone’ unit hydrogens to its carbons as well as to
the carbons at 9 and 90, as illustrated in the partial structure
of Figure 4. From this one finds diastereotopic 101-CH2

hydrogens, consistent with the structure of Figure 4. The
1H NMR chemical shifts at 2.47 and 2.78 ppm correspond
to the new 13C NMR signals at 37.6 ppm. Three new methyl
singlets appear at 1.38, 1.47, and 1.98 ppm with 13C NMR
signals at 28.4, 29.5, and 27.5 ppm, respectively. The
HMBC correlations found are consistent with the diacetone
framework shown in Figure 4 connecting the two dipyrri-
nones.

The intramolecular cyclization of Figure 3A and B intro-
duces a new stereogenic center (*), making the gem-di-
methyls and the CH2 hydrogens diastereotopic in 1 and 2
(Fig. 3C). In fact, the methyls of 1 are not equivalent in its
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Table 1. 13C and 1H NMR chemical shiftsa of new tetrapyrrole compounds 1 and 2 and their precursor dipyrrinones 3 and 4 in CDCl3

Compd 13C NMR sp2 carbons 13C NMR sp3 carbons H 1H NMR

1 98.8 (d), 100.3 (d), 108.7 (d), 116.6 (s),
117.6 (s), 122.5 (s), 122.7 (s), 124.6 (s),
126.1 (s), 126.6 (s), 130.2 (s), 135.0 (s),
136.6 (s), 140.6 (s), 142.7 (s), 142.7 (s),
171.8 (s), 174.4 (s)

8.41 (q), 8.72 (q), 8.74 (q), 8.81 (q),
9.41 (q), 9.53 (q), 9.92 (q), 11.5 (q),
27.5 (q), 28.4 (q), 60.0 (s), 61.8 (s)

CH3 1.38, 1.47, 1.55, 1.75, 1.82, 1.84, 1.98, 2.02,
2.04, 2.05, 2.11 (all s)

CH2 2.46 (1H, d, J¼13.0 Hz), 2.78 (1H, d,
J¼13.0 Hz)

CH 5.43 (s), 6.09 (s)
NH 7.09 (s), 8.98 (s), 10.52 (s)

2 100.4 (d), 101.3 (d), 116.2 (s),
116.9 (s), 122.5 (s), 123.0 (s), 128.9 (s),
129.5 (s), 130.1 (s), 131.9 (s), 133.7 (s),
134.3 (s), 137.4 (s), 142.6 (s), 146.3 (s),
148.8 (s), 171.6 (s), 173.8 (s)

14.0 (q), 14.3 (q), 15.3 (q), 15.4 (q),
15.7 (q), 16.0 (q), 16.7 (t), 16.9 (t),
16.98 (q), 17.0 (t), 17.3 (q), 17.7 (t),
17.8 (t), 17.8 (t), 18.1 (t), 19.2 (t),
27.7 (q), 29.6 (q), 30.6 (q), 38.2 (t),
60.8 (s), 61.8 (s)

CH3 0.85 (t, J¼7.63 Hz), 0.92 (t, J¼7.43 Hz),
1.01 (t, J¼7.63 Hz), 1.05 (t, J¼7.63 Hz),
1.07 (t, J¼7.63 Hz), 1.16 (t, J¼8.41 Hz),
1.19 (t, J¼7.43 Hz), 1.43 (s), 1.46 (s),
1.95 (s)

CH2 2.15�2 (q, J¼7.63 Hz), 2.26�2
(q, J¼7.63 Hz), 2.48 (m, 8H)

CH 2.32 (d, J¼11.5 Hz), 2.78 (d, J¼13.1 Hz),
5.38 (s), 6.11 (s), 7.15 (s)

NH 7.15 (s), 8.8 (br s), 10.16 (br s)

3 101.4 (d), 119.7 (s), 121.4 (d),
121.5 (s), 124.3 (s), 124.6 (s),
128.3 (s), 142.6 (s), 174.4 (s)

8.5 (q), 9.6 (q), 10.1 (q), 10.3 (q) CH3 1.90 (s), 2.03 (s), 2.12 (s)
CH 6.17 (s), 6.83 (s)
NH 10.23 (s), 10.95 (s)

4 97.4 (d), 118.8 (s), 123 (s), 124.5 (s),
127.6 (s), 128.4 (s), 129.0 (s), 146.6 (s),
171.4 (s)

17.6 (t), 16.9 (t), 16.3 (t), 16.2 (q),
15.4 (q), 14.7 (q), 13.6 (q)

CH3 1.2 (12H)
CH2 2.4 (4H), 2.58 (4H)
CH 6.82 (2H)
NH 10.51 (s), 11.19 (s)

a Chemical shifts in d (ppm) downfield from (CH3)4Si inw5�10�3 M solutions at 25 �C.
13C NMR spectrum (see Fig. 4), nor are the methylene
hydrogens in the 1H NMR.

2.2. X-ray crystal structure

After many failed attempts to grow a crystal of 1 suitable for
X-ray crystallography, its octaethyl analog 2 was prepared,
and exhibited NMR data well correlated to those of 1
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Figure 3. (A) N-protonated conformational isomer of the Xie–Smith
diacetone dipyrrole of Figure 1B, oriented for intramolecular cyclization;
(B) (upper) The diacetone tetrapyrrole of (A), conformationally oriented and
activated for cyclization to (C) the proposed structures of new pyrrolizine
tetrapyrroles 1 and 2.
(Table 1). A suitable crystal was grown, and its X-ray struc-
ture (Fig. 5) confirms the proposed structures (Fig. 3C) of the
tetrapyrrole and clearly indicates a new N(3)–C(10) linkage
connecting a pyrrole ring to C(10) to form a 1H,1H,3H-
pyrrolizine moiety. It also indicates that one lactam ring
bends around the C(16)–C(17) bond toward the anti-clinal
conformation while the other lactam maintains the syn-
periplanar. The corresponding torsion angles, 116� and
0.3�, respectively, for N(3)–C(16)–C(17)–C(18) and N(2)–
C(06)–C(05)–C(04) (Fig. 5, upper) clearly indicate the con-
formations about the lactams, presumably determined by the
requirements for intermolecular hydrogen bonding in the
crystal (Fig. 5, lower). The torsion angles of the exocyclic
double bonds, 8.8� and 7.2�, respectively, for N(4)–C(18)–
C(17)–C(16) and N(1)–C(04)–C(05)–C(06) indicate little
distortion from planarity. The N(2)–C(09)–C(10)–N(3)
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Figure 4. The structure of 1 (left) and partial central structure (right) with
HMBC correlations.
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torsion angle of 124� clearly indicates that the two halves of
the molecule are not coplanar and in fact are rotated out of
coplanarity, as are the two halves of bilirubin. Bond lengths
and angles show no unusual deviations from expected
values.

In the crystal, both dipyrrinones are in the Z-configuration;
the one containing the pyrrolizine is close to anti-Z, with
the end ring turned away to minimize steric crowding; the
second dipyrrinone is in the usual syn-Z-conformation.
The crystal packing is interesting, as two molecules are ar-
ranged to form a box-like shape, with a cavity approximately
6�8 Å internal dimensions.

3. Concluding comments

Lewis acid-catalyzed condensation of two 9-H dipyrrinones
(3 or 4) with 2 equiv of acetone led to a novel linear tetra-
pyrrole (1 or 2) with a central pyrrole ring contained in a

Figure 5. (upper) Crystal structure drawing and numbering system of
tetrapyrrole 2; hydrogen atoms are removed for clarity of presentation;
librational ellipsoids have been drawn with 50% probability. Exocyclic
(Z)-configuration carbon–carbon double bonds are C(04)]C(05) and
C(17)]C(18). The single bonds C(05)–C(06) and C(16)–C(17) are in the
syn and anti conformations, respectively. (lower) Tetrapyrrole 2 as an inter-
molecularly hydrogen-bonded dimer in the crystal that forms a cavity of
inner dimensions 6.0�8.0 Å. The numbering system used is for the crystal
structure drawings.
pyrrolizine-type structure. The structures correlated with
their NMR spectra, and in the case of 2 the structure
was confirmed by X-ray crystallography. A similar type of
BF3$OEt2-catalyzed condensation–cyclization reaction with
two acetone molecules has been reported for indoles.5

4. Experimental

4.1. General procedures

Nuclear magnetic resonance (NMR) spectra were obtained
on a Varian 400 MHz spectrometer or on a Varian Unity
Plus 500 MHz spectrometer in CDCl3 solvent (unless other-
wise specified). Chemical shifts were reported in d (ppm)
referenced to the residual CHCl3

1H signal at 7.26 ppm
and 13C signal at 77.0 ppm. The CDCl3 solvent was stored
over CaH2 after having been passed through a column of
Woelm basic Al2O3 (super Act 1). Heteronuclear multiple
quantum coherence (HMQC) and heteronuclear multiple
bond correlation (HMBC) spectra were used to assign 13C
NMR spectra. UV–vis spectra were recorded on a Perkin–
Elmer l-12 spectrophotometer. Melting points were taken
on a Mel Temp capillary apparatus and are uncorrected.
Combustion analyses were carried out by Desert Analytics,
Tucson, AZ. Analytical thin layer chromatography was car-
ried out on J. T. Baker silica gel IB-F plates (125 mm layers).
Radial chromatography was carried out on Merck silica gel
PF254 with gypsum preparative layer grade, using a Chroma-
totron (Harrison Research, Palo Alto, CA). Spectral data
were obtained in spectral grade solvents (Aldrich or Fisher).
Deuterated chloroform and dimethylsulfoxide were from
Cambridge Isotope Laboratories. (4Z)-2,3,7,8-Tetramethyl-
10H-dipyrrin-1-one (3)2,6 and (4Z)-2,3,7,8-tetraethyl-10H-
dipyrrin-1-one (4)7 were prepared as described in the
literature.

4.2. General procedure for the synthesis
of tetrapyrroles 1 and 2

In a 100 mL round bottom flask equipped with a magnetic
stir bar and drying tube, CH2Cl2 (25 mL) was cooled in
an ice-water bath. SnCl4 (1 mL, 17 mmol) was added to
the cool solution and stirred for 5 min. Acetone (2 mL,
27.2 mmol) was added to the solution; the solution turned
cloudy, then turned clear after 1 min. The mixture was
stirred, cooled in an ice-water bath for 5 min at which time
a solution of dipyrrinone (100 mg, 0.376 mmol) in CH2Cl2
(25 mL) was added in one portion. The mixture was stirred
at room temperature for 23 h, with drying tube attached, af-
ter which it was poured into 100 mL of ice water and stirred
for 1 h. The organic layer was separated from the aqueous
layer and extracted with CH2Cl2 (3�20 mL). The combined
extracts were washed with H2O (3�100 mL) and dried
(Na2SO4). After the solvent was removed (rotovap), the
residue was purified by radial chromatography (eluent 2%
MeOH/CH2Cl2) and crystallized to give the pure tetrapyr-
role. Thus, 90 mg (38%) of crystalline 1, mp 247 �C (dec),
and 40 mg (34%) of crystalline 2, mp 216 �C (dec) were ob-
tained. Their 1H and 13C NMR spectral data are in Table 1.
Their UV–vis spectra showed 3max (lmax, nm): 1, 32,750
(410sh), 38,000 (389) and 2, 36,900 (412sh) and 40,800
(394) in CHCl3. 1, 40,900 (415sh), 46,200 (395) and 2,
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42,400 (415sh) and 47,100 (397) in CH3OH and 1, 43,850
(411sh), 49,100 (391) and 2, 43,950 (411sh), 50,250 (393)
in (CH3)2SO. Anal. for 1 calcd for C32H40N4O2 (512.7):
C, 74.97; H, 7.86; N, 10.93. Found: C, 74.53; H, 7.79; N,
10.75. Anal. for 2 calcd for C40H56N4O2 (624.9): C, 76.88;
H, 9.03; N, 8.97. Found: C, 76.79; H, 8.64; N, 8.97.

4.3. X-ray structure

Crystals of 2 were grown by slow diffusion of diethyl
ether into a solution of CH2Cl2. A crystal of 0.11�0.05�
0.03 mm3 was placed onto the tip of a 0.1 mm diameter glass
capillary and mounted on a Bruker SMART Apex system for
data collection at 100(2) K. A preliminary set of cell con-
stants was calculated from reflections harvested from three
sets of 20 frames for 2. These initial sets of frames were ori-
ented such that orthogonal wedges of reciprocal space were
surveyed (final orientation matrices determined from global
least-squares refinement of 1432 reflections for 2). The
data collection was carried out using Mo Ka radiation
(0.71073 Å graphite monochromator) with a frame time of
20 s for 2 and a detector distance of 4.94 cm. A randomly
oriented region of reciprocal space was surveyed to the
extent of two hemispheres and to a resolution of 0.66 Å.
Four major sections of frames were collected with 0.3� steps
in u at 600 different f settings and a detector position of 36�

in 2q for 2. The intensity data were corrected for absorption
and decay (SADABS).8 Final cell constants were calculated

Table 2. Crystal data and structure refinement for tetrapyrrole 2

Empirical formula C40H56N4O2

Formula weight 624.92
Temperature 100(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P-1
Unit cell dimensions a¼11.5155(5) Å, a¼102.7000(10)�

b¼12.0482(6) Å, b¼108.7370(10)�

c¼14.3998(7) Å, g¼92.6000(10)�

Volume 1831.07(15) Å3

Z 2
Density (calculated) 1.133 mg/m3

Absorption coefficient 0.070 mm�1

F(000) 680
Crystal size 0.11�0.05�0.03 mm3

Theta range for data collection 1.75–25.00�

Index ranges �13�h�13, �14�k�14, �17�l�17
Reflections collected 19,815
Independent reflections 6447 [R(int)¼0.0718]
Completeness to theta¼25.00� 100.0%
Absorption correction SADABS
Max. and min. transmission 0.9977 and 0.9925
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6447/0/415
Goodness-of-fit on F2 0.994
Final R indices [I>2s(I)] R1¼0.0521, wR2¼0.1125
R indices (all data) R1¼0.0976, wR2¼0.1246
Largest diff. peak and hole 0.370 and �0.339 eÅ�3
from the xyz centroids of strong reflections from the actual
data collection after integration (SAINT 6.45, 2003).9 Crys-
tal data and refinement information for 2 are provided in
Table 2.

The structure was solved and refined using SHELXL-T-L.10

The triclinic space group P-1 for 2 was determined based on
systematic absences and intensity statistics. A direct-
methods solution was calculated, which provided non-
hydrogen atoms from the E-map. Full-matrix least squares/
difference Fourier cycles were performed for structure
refinement. All non-hydrogen atoms were refined with an-
isotropic displacement parameters unless stated otherwise.
Hydrogen atom positions were placed in ideal positions
and refined as riding atoms with relative isotropic dis-
placement parameters (a C–H distance fixed at 0.96 Å and
a thermal parameter 1.2 times the host carbon atom). Tables
of atomic coordinates, bond lengths an angles, anisotropic
displacement parameters, hydrogen coordinates, and isotro-
pic displacement parameters have been deposited at the
Cambridge Crystallographic Data Centre, CCDC No.
609283 for 2.
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Abstract—The reaction of different chloromethyl ethers 1 with an excess of lithium powder and a catalytic amount of 4,40-di-tert-butyl-
biphenyl (2.5 mol %) in THF at 0 �C leads to the corresponding a-lithiomethyl ether intermediates, through a chlorine–lithium exchange,
which spontaneously undergo a clean [1,2]-Wittig rearrangement affording the expected homobenzylic alcohols 2. This is the first version
of this rearrangement starting from easily available chloromethyl ethers.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The [1,2]-Wittig rearrangement, originally called ‘cationo-
tropic isomerization’,1 is the transformation of an a-lithiated
ether I into a lithium alkoxide II by migration of an R group
from the oxygen to the a-carbon atom, which initially bore
the lithium atom (Scheme 1).2 Among the different possible
mechanistic proposals for this rearrangement, nowadays the
most commonly accepted one involves an intramolecular
radical process through the species III and IV (Scheme 1).3
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Scheme 1.

Apart from some problems concerning a possible b-elimina-
tion from the a-carbanion (see V)4 or stereochemical conno-
tations of the process (mainly retention at the migrating
carbon atom and inversion at the carbon terminus),2 two lim-
itations are associated with the [1,2]-Wittig rearrangement:
(a) probably the most simple way to access intermediates
of type I would be the corresponding deprotonation using
a lithium base (LDA or an alkyllithium reagent), but this
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method only works when the group G can stabilise the
negative charge at its a-position (such as a vinyl, phenyl or
alkynyl group)5 and (b) the difficulty of carrying out the
migration of the group R when G¼H (for lithiomethyl
ethers).6

In order to avoid the above mentioned problems other alter-
natives to the deprotonation methodology have been re-
ported including: (a) a tin–lithium transmetallation using
n-butyllithium as the lithiation agent,7 (b) a sulfur–lithium
exchange using lithium-4,40-di-tert-butylbiphenyl (DTBB)
in the lithiation step8 and (c) selenium–lithium exchange
with lithium-naphthalene.9 However, to our best knowledge
the corresponding chlorine–lithium exchange has never been
described to perform the [1,2]-Wittig rearrangement.

In the course of our investigations using an arene-catalysed
lithiation10 as a procedure to carry out lithiation reactions
under very mild reaction conditions,11 we recently studied
the [2,3]-Wittig rearrangement generating the corresponding
lithium intermediate by a chlorine–lithium exchange.12

In only one case, for benzyl chloromethyl ether, the same
methodology afforded 2-phenylethanol as a consequence
of a [1,2]-Wittig rearrangement. This result prompted us to
study the scope of this reaction using different arylmethyl
chloromethyl ethers and the mentioned arene-catalysed lith-
iation methodology.

2. Results and discussion

Starting materials 1 were prepared according to the proce-
dures described in the literature. Although for compounds
1a–f,m,n the reaction of the corresponding benzylic alcohol

mailto:yus@ua.es
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with paraformaldehyde and chlorotrimethylsilane was effi-
cient,13 for starting chloroethers 2g–l,o it was necessary to
use the reaction of the alkoxides derived from the same alco-
hols with chloromethyl methyl thioether followed by chlori-
nation with sulfuryl chloride14 in order to get good results
(Scheme 2).

Ar OH

R

Ar O

R

Cl

i

ii-iv
Method B

1

Method A

[for 1a-f,m,n]

[for 1g-l,o]

Scheme 2. Reagents and conditions: (i) paraformaldehyde, Me3SiCl, CCl4,
rt; (ii) NaI, NaH, THF, rt; (iii) ClCH2SMe, THF, 0 �C; (iv) SOCl2, CH2Cl2,
�78 �C or rt.

The reaction of different arylmethyl chloromethyl ethers 1
with an excess of lithium powder (1:7 molar ratio; theoreti-
cal 1:2) and a catalytic amount of DTBB (1:0.05 molar ratio;
2.5 mol %) in THF at 0 �C for 1 h led, after hydrolysis with
water, to the expected homobenzylic alcohols resulting from
a [1,2]-Wittig rearrangement (Scheme 3 and Table 1). The
reaction worked nicely for chloromethyl ethers without
(Table 1, entries 1–12) or with substituents (Table 1, entries
13–15) at the benzylic position. In the case of methoxy
substituted starting materials 1h–j, the reaction at 0 �C (stan-
dard conditions) led mainly to a benzylic cleavage15 giving,
after hydrolysis, the corresponding methylanisole as the
major reaction product. On the other hand, at lower temper-
atures (�78 �C) the chlorine–lithium exchange took place
cleanly, but the expected rearrangement did not occur and
the only reaction product isolated after hydrolysis was the
corresponding methyl (methoxy)benzyl ether resulting
from a chlorine–hydrogen exchange (the undesirable
‘reduced’ product). Modest but reproducible results were
obtained working at�40 �C (Table 1, entries 8–10 and foot-
note d), the electronic effects of the methoxy substituent
having been invoked in order to explain the behaviour
observed for compounds 1h–j. For compounds 1g and 1l
it is also necessary to work at �40 �C in order to avoid the
formation of the corresponding methylarene (benzylic
cleavage15) at 0 �C or the dimer bis(arylmethyl) (coupling
of the corresponding benzylic radicals), at �78 �C, as the
major products (Table 1, entries 7 and 12, respectively).
Also here the electronic effect of the extra aryl group should
be guilty of the obtained results. A special mention merits
the results obtained using aryl chloromethyl ethers 1 bearing
electron withdrawing groups. Thus, when the reaction
shown in Scheme 1 was carried out using o-, m- or p-(tri-
fluoromethyl)phenylmethyl chloroethers, the undesirable
benzylic cleavage was the only process observed, so the
corresponding trifluoromethylbenzyl alcohols were the
only reaction products detected. In addition, the use of
fluorophenyl derivatives as starting materials was also

Ar O Cl

R i,ii
Ar

OH
R

1 2

Scheme 3. Reagents and conditions: (i) Li, DTBB (2.5 mol %), THF, �78,
�40 or 0 �C; (ii) H2O, rt.
problematic: as an example, 4-fluorobenzyl chloromethyl
ether (1k) gave only 21% yield of the expected alcohol 2k,
making it necessary to work in this case at �78 �C (Table
1, entry 11 and footnote e). Finally, we studied the possibility
of scaling up the reaction shown in Scheme 3, mainly with
the purpose of investigating the reduction of the amount of
lithium used in the process. Thus, starting from 5 mmol of
the chloroether 1a, and using the same protocol but using
only 11 mmol of lithium powder (1:2.2 molar ratio; theoret-
ical: 1:2 molar ratio) we obtained reproducible yields in the
range of 65–70%, indicating that at higher scale it is not
necessary to use a large excess of lithium powder.16

3. Conclusion

In conclusion, we have described in this paper for the first
time the [1,2]-Wittig rearrangement of representative ben-
zylic chloromethyl ethers by a DTBB-catalysed chlorine–
lithium exchange. This new process is of interest not only
due to the easy access of the starting materials, but also for
enabling the migration of the benzylic moiety to a methyl
group, a process that can be problematic using other method-
ologies.

4. Experimental

4.1. General

For general information see Ref. 17. All lithiation reactions
were carried out under argon atmosphere in oven-dried glass-
ware. All commercially available reagents (Acros, Aldrich,
Fluka) were used without further purification except benzyl
chloromethyl ether (1a) (Aldrich, purity 60%) that was
purified by distillation (Kugelrohr, ca. 70 �C) before use.
Commercially available anhydrous THF (99.9%, water con-
tent�0.006%, Acros) was used as solvent in all the lithiation
reactions. IR spectra were measured with a Nicolet Impact
400 D-FT spectrometer. NMR spectra were recorded in
the Technical Services of the University of Alicante with
a Bruker AC-300 or AC-400 using CDCl3 as solvent and
TMS as internal standard; chemical shifts are given in parts
per million and coupling constants (J ) are given in hertz.
13C NMR assignments were made on the basis of DEPT
experiments. LRMS were measured with Shimadzu GC/HS
QP-5000 and Hewlett–Packard EM/CG-5973A spectro-
meters, and HRMS were measured in the Technical Services
of the University of Alicante with a Finingan MAT95 S spec-
trometer, fragment ions in m/z with relative intensities (%) in
parentheses. The purity of volatile products and the chroma-
tographic analyses (GLC) were determined with a Hewlett–
Packard HP-4890 instrument equipped with a flame
ionisation detector and a 30 m capillary column (0.32 mm
diameter, 0.25 mm film thickness), using nitrogen (2 mL/min)
as carrier gas, Tinjector¼275 �C, Tdetector¼300 �C, Tcolumn¼
60 �C (3 min) and 60–270 �C (15 �C/min), P¼40 Kpa; re-
tention times (tR) are given under these conditions. Thin layer
chromatography (TLC) was carried out on Merck plastic
sheets coated with silica gel 60 F254. Lithium powder, which
can be prepared from commercially available lithium gran-
ules (99%, high sodium content, Aldrich) as it was already
reported by us,18 was supplied by MEDALCHEMY.
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Table 1. Preparation of homobenzylic alcohols 2

Entry Starting material Producta

Structure No. Structure No. Yield (%)b

1
O Cl

1a
OH

2a 70c

2
O Cl

1b
OH

2b 60

3
O Cl

1c
OH

2c 72

4
O Cl

1d
OH

2d 84

5
O Cl

1e

OH

2e 69

6
O Cl

1f

OH

2f 84

7

O Cl
1g

OH

2g 42d

8
O Cl

O
1h

OH

O
2h 32d

9 O Cl
O

1i
OHO

2i 52d

10
O Cl

O
1j

OH

O
2j 22d

11
O Cl

F
1k

OH

F
2k 21e

12
O Cl

1l
OH

2l 57d

13 O Cl 1m
OH

2m 70

14 O Cl 1n OH 2n 81

15

O Cl
1o

OH
2o 86

a All compounds 2 were >95% pure (GLC and/or 300 or 400 MHz 1H NMR).
b Isolated yield after distillation in vacuo (ca. 0.01 Torr; for 2a–f,h–j,m,n) or column chromatography (silica gel, hexane/ethyl acetate; for 2g,k,l,o) based on the

starting material 1.
c See Ref. 12.
d Reaction performed at �40 �C.
e Reaction performed at �78 �C.
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4.2. Preparation of chloromethyl ethers 1b–f,m,n
(Method A). General procedure13

A solution of the corresponding alcohol (3 mmol), paraform-
aldehyde (120 mg, 3.75 mmol) and chlorotrimethylsilane
(380 mL, 3 mmol) in dry carbon tetrachloride (9 mL) was
stirred under argon for 2.5 h at ambient temperature. The
solution was filtered and the solvent was evaporated
(15 Torr). The residue was distilled under reduced pressure
(ca. 0.01 Torr) in a Kugelrohr apparatus to provide the
pure chloromethyl ethers.19 Yields, physical, analytical
spectroscopic data, as well as literature references for known
compounds, follow.

4.2.1. 1-(Chloromethoxymethyl)-2-methylbenzene
(1b).14 Yield: 55%. Colourless liquid; tR¼10.1 min; n (film)
3067, 3023 (]CH), 1115 (C–O) cm�1; dH (300 MHz) 2.35
(3H, s, CH3), 4.74 (2H, s, ArCH2), 5.51 (2H, s, CH2Cl),
7.18–7.32 (4H, m, 4�ArH); dC (75 MHz) 18.8 (CH3), 69.8
(ArCH2), 81.8 (CH2Cl), 125.9, 128.7, 129.5, 130.4 (ArCH),
133.5, 137.3 (ArC); m/z 172 (M++2, 4%), 170 (M+, 12%),
106 (10), 105 (100), 104 (50), 103 (15), 91 (12), 79 (11), 77 (17).

4.2.2. 1-(Chloromethoxymethyl)-3-methylbenzene (1c).20

Yield: 50%. Colourless liquid; tR¼10.2 min; n (film) 3025
(]CH), 1124 (C–O) cm�1; dH (400 MHz) 2.34 (3H, s, CH3),
4.68 (2H, s, ArCH2), 5.49 (2H, s, CH2Cl), 7.12–7.15 (3H, m,
3�ArH), 7.22–7.26 (1H, m, ArH); dC (100 MHz) 21.2 (CH3),
71.3 (ArCH2), 81.7 (CH2Cl), 125.4, 128.4, 129.1 (ArCH),
135.4, 138.2 (ArC); m/z 172 (M++2, 5%), 170 (M+, 15%),
140 (10), 106 (16), 105 (100), 103 (10), 91 (11), 77 (14).

4.2.3. 1-(Chloromethoxymethyl)-4-methylbenzene
(1d).20 Yield: 51%. Colourless liquid; tR¼10.1 min; n
(film) 3024 (]CH), 1120 (C–O) cm�1; dH (300 MHz)
2.35 (3H, s, CH3), 4.70 (2H, s, ArCH2), 5.51 (2H, s,
CH2Cl), 7.18 (2H, d, J¼7.7, 2�ArH), 7.25 (2H, d, J¼7.7,
2�ArH); dC (75 MHz) 21.2 (CH3), 71.1 (ArCH2), 81.6
(CH2Cl), 128.6, 129.3 (ArCH), 132.4, 138.2 (ArC); m/z
172 (M++2, 6%), 170 (M+, 18%), 106 (11), 105 (100), 77
(11); HRMS calcd for C9H11OCl 170.0498, found 170.0504.

4.2.4. 1-(Chloromethoxymethyl)-3,5-dimethylbenzene
(1e).22 Yield: 49%. Colourless liquid; tR¼11.0 min; n
(film) 3017 (]CH), 1121 (C–O) cm�1; dH (300 MHz)
2.32 (6H, s, 2�CH3), 4.67 (2H, s, ArCH2), 5.52 (2H, s,
CH2Cl), 6.97 (3H, br s, 3�ArH); dC (75 MHz) 21.1 (CH3),
71.3 (ArCH2), 81.6 (CH2Cl), 126.2, 129.9 (ArCH), 135.3,
138.1 (ArC); m/z 186 (M++2, 5%), 184 (M+, 16%), 120
(21), 119 (100), 105 (11), 91 (15); HRMS calcd for
C10H13OCl 184.0655, found 184.0674.

4.2.5. 4-tert-Butyl-1-(chloromethoxymethyl)benzene (1f).
Yield: 42%. Colourless liquid; tR¼12.3 min; n (film) 3058,
3028 (]CH), 1120 (C–O) cm�1; dH (300 MHz) 1.32 (9H,
s, 3�CH3), 4.72 (2H, s, ArCH2), 5.51 (2H, s, CH2Cl), 7.30
(2H, d, J¼8.1, 2�ArH), 7.40 (2H, d, J¼8.1, 2�ArH); dC

(75 MHz) 31.3 (CH3), 34.6 [C(CH3)3], 71.1 (ArCH2), 81.7
(CH2Cl), 125.5, 128.3 (ArCH), 132.4, 151.5 (ArC); m/z
214 (M++2, 6%), 212 (M+, 18%), 199 (34), 198 (13), 197
(100), 147 (29), 132 (13), 131 (24), 117 (16), 115 (10), 91
(14); HRMS calcd for C12H17OCl 212.0968, found
212.0962.
4.2.6. (1-Chloromethoxyethyl)benzene (1m).14 Yield:
51%. Colourless liquid; tR¼9.1 min; n (film) 3064, 3031
(]CH), 1132 (C–O) cm�1; dH (300 MHz) 1.51 (3H, d,
J¼6.5, CH3), 4.93 (1H, q, J¼6.5, CH), 5.17, 5.51 (2H, 2d,
J¼5.6, CH2Cl), 7.29–7.34 (5H, m, 5�ArH); dC (75 MHz)
22.8 (CH3), 76.1 (CH), 80.3 (CH2Cl), 126.4, 126.8, 128.2,
128.6 (ArCH), 140.8 (ArC); m/z 172 (M++2, 2%), 170
(M+, 6%), 156 (11), 155 (35), 140 (15), 106 (10), 105
(100), 103 (14), 91 (23), 79 (11), 77 (20).

4.2.7. (1-Chloromethoxypropyl)benzene (1n). Yield: 47%.
Colourless liquid; tR¼9.8 min; n (film) 3063, 3030 (]CH),
1111 (C–O) cm�1; dH (400 MHz) 0.90 (3H, t, J¼7.4, CH3),
1.74, 1.88 (2H, m, CH2Me), 4.67 (1H, t, J¼6.8, CH), 5.16,
5.54 (2H, 2d, J¼5.5, CH2Cl), 7.28–7.39 (5H, m, 5�ArH);
dC (100 MHz) 10.1 (CH3), 30.0 (CH2Me), 80.5 (CH2Cl),
81.7 (CH), 127.3, 128.2, 128.6 (ArCH), 139.7 (ArC); m/z
186 (M++2, 2%), 184 (M+, 6%), 157 (34), 155 (100), 119
(26), 91 (75), 77 (12); HRMS calcd for C10H13OCl
184.0655, found 184.0639.

4.3. Preparation of chloromethyl ethers 1g–l,o
(Method B). General procedure14

4.3.1. Preparation of the precursor thioacetals. The corre-
sponding alcohol (3 mmol) was carefully added dropwise to
a mixture of sodium iodide (450 mg, 3 mmol) and sodium
hydride (144 mg, 0.6 mmol) in dry THF (3.3 mL) under
argon at room temperature. When hydrogen evolution had
ceased, the solution was cooled at 0 �C and chloromethyl
methyl sulfide (3 mmol, 260 mL) was added dropwise over
10 min. The mixture was stirred at 0 �C for 2 h and then
warmed to room temperature and stirred for 6 h. Water
(8 mL) was carefully added dropwise to the solution and
then ethyl acetate (2.5 mL) was added. The organic phase
was separated and the aqueous layer was extracted with ethyl
acetate (2�2.5 mL). Extracts were dried (MgSO4) and the
solvents were evaporated (15 Torr). The residue was filtered
through silica gel, eluting with hexane/ethyl acetate, to give
the corresponding O,S-acetal. Yields, physical, analytical
spectroscopic data, as well as literature references for known
compounds, follow.

4.3.1.1. 1-(Methylsulfanylmethoxymethyl)-4-phenyl-
benzene. Yield: 84%. Yellow oil; tR¼17.0 min; n (film)
3055, 3028 (]CH), 1063 (C–O) cm�1; dH (400 MHz)
2.21 (3H, s, CH3), 4.66 (2H, s, CH2S), 4.72 (2H, s,
ArCH2), 7.35 (1H, m, ArH), 7.44 (4H, m, 4�ArH), 7.59
(4H, m, 4�ArH); dC (100 MHz) 13.9 (CH3), 69.1
(ArCH2), 74.4 (CH2S), 127.1, 127.2, 127.3, 128.6, 128.8
(ArCH), 136.5, 140.8 (ArC); m/z (M+, 6%), 196 (38), 168
(16), 167 (100), 165 (25), 152 (14); HRMS calcd for
C15H16OS 244.0922, found 244.0909.

4.3.1.2. 1-Methoxy-2-(methylsulfanylmethoxymethyl)-
benzene. Yield: 77%. Yellow oil; tR¼12.8 min; n (film)
1067 (C–O) cm�1; dH (400 MHz) 2.18 (2H, s, SCH3), 3.83
(2H, s, OCH3), 4.66, 4.71 (2�2H, s, ArCH2, CH2S), 6.87–
6.88 (1H, d, J¼8.2, ArH), 6.94 (1H, t, J¼7.5, ArH), 7.25–
7.29 (1H, m, ArH), 7.38 (1H, d, J¼7.5, ArH); dC (100 MHz)
13.7 (SCH3), 55.3 (OCH3), 64.5 (ArCH2), 74.5 (CH2S),
110.2, 120.3, 128.9, 129.5 (ArCH), 125.7, 157.4 (ArC); m/z
198 (M+, 5%), 150 (33), 137 (15), 122 (10), 121 (100), 93
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(10), 91 (72); HRMS: M+, found 198.0726. C10H14O2S re-
quires 198.0715.

4.3.1.3. 1-Methoxy-3-(methylsulfanylmethoxymethyl)-
benzene. Yield: 78%. Yellow oil; tR¼13.0 min; n (film)
1051 (C–O) cm�1; dH (400 MHz) 2.18 (2H, s, SCH3), 3.80
(2H, s, OCH3), 4.59, 4.68 (2�2H, 2s, ArCH2, CH2S),
6.81–6.85 (1H, m, ArH), 6.90–6.94 (2H, m, 2�ArH),
7.24–7.28 (1H, m, ArH); dC (100 MHz) 13.9 (SCH3), 55.1
(OCH3), 69.2 (ArCH2), 74.3 (CH2S), 113.3, 120.3, 129.4
(ArCH), 139.0, 159.7 (ArC); m/z 198 (M+, 9%), 150 (20),
122 (23), 121 (100), 91 (20), 78 (10); HRMS: M+, found
198.0720. C10H14O2S requires 198.0715.

4.3.1.4. 1-Methoxy-4-(methylsulfanylmethoxymethyl)-
benzene.14 Yield: 80%. Yellow oil; tR¼13.0 min; n (film)
3033 (]CH), 1063 (C–O) cm�1; dH (300 MHz) 2.17 (3H,
s, SCH3), 3.80 (3H, s, OCH3), 4.55 (2H, s, CH2S), 4.65
(2H, s, ArCH2), 6.88 (2H, d, J¼8.4, 2�ArH), 7.28 (2H, d,
J¼8.4, 2�ArH); dC (75 MHz) 13.8 (SCH3), 55.2 (OCH3),
68.9 (ArCH2), 73.9 (CH2S), 113.8, 129.7 (ArCH), 159.2
(ArC); m/z 198 (M+, 5%), 150 (28), 122 (10), 121 (100).

4.3.1.5. 1-Fluoro-4-(methylsulfanylmethoxymethyl)-
benzene. Yield: 79%. Yellow liquid; tR¼10.6 min; n
(film) 3043 (]CH), 1063 (C–O) cm�1; dH (300 MHz)
2.18 (CH3), 4.57, 4.67 (2�2H, 2s, ArCH2, CH2S), 7.00–
7.06 (2H, m, 2�ArH), 7.29–7.34 (2H, m, 2�ArH); dC

(75 MHz) 13.8 (CH3), 68.6 (ArCH2), 74.3 (CH2S), 115.1,
115.4, 129.8, 129.9 (ArCH), 133.2, 133.3, 160.7, 164.0
(ArC); m/z 186 (M+, 7%), 138 (36), 109 (100), 83 (11);
HRMS: M+, found 186.0518. C9H11FOS requires 186.0515.

4.3.1.6. (1-Methylsulfanylmethoxymethyl)naphthal-
ene.20 Yield: 95%. Yellow oil; tR¼15.3 min; n (film)
3048 (]CH), 1116 (C–O) cm�1; dH (400 MHz) 2.23 (3H,
s, CH3), 4.74 (2H, s, CH2S), 5.07 (2H, s, ArCH2), 7.42–
7.57 (4H, m, 4�ArH), 7.82 (1H, d, J¼8.1, 2�ArH), 7.87
(1H, d, J¼8.6, ArH), 8.17 (1H, d, J¼8.3, ArH); dC

(100 MHz) 14.1 (CH3), 67.8 (CH2), 74.5 (CH), 123.9,
125.2, 125.8, 126.3, 127.2, 128.5, 128.9 (ArCH), 131.8,
132.8, 133.8 (ArC); m/z 218 (M+, 14%), 170 (21), 142
(18), 141 (100), 115 (22).

4.3.1.7. [Methylsulfanylmethoxy(phenyl)methyl]-
benzene. Yield: 79%. Yellow oil; tR¼15.4 min; n (film)
3061, 3028 (]CH), 1051 (C–O) cm�1; dH (400 MHz)
2.18 (3H, s, CH3), 4.64 (2H, s, CH2), 5.90 (1H, s, CH),
7.22–7.36 (10H, m, 10�ArH); dC (100 MHz) 13.9 (CH3),
72.5 (CH2), 78.7 (CH), 127.4, 127.5, 128.4 (ArCH), 141.2
(ArC); m/z 244 (M+, 1%), 196 (55), 195 (22), 168 (15),
167 (100), 166 (20), 165 (49), 152 (22); HRMS calcd for
C15H16OS 244.0922, found 244.0877.

4.3.2. Preparation of chloromethyl ethers 1g–l,o. To
a stirred solution of the corresponding O,S-acetal (2 mmol)
in dry dichloromethane (5 mL) under argon was added drop-
wise sulfuryl chloride (160 mL, 2 mmol) over 10 min at
room temperature (or at�78 �C for the thioacetal precursors
of compounds 1h–j). The mixture was stirred for 30 min and
then the solvent and the methanesulfenyl chloride were
evaporated (15 Torr) to provide the expected title chloro-
methyl ethers, which were rather unstable and could not be
purified by distillation or column chromatography, so they
were used in crude form (purity>85% from 1H NMR).
Yields, physical, analytical spectroscopic data, as well as
literature references for known compounds, follow.

4.3.2.1. 1-(Chloromethoxymethyl)-4-phenylbenzene
(1g). Yield: 91%. Orange solid; mp 37 �C; tR¼15.8 min;
n (KBr) 3056, 3031 (]CH), 1106 (C–O) cm�1; dH

(400 MHz) 4.79 (2H, s, ArCH2), 5.55 (2H, s, CH2Cl),
7.34–7.37 (1H, m, ArH), 7.42–7.46 (4H, m, 4�ArH),
7.58–7.61 (4H, m, 4�ArH); dC (100 MHz) 71.1 (ArCH2),
81.7 (CH2Cl), 127.1, 127.3, 127.5, 128.8, 128.9 (ArCH),
134.5, 140.6, 141.4 (ArC); m/z 234 (M++2, 7%), 232 (M+,
21%), 168 (16), 167 (100), 165 (24), 152 (14); HRMS calcd
for C14H13OCl 232.0655, found 232.0668.

4.3.2.2. 1-(Chloromethoxymethyl)-2-methoxybenzene
(1h). Yield: 89%. Orange liquid; tR¼11.4 min; n (film)
1109 (C–O) cm�1; dH (400 MHz) 3.83 (2H, s, CH3), 4.79
(2H, s, ArCH2), 5.56 (2H, s, CH2Cl), 6.88 (1H, d, J¼8.0,
ArH), 6.95 (1H, t, J¼7.3, ArH), 7.28–7.34 (2H, m,
2�ArH); dC (100 MHz) 55.4 (CH3), 66.9 (ArCH2), 82.3
(CH2Cl), 110.4, 120.4, 129.7, 129.9 (ArCH), 124.0, 157.5
(ArC); m/z 188 (M++2, 10%), 186 (M+, 30%), 122 (11), 121
(100), 91 (60); HRMS: M+, found 186.0434. C9H11ClO2

requires 186.0448.

4.3.2.3. 1-(Chloromethoxymethyl)-3-methoxybenzene
(1i).23a Yield: 75%. Orange liquid; tR¼11.5 min; n (film)
1121 (C–O) cm�1; dH (400 MHz) 3.80 (2H, s, CH3), 4.71
(2H, s, ArCH2), 5.51 (2H, s, CH2Cl), 6.85–6.94 (3H, m,
3�ArH), 7.25–7.28 (1H, m, ArH); dC (100 MHz) 55.1
(CH3), 71.1 (ArCH2), 81.6 (CH2Cl), 113.5, 113.9, 120.4,
129.6 (ArCH), 137.0, 159.7 (ArC); m/z 188 (M++2, 8%),
186 (M+, 24%), 122 (39), 121 (100), 91 (22), 78 (13), 77 (13).

4.3.2.4. 1-(Chloromethoxymethyl)-4-methoxybenzene
(1j).14 Yield: 90%. Yellow liquid; tR¼11.6 min; n (film)
3040 (]CH), 1119 (C–O) cm�1; dH (400 MHz) 3.80 (3H,
s, CH3), 4.67 (2H, s, ArCH2), 5.49 (2H, s, CH2Cl), 6.89
(2H, d, J¼8.6, 2�ArH), 7.29 (2H, d, J¼8.6, 2�ArH); dC

(100 MHz) 55.2 (CH3), 70.9 (ArCH2), 81.4 (CH2Cl),
113.9, 130.2 (ArCH), 127.4, 159.7 (ArC); m/z 188 (M++2,
6%), 186 (M+, 18%), 122 (10), 121 (100).

4.3.2.5. 1-(Chloromethoxymethyl)-4-fluorobenzene
(1k).23b Yield: 95%. Yellowish liquid; tR¼9.1 min; n (film)
3045 (]CH), 1121 (C–O) cm�1; dH (400 MHz) 4.70 (2H,
s, ArCH2), 5.50 (2H, s, CH2Cl), 7.03–7.07 (2H, m,
2�ArH), 7.31–7.35 (2H, m, 2�ArH); dC (100 MHz) 70.6
(ArCH2), 81.5 (CH2Cl), 115.4, 115.6, 130.2, 130.3
(ArCH), 131.3, 131.4, 161.4, 163.9 (ArC); m/z 176 (M++2,
4%), 174 (M+, 12%), 109 (100), 83 (11).

4.3.2.6. (Chloromethoxymethyl)naphthalene (1l).24

Yield: 76%. Brownish oil; tR¼14.2 min; n (film) 3048
(]CH), 1116 (C–O) cm�1; dH (400 MHz) 5.20 (2H, s,
ArCH2), 5.54 (2H, s, CH2Cl), 7.43–7.58 (4H, m, 4�ArH),
7.87 (2H, m, 2�ArH), 8.10 (1H, d, J¼8.3, ArH); dC

(100 MHz) 69.6 (ArCH2), 81.5 (CH2Cl), 123.9, 125.1,
126.0, 126.6, 127.9, 128.6, 129.6 (ArCH), 131.7, 133.8
(ArC); m/z 208 (M++2, 8%), 206 (M+, 24%), 142 (17), 141
(100), 139 (12), 115 (21).
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4.3.2.7. [Chloromethoxy(phenyl)methyl]benzene (1o).
Yield: 88%. Yellowish oil; tR¼14.3 min; n (film) 3062,
3030 (]CH), 1109 (C–O) cm�1; dH (400 MHz) 5.48 (2H,
s, CH2), 5.92 (1H, s, CH), 7.29–7.35 (10H, m, 10�ArH);
dC (100 MHz) 80.0 (CH2), 80.8 (CH), 127.5, 128.1, 128.5
(ArCH), 139.7 (ArC); m/z 234 (M++2, 4%), 232 (M+,
12%), 168 (16), 167 (100), 166 (13), 165 (35), 152 (16);
HRMS calcd for C14H13OCl 232.0655, found 232.0660.

4.4. DTBB-catalysed lithiation of chloromethyl ethers 1.
Preparation of compounds 2. General procedure

To a cooled green suspension of lithium (49 mg, 7 mmol)
and DTBB (13 mg, 0.05 mmol) in THF (2 mL) at 0 �C (or
at �40 �C for 1g–j,l and �78 �C for 1k) was added the
corresponding chloromethyl ether (1 mmol). The resulting
mixture was stirred for 1 h at the same temperature and
then it was hydrolysed with water (5 mL) allowing the tem-
perature to rise to 20 �C. The resulting mixture was extracted
with ethyl acetate (3�5 mL), and the organic layer was dried
over anhydrous MgSO4 and evaporated (15 Torr). The
resulting residue was then purified by vacuum distillation
in a Kugelrohr apparatus (ca. 0.01 Torr for 2a–f,h–j,m,n)
or after column chromatography (silica gel, hexane/ethyl
acetate for 2g,k,l,o) to give the title compounds. Compound
2a was characterised by comparison of its spectroscopic and
chromatographic data with those of the commercially avail-
able (Aldrich) authentic sample. Yields are given in Table 1;
physical, analytical spectroscopic data, as well as literature
references for the known compounds, follow.

4.4.1. 2-(2-Methylphenyl)ethanol (2b).25 Colourless liq-
uid; tR¼9.3 min; n (film) 3354 (OH), 3063, 3017 (]CH)
cm�1; dH (300 MHz) 2.32 (3H, s, CH3), 2.87 (2H, t,
J¼6.9, ArCH2), 3.80 (2H, t, J¼6.9, CH2O), 7.12–7.18
(4H, m, 4�ArH); dC (75 MHz) 19.4 (CH3), 36.3 (ArCH2),
62.5 (CH2O), 126.0, 126.5, 129.6, 130.4 (ArCH), 136.5,
140.1 (ArC); m/z 136 (M+, 39%), 118 (10), 117 (13), 106
(33), 105 (100), 103 (13), 91 (23), 79 (14), 77 (15).

4.4.2. 2-(3-Methylphenyl)ethanol (2c).26 Colourless liquid;
tR¼9.0 min; n (film) 3346 (OH), 3023 (]CH) cm�1; dH

(400 MHz) 2.33 (3H, s, CH3), 2.81 (2H, t, J¼6.6, ArCH2),
3.82 (2H, t, J¼6.6, CH2O), 7.00–7.03 (3H, m, 3�ArH),
7.17–7.21 (1H, m, ArH); dC (100 MHz) 21.3 (CH3), 39.0
(ArCH2), 63.6 (CH2O), 126.0, 127.1, 128.4, 129.8 (ArCH),
138.1, 138.3 (ArC); m/z 136 (M+, 49%), 106 (52), 103
(13), 105 (100), 91 (33), 79 (14), 77 (16).

4.4.3. 2-(4-Methylphenyl)ethanol (2d).21 Colourless liq-
uid; tR¼8.9 min; n (film) 3345 (OH), 3048, 3020 (]CH)
cm�1; dH (300 MHz) 2.39 (3H, s, CH3), 2.88 (2H, t,
J¼6.6, ArCH2), 3.87 (2H, t, J¼6.6, CH2O), 7.16–7.19
(4H, m, 4�ArH); dC (75 MHz) 20.9 (CH3), 38.6 (ArCH2),
63.7 (CH2O), 128.8, 129.2, (ArCH), 135.3, 135.9 (ArC);
m/z 136 (M+, 34%), 106 (24), 105 (100), 91 (13), 79 (11),
77 (12).

4.4.4. 2-(3,5-Dimethylphenyl)ethanol (2e).27 Colourless
liquid; tR¼10.0 min; n (film) 3354 (OH), 3013 (]CH)
cm�1; dH (300 MHz) 2.25 (6H, s, 2�CH3), 2.76 (2H, t,
J¼6.7, ArCH2), 3.78 (2H, t, J¼6.7, CH2O), 6.83 (2H, s,
ArCH), 6.85 (1H, s, ArCH); dC (75 MHz) 21.1 (CH3), 38.9
(ArCH2), 63.5 (CH2O), 126.7, 128.0 (ArCH), 137.9, 138.2
(ArC); m/z 150 (M+, 45%), 120 (41), 119 (100), 106 (10),
105 (27), 91 (21), 77 (10).

4.4.5. 2-(4-tert-Butylphenyl)ethanol (2f).28 Colourless liq-
uid; tR¼11.3 min; n (film) 3346 (OH), 3055 (]CH) cm�1;
dH (300 MHz) 1.31 (9H, s, 3�CH3), 2.83 (2H, t, J¼6.6,
ArCH2), 3.84 (2H, t, J¼6.6, CH2O), 7.16 (2H, d, J¼8.2,
2�ArH), 7.34 (2H, d, J¼8.2, 2�ArH); dC (75 MHz) 31.3
(CH3), 34.4 [C(CH3)3], 38.6 (ArCH2), 63.6 (CH2O), 125.4,
128.7 (ArCH), 135.3, 149.2 (ArC); m/z 178 (M+, 21%),
164 (21), 163 (100), 149 (41), 147 (15), 117 (18), 105
(12), 91 (20).

4.4.6. 2-(4-Phenylphenyl)ethanol (2g).29 White solid; mp
91 �C (hexane/ethyl acetate); tR¼15.1 min; n (KBr) 3249
(OH), 3030 (]CH) cm�1; dH (400 MHz) 2.92 (2H, t,
J¼6.5, ArCH2), 3.92 (2H, m, CH2O), 7.30–7.36 (3H, m,
2�ArH), 7.41–7.46 (2H, m, 2�ArH), 7.54–7.59 (4H, m,
2�ArH); dC (100 MHz) 38.8 (ArCH2), 63.6 (CH2O),
127.0, 127.3, 128.7, 129.4 (ArCH), 139.5, 140.9 (ArC);
m/z 198 (M+, 36%), 168 (19), 167 (100), 165 (24), 152 (13).

4.4.7. 2-(2-Methoxyphenyl)ethanol (2h).30 Colourless oil;
tR¼10.4 min; n (film) 3384 (OH) cm�1; dH (300 MHz)
2.90 (2H, t, J¼6.5, ArCH2), 3.79–3.85 (5H, m, CH2O,
CH3), 6.85–6.93 (2H, m, 2�ArH), 7.14–7.27 (2H, m,
2�ArH); dC (75 MHz) 34.0 (ArCH2), 55.2 (CH3), 62.8
(CH2O), 110.4, 120.6, 127.7, 130.8 (ArCH), 127.0, 157.6
(ArC); m/z 152 (M+, 58%), 122 (31), 121 (100), 92 (10),
91 (98), 77 (12), 65 (13).

4.4.8. 2-(3-Methoxyphenyl)ethanol (2i).30 Colourless oil;
tR¼10.7 min; n (film) 3384 (OH) cm�1; dH (300 MHz)
2.83 (2H, t, J¼6.6, ArCH2), 3.79 (3H, s, CH3), 3.84 (2H, t,
J¼6.6, CH2O), 6.76–6.82 (3H, m, 3�ArH), 7.20–7.25 (1H,
m, ArH); dC (75 MHz) 39.2 (ArCH2), 55.1 (CH3), 63.5
(CH2O), 111.7, 114.7, 121.3, 129.5 (ArCH), 140.1, 159.7
(ArC); m/z 152 (M+, 82%), 122 (65), 121 (100), 109 (15),
108 (11), 107 (16), 91 (47), 78 (16), 77 (21), 65 (11).

4.4.9. 2-(4-Methoxyphenyl)ethanol (2j).21 Colourless liq-
uid; tR¼10.7 min; n (film) 3373 (OH), 3040 (]CH) cm�1;
dH (400 MHz) 2.81 (2H, t, J¼6.5, ArCH2), 3.79 (3H, s,
CH3), 3.82 (2H, t, J¼6.6, CH2O), 6.86 (2H, d, J¼8.5,
2�ArH), 7.15 (2H, d, J¼8.5, 2�ArH); dC (75 MHz) 38.2
(ArCH2), 55.2 (CH3), 63.8 (CH2O), 114.0, 129.9 (ArCH),
158.2 (ArC); m/z 152 (M+, 22%), 121 (100).

4.4.10. 2-(4-Fluorophenyl)ethanol (2k).31 Colourless liq-
uid; tR¼8.1 min; n (film) 3355 (OH), 3040 (]CH) cm�1;
dH (300 MHz) 2.84 (2H, t, J¼6.6, ArCH2), 3.84 (2H, t,
J¼6.6, CH2O), 7.00 (2H, t, J¼8.6, 2�ArH), 7.16–7.26 (2H,
m, 2�ArH); dC (75 MHz) 38.3 (ArCH2), 63.6 (CH2O),
115.2, 115.5, 130.3, 130.4 (ArCH), 134.1, 134.2, 160.1,
163.3 (ArC); m/z 140 (M+, 22%), 110 (29), 109 (100), 83 (14).

4.4.11. 2-(1-Naphthyl)ethanol (2l).32 White solid; mp
59 �C (hexane/ethyl acetate); tR¼13.5 min; n (KBr) 3290
(OH), 3046 (]CH) cm�1; dH (300 MHz) 3.34 (2H, t,
J¼6.6, ArCH2), 3.98 (2H, t, J¼6.6, CH2O), 7.36–7.54
(4H, m, 2�ArH), 7.75 (1H, d, J¼8.0, ArH), 7.85–7.88
(1H, m, ArH), 8.05 (1H, d, J¼8.6, ArH); dC (75 MHz)
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36.1 (ArCH2), 63.0 (CH2O), 123.6, 125.4, 125.6, 126.0,
127.1, 128.8 (ArCH), 132.0, 133.9, 134.3 (ArC); m/z 172
(M+, 23%), 156 (14), 155 (14), 143 (10), 142 (24), 141
(100), 129 (23), 128 (34), 115 (27).

4.4.12. 2-Phenylpropanol (2m).21 Colourless liquid;
tR¼8.4 min; n (film) 3354 (OH), 3061, 3027 (]CH)
cm�1; dH (300 MHz) 1.31 (3H, d, J¼7.0, CH3), 2.96 (1H,
m, CH), 3.70 (2H, d, J¼7.2, CH2), 7.26–7.40 (5H, m,
5�ArH); dC (75 MHz) 17.5 (CH3), 42.3 (CH), 68.5 (CH2),
126.5, 127.4, 127.7, 128.2, 128.5 (ArCH), 143.7 (ArC);
m/z 136 (M+, 15%), 106 (26), 105 (100), 103 (14), 91 (12),
79 (16), 77 (16).

4.4.13. 2-Phenylbutanol (2n).33 Colourless liquid;
tR¼9.4 min; n (film) 3356 (OH), 3061, 3027 (]CH) cm�1;
dH (400 MHz) 0.85 (3H, t, J¼7.3, CH3), 1.59, 1.75 (2H, m,
CH2Me), 2.68 (1H, m, CH), 3.74 (2H, m, CH2O), 7.19–
7.35 (5H, m, 5�ArH); dC (100 MHz) 11.9 (CH3), 24.9
(CH2Me), 50.5 (CH), 67.3 (CH2O), 126.7, 128.1, 128.6
(ArCH), 142.2 (ArC); m/z 150 (M+, 17%), 120 (21), 119
(36), 103 (10), 91 (100).

4.4.14. 2,2-Diphenylethanol (2o).34 White solid; mp 50 �C
(hexane/ethyl acetate); tR¼14.0 min; n (KBr) 3281 (OH),
3060, 3025 (]CH) cm�1; dH (400 MHz) 4.15–4.23 (3H,
m, Ph2CH, CH2), 7.23–7.34 (10H, m, 10�ArH); dC

(100 MHz) 53.6 (Ph2CH), 66.1 (CH2), 126.8, 128.3, 128.7
(ArCH), 141.3 (ArC); m/z 198 (M+, 5%), 168 (28), 167
(100), 166 (14), 165 (39), 152 (20).
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Abstract—Two novel photochromic spirooxazines, SO-NA1 and SO-NA2, containing a naphthalimide unit were synthesized. The imide
group of naphthalimide unit is incorporated at the naphthoxazine fragment, thus giving strong electron-withdrawing effect favoring the
long-lived merocyanine (MC) in the dark giving good colorability in solution. Remarkably, their open merocyanine (MC) forms exhibit sig-
nificantly long lifetimes, almost three magnitudes longer than that of unsubstituted spironaphthoxazine (1). Moreover, the fluorescence of
naphthalimide unit can be switched on and off by photoinduced conversion between the open and closed forms.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Photochromic organic compounds have been widely studied
over the past decades because of their potential application
in various photoactive devices such as optical memory, opti-
cal switchers, displays and non-linear optics.1–3 Spirooxa-
zines (SO)4,5 are well-known photochromic compounds of
interest from the viewpoint of fundamental elucidation of
photochemical reactions and potential applications in opti-
cal memories. However, in the past decades, the application
of spirooxazine in optical memory has been hindered by the
short lifetime of the colored photomerocyanine species,
which reverts thermally to the ring-closed colorless spiroox-
azine with an apparent activation energy of 14–30 kcal/mol.5

Therefore, various methods to stabilize the photomero-
cyanine form have been developed.6 Molecular orbital cal-
culations and NMR-NOE experiments have been carried
out to establish the most stable colored structure of spiro-
naphthoxazine as the quinoidal form TTC (Scheme 1).1a,c

The poor thermal stability of the open form may result
from the exorbitant electron density of the oxygen atom in
the naphthalene ring. Hence a simple method to improve
the thermal stability of the open-ring merocyanine (MC)
form could be realized by decreasing the electron density
of the oxygen atom via introducing electron-withdrawing
groups or hetero atoms to the naphthalene ring.

We herein report on the use of a fluorescent intermediate of
3-amino-4-hydroxy-1,8-naphthalimide as the spironaph-
thoxazines framework (SO-NA1 and SO-NA2 in Scheme 1).

Keywords: Spirooxazines; Photochromism; Synthesis; Fluorescence;
Switching.
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The naphthalimide unit is incorporated at the naphthoxazine
fragment, thus giving a strong electron-withdrawing effect
favoring the long-lived MC in the dark and giving good
colorability in solution. As expected, significant stabilization
of the photomerocyanine was observed. Remarkably, their
open MC forms are stable with long lifetimes. Moreover,
the fluorescence of naphthalimide unit can be switched on
and off by photoinduced conversion.

2. Results and discussion

The synthesis of spironaphthoxazines (SO-NA1 and SO-
NA2) is straightforward, starting from 4-bromo-1,8-naph-
thalic anhydride as shown in Scheme 2. The key intermediate
of 3-amino-4-hydroxy-1,8-naphthalimide was synthesized
via four steps by the established literature procedure.7 The
chemical structures of SO-NA1 and SO-NA2 are character-
ized fully by 1H NMR, 13C NMR, and HRMS.

Ultraviolet irradiation of SO-NA1 and SO-NA2 at the wave-
length of 365 nm results in the photochromism. The increase
of absorption intensity in the visible range corresponds to the
open MC (Scheme 1), which can be evidenced from 1H
NMR spectral analysis before and after irradiation at room
temperature.8,9 In the case of SO-NA1, the distinct character
of spirooxazine is the gem-dimethyl group in the indole
fragment, which is shifted toward low field from 1.35 and
1.37 ppm (the closed form SO) to 1.87 ppm (the open
form MC). This corresponds to the trans-stereoisomer of
the colored planar forms in which the lone electron-pair of
the azomethinic nitrogen then affects the electronic environ-
ment strongly.8 Upon continuous UV irradiation of SO-NA1
and SO-NA2, the resulting long-wavelength bands in the
stationary absorption spectra have unsymmetrical shape.

mailto:whzhu@ecust.edu.cn
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Scheme 1. Photochromic transformation of SO-NA1 and SO-NA2, and reference compounds 1, 2 and 3.
For instance, the electronic absorption spectrum of SO-NA2
in the range of 400–700 nm in cyclohexane is characterized
by unusually broad long-wavelength absorption with two
peaks at 620 and 668 nm. The peak on the short-wavelength
side becomes less distinct in toluene and then finally

SO-NA1

OO O

Br

NO O

OH
NH2

four steps

N

N

SO-NA2

Scheme 2. Synthetic route of SO-NA1 and SO-NA2.
diminished in high polar solvent like isopropanol (Fig. 1).
Such solvatochromic behavior is induced by variation in
the polarity of the medium, showing itself as pronounced
changes in the position and intensity of their UV–vis absorp-
tion bands. The colorless solution of SO-NA2 in cyclo-
hexane corresponds only to the closed form. Furthermore,
SO-NA1 and SO-NA2 exhibit the solvatochromism to the
same extent in polar solvents, such as isopropanol
(Fig. 1b). Obviously, SO-NA1 and SO-NA2 show negative
solvatochromism, that is, the long-wavelength peak in the
visible range is shifted hypsochromically when increasing
the solvent polarity (Table 1). The electron-withdrawing
imide group of the naphthalimide unit in the naphthoxazine
moiety would be expected to favorably delocalize the nega-
tive charge on the oxygen atom.1,5a From the analysis of the
dependence of the spectral characteristics of SO-NA1 and
SO-NA2 the polar properties can be estimated using the
empirical Brooker parameters (cR and cB) of the solvents.
Interestingly, there is a correlation between the wave
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Figure 1. Absorption spectra of photochromic compound SO-NA2 at 25 �C: (a) during UV light irradiation at 365 nm in toluene (2.5�10�5 mol L�1) and
(b) during UV light irradiation at 365 nm in isopropanol (5.0�10�5 mol L�1).
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Table 1. Wavelengths of maximum absorption (lmax) of the colored merocyanine forms of SO-NA1 and SO-NA2 and reference compound 3 in different
solvents for the visible area

Compounds lmax/nm

Toluene Cyclohexane Methylene chloride Isopropanol Acetonitrile

SO-NA1 610, 653 605, 650 590 (sh), 639 620 550 (sh), 621
SO-NA2 622, 667 620, 668 607 (sh), 652 635b 585 (sh), 635
3a 620 612 — — 612

a The data were taken from Ref. 1c.
b The molar extinction coefficient 3 value of ca. 6.2�104 mol�1 L cm�1 was used (A¼3lrCj, r is the ratio of the MC form, Cj is the concentration of original SO

form). A and r are determined from the data when the solution was irradiated for 15 min.
numbers of the absorption maxima of the acyclic isomers
and the parameters cB (Fig. 2), whereas a correlation with
the parameters cR is lacking, indicative of the negative sol-
vatochromism.1c,10

For most spironaphthoxazines, the equilibrium between cy-
clic SO and ring-opening MC is substantially shifted toward
the cyclic form. Since the decay of photoisomerization upon
dark thermal relaxation is quite well fitted to the exponential
function (Fig. 3), the half-life of SO-NA1 and SO-NA2 can
be easily obtained by fitting with first order decay (listed in
Table 2). The parent, unsubstituted spironaphthoxazines 1
and 2 turn blue upon irradiation both in liquid or solid, and
rapidly fade back to colorless when the activating irradiation
is removed. Actually, the lifetime of the colored form is only
a few seconds for 1 and 2 at room temperature (Table 2).5a,11

In contrast, both the open forms of the synthesized SO-NA1
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Figure 2. Visualization of significant linear relationships between the wave
numbers nB of the absorption maximum of the open forms and the Brookers
solvatochromic parameters cB (blue shift) for methanol (m), isopropanol (i),
methylene chloride (c), acetonitrile (a), and toluene (t).
and SO-NA2 exhibit significantly long lifetime, almost three
magnitudes longer in toluene than that of parent compound 1
under the dark thermal relaxation. The half-life of the col-
ored form of SO-NA2 surprisingly reaches nearly 104 s in
isopropanol at room temperature (Table 2). Furthermore,
the thermal relaxation of SO-NA1 and SO-NA2 in the
dark is an order of magnitude longer than that of compound
31c (Table 2), which indicates that the contribution to the in-
crease of MC lifetime by two nitrile groups is much less than
that by the imide group of spironaphthoxazines for the two
given compounds. For SO-NA2, the lifetime increase of
the open MC form can be further attributed to the benzene
annelation of the indoline moiety. The solvents have an am-
biguous effect on the lifetime of the reverse reaction of SO,
which is determined by the electron-donating and electron-
withdrawing properties of substituents in the heterocyclic
and oxazine fragments.5a In the case of SO-NA1 and SO-
NA2 containing electron-withdrawing imide substituent
in the naphthoxazine fragment and an electron-donating
benzene annelation in the indoline fragment, the life-time
increases in parallel with the polarity of the solvent. For
SO-NA2, the half-life of the colored form was a few minutes
in low polarity solvent like cyclohexane and it was

Table 2. Half-life t1/2 (s) of colored SO in dark decoloration in different
solvents at 25 �C

Compounds Cyclohexane Toluene Isopropanol

t1/2
c

t1/2
c

t1/2
c

SO-NA1 263 2100 —
SO-NA2 407 2355 9748
1a 3.8 3.6 —
3b 58.7 365 —

a The data were taken from Ref. 5a.
b The data were taken from Ref. 1c.
c t1/2 was calculated using first order kinetics fitting.
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Figure 3. Thermal relaxation kinetics of SO-NA2 solutions in the dark at 25 �C: (a) in toluene at 667 nm with half-life of 2353�41 s and (b) in isopropanol at
635 nm with half-life of 9748�397 s.
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Figure 4. Absorption spectra of PMMA matrix containing SO-NA2 at 25 �C (1% by weight): (a) during UV light irradiation at 365 nm and (b) in the dark after
being irradiated.
prolonged to several hours in high polarity solvent like iso-
propanol. Similarly, the ultra-slow thermal-bleaching of the
open MC forms of SO-NA1 and SO-NA2 in the PMMA
matrix (1% by weight) was also observed (Fig. 4). In addi-
tion, the absorption change of SO-NA1 and SO-NA2
remains almost constant upon multiple irradiation cycles,
indicative of reversibility and fatigue-resistance (Fig. 5).

The electron-withdrawing imide group at the naphthoxazine
moiety further results in a distinctive long-wavelength shift
in the colored form with respect to their parent photochromic
compound 2.5a,11 In SO-NA2, the benzene annelation on the
indoline fragment also gives a delocalization increase to
enhance the shift. In combination, these two effects cause
the colored MC form of SO-NA2 to absorb at unusually
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Figure 5. Time-dependent photocoloration of SO-NA2 in cyclohexane
(2�10�5 mol L�1) at 25 �C by UV irradiation at 365 nm and the subsequent
thermal fading when the irradiation is turned off. The monitored wavelength
is 668 nm.
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Figure 6. Fluorescence changes of SO-NA2 in toluene (2�10�5 mol L�1)
at 365 nm during irradiation.
long wavelength. The open form of SO-NA2 in cyclohexane
absorbs at 668 nm, which is 90 nm longer than the unsubsti-
tuted spirooxazine 1.

It is known that 1,8-naphthalimides (NP) are highly fluores-
cent with high chemical stability.12,13 Interestingly, the fluo-
rescence of naphthalimide unit in SO-NA1 and SO-NA2 can
be switched on and off by photoinduced conversion between
the open and closed forms. That is, the closed form of SO-
NA2 shows the characteristic fluorescence from naphthal-
imide unit at 560 nm, which diminishes quickly under the
UV irradiation (Fig. 6). During the dark decoloration, the
fluorescence of the solution can be recovered slowly and
the process is repeatable. The luminescence quenching of
naphthalimide unit in the open form of SO-NA1 and
SO-NA2 may result from the electronic delocalization
throughout the MC molecule.14

A common method to determine the molar extinction co-
efficient of MC form in spirooxazine in visible area is by
NMR spectroscopy at low temperature.8,15 However, the
molar extinction coefficient of the open form MC is always
difficult to be obtained since it is inconvenient to determine
the concentration of the MC form due to the thermal-bleach-
ing reaction.1a,5 Here we develop a method to determine the
proportion of the open form based on the HPLC technique.
As mentioned above, the half-life of the colored SO-NA2
in dark decoloration in isopropanol is 163 min. The HPLC
retention time eluted by isopropanol at a flow rate of
1.0 mL/min is 1.9 and 2.2 min for the open and closed
form of SO-NA2 (Fig. 7), respectively. Therefore, the

0 1 2 3 4 5 6 7

c

b

Time (min)

a

MC SO

Figure 7. HPLC traces of SO-NA2 (in isopropanol, 2.0�10�5 mol L�1) at
25 �C eluted by isopropanol at a flow rate of 1.0 mL/min detected at the iso-
bestic wavelength of 385 nm: (a) isopropanol as blank, (b) before UV light
irradiation, and (c) under UV light irradiation at 365 nm until reaching
photostationary state.
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decoloration of thermal relaxation to the closed form during
HPLC determination could be neglected with respect to the
long lifetime of MC form. When we set the isobestic absorp-
tion point as the detecting wavelength, the molar ratio
between the colored form and the colorless form is equal
to the integrated area of HPLC peaks. Therefore, before
UV light irradiation (Fig. 7b), the constant of thermal equi-
librium (kT¼[MC]T/[SO]T) for SO-NA2 is 0.054, obtained
from the corresponding integrated areas of HPLC peaks.
Similarly, the constant of photostationary state equilibrium
(kUV¼[MC]UV/[SO]UV) can be obtained as 0.552 under
UV light irradiation at 365 nm until it reaches photo-
stationary state (Fig. 7c). Hence the photocolorability9,15

(DkUV¼kUV�kT), defined as the difference between the ther-
mal equilibrium constant (kT) and the photostationary states
(kUV), is 0.498, indicative of high colorability. The molar
extinction coefficient of SO-NA2 (6.2�104 mol�1 L cm�1)
can be further obtained from HPLC analysis. Notably, the
ideal time for determining the ratio using the HPLC method
in this system (at least 2.2–3 min) is almost the same or
comparable to that of 1H NMR measurements, but there
are advantages over the method of 1H NMR: (1) the ideal
detecting concentration for 1H NMR is generally at least
10�3 mol L�1 for quick determination in a few minutes,
(2) in order to determine the molar extinction coefficient,
it is better to determine the open form ratio and absorption
in the same order of magnitude of the concentration, which
can eliminate the assumption that the ratio is unchanged for
the different concentration (10�3 mol L�1 for 1H NMR and
10�5 mol L�1 for UV–vis).8

3. Conclusions

Fluorescent modulation can be successfully realized by two
novel spirooxazines containing a naphthalimide unit in oxa-
zine fragment. Remarkably, the electron-withdrawing imide
group of naphthalimide unit incorporated at the naphth-
oxazine moiety results in the open MC forms exhibiting
significantly long lifetimes. The series of spirooxazines con-
taining naphthalimide in oxazine fragments widely extends
the available range of photochromic properties. The almost
bistable states of these compounds with fluorescent modula-
tion show great prospects in potential application, such as
molecular switches and information storage.14

4. Experimental

4.1. General

4-Bromo-1,8-naphthalic anhydride, 1,3,3-trimethyl-2-meth-
yleneindoline, and 1,3,3-trimethyl-2-methylene-2,3-di-
hydro-1H-benzo[e]indole were commercially available and
purified before use. All other reagents were of analytical
purity and used without further treatment. Melting points
were measured on X4 Micro-melting point apparatus. 1H
NMR spectra were recorded on a Brucker AM-500 spec-
trometer. MS were recorded on an ESI mass spectroscopy.
Absorption and fluorescence spectra were recorded on
Varian Cary 500 and Varian Cary Eclipse, respectively.
HPLC analyses were determined by Agilen 1100 eluted by
isopropanol at a flow rate of 1.0 mL/min.
4.1.1. 1,3,3-Trimethyl-spiro[indolino-2,20-[2H]-N-butyl-
benzo[10,20,30-4,4a,5]isoquinolio[6,7-b][1,4]oxazine-60,80-
dione] (SO-NA1). The mixture of N-butyl-4-hydroxy-3-
amino-1,8-naphthalimide (0.28 g, 0.985 mmol) and 1,3,3-
trimethyl-2-methyleneindoline (0.17 g, 0.982 mmol),
NaHCO3 (0.4 g, 4.8 mmol), MgSO4 (0.3 g, 2.5 mmol),
DMSO (0.192 g, 2.46 mmol), and toluene (60 mL) were re-
acted for 6 h at 80 �C under the protection of argon atmo-
sphere. The resulting solution was filtered and the solvent
was removed by vacuum rotation evaporator. The product
was purified by column chromatography on silica gel eluting
with ether/ethyl acetate (4:1 v/v) to give SO-NA1 (0.025 g,
yield 5.6%). 1H NMR (500 MHz, CDCl3): d 0.97 (t,
J¼7.4 Hz, 3H, –CH2CH3), 1.35 (s, 3H, –CH3), 1.37 (s, 3H,
–CH3), 1.42–1.47 (m, 2H, –CH2CH3), 1.69–1.72 (m, 2H,
–NCH2CH2–), 2.80 (s, 3H, –NCH3), 4.17 (t, J¼7.6 Hz,
2H, –NCH2CH2–), 6.63 (d, J¼7.7 Hz, 1H, Ph-H), 6.96
(t, J¼7.4 Hz, 1H, Ph-H), 7.13 (d, J¼7.3 Hz, 1H, Ph-H),
7.26 (t, 1H, J¼6.6 Hz, Ph-H), 7.60 (t, J¼7.4 Hz, 1H, naph-
thalimide-H), 7.83 (s, 1H, naphthalimide-H), 8.28 (d,
J¼8.4 Hz, 1H, naphthalimide-H), 8.55 (d, J¼7.3 Hz, 1H,
naphthalimide-H), 8.67 (s, 1H, N]CH); 13C NMR
(500 MHz, CDCl3): 14.52, 21.07, 21.36, 26.32, 30.28,
30.93, 40.89, 53.04, 101.34, 108.10, 116.27, 121.10,
122.26, 122.62, 123.53, 126.81, 127.11, 128.77, 128.92,
130.03, 132.62, 132.84, 136.00, 147.77, 148.57, 154.21,
164.22, 164.87; HRMS (ESI) m/z calcd for C28H28N3O3:
454.2131 [M++H], found: 454.2129.

4.1.2. 1,3,3-Trimethyl-spiro[benzo[1,2-e]indolino-2,20-
[2H]-N-butyl-benzo[10,20,30-4,4a,5]isoquinolino[6,7-
b][1,4]oxazine-60,80-dione] (SO-NA2). SO-NA2 was pre-
pared by similar procedure of SO-NA1 with the yield of
9.8%. 1H NMR (500 MHz, CDCl3): d 0.97 (t, J¼7.3 Hz,
3H, –CH2CH3), 1.41–1.49 (m, 2H, –CH2CH3), 1.60 (s,
3H, –CH3), 1.68–1.74 (m, 5H, –NCH2CH2–, –CH3), 2.77
(s, 3H, –NCH3), 4.16 (t, J¼7.6 Hz, 2H, –NCH2CH2–),
7.05 (d, J¼8.6 Hz, 1H, naph-H), 7.31 (t, J¼7.4 Hz, 1H,
naph-H), 7.46 (t, J¼7.3 Hz, 1H, naph-H), 7.55 (t, J¼
8.1 Hz, 1H, naphthalimide-H), 7.84 (d, J¼8.6 Hz, 1H,
naph-H), 7.88 (d, J¼8.3 Hz, 1H, naph-H), 7.93 (d, J¼
8.6 Hz, 2H, naph-H, naphthalimide-H), 8.25 (d, J¼7.7 Hz,
1H, naphthalimide-H), 8.54 (d, J¼6.5 Hz, 1H, naphthal-
imide-H), 8.70 (s, 1H, N]CH). 13C NMR (500 MHz
CDCl3): 13.86, 20.41, 22.02, 24.00, 29.94, 30.26,
40.22, 54.05, 101.65, 110.15, 115.54, 121.22, 121.86,
122.39, 122.84, 124.60, 125.87, 126.42, 126.85, 128.12,
129.44, 129.70, 129.74, 129.80, 130.00, 131.99, 132.30,
144.91, 148.08, 153.06, 163.57, 164.22; HRMS (ESI)
m/z calcd for C32H30N3O3: 504.2287 [M++H], found:
504.2261.
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Abstract—Pd(II)-catalyzed acetalization of terminal olefins with electron-withdrawing groups was carried out smoothly in supercritical car-
bon dioxide under oxygen atmosphere when polystyrene-supported benzoquinone (PS-BQ) or CuII (CuI) chloride was employed as cocatalyst.
The higher selectivity was achieved, without any chlorinated by-product detected, when using PS-BQ instead of CuII (or CuI) chloride. PS-BQ
could be recycled with excellent catalytic activity remaining after each simple filtration. Chlorine ion was demonstrated to be a promoter. The
different acetalization mechanisms were revealed by the subtle relationship of chlorine ion and benzoquinone (BQ) to the catalytic activity of
PdCl2/PS-BQ, PdII-CuCl2 or Pd(OAc)2/PS-BQ.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Since Wacker process was discovered and industrialized,
many further researches and applications were developed.1

When terminal olefins with electron-withdrawing groups,
such as acrylate esters (CH2]CH–COOR), acrylonitrile
(CH2]CH–CN), and methyl vinyl ketone (CH2]CH–
CO–CH3), were treated with alcohols, the reaction afforded
3,3-dialkoxy acetals, which are important intermediates for
organic synthesis.2 For examples, alkyl 3,3-dialkoxy-propa-
noates, b-ketoacetals, and b-cyanoacetal were used for the
synthesis of coumarins, porphyrins, spermine metabolites,
loganin,3 and other practical drugs or dyes.4 Among the
methods to prepare these acetals, the simplest one was the
PdII salts catalyzed reaction of terminal olefins with elec-
tron-withdrawing groups and alcohols.

In order to improve the yield and selectivity, additives were
added in the reaction. For example, hexamethylphosphoric
triamide (HMPA) was an effective accelerator in the acetal-
ization of methyl acrylate with methanol (Scheme 1),2b but
HMPA is expensive, toxic, and harmful to environment.
Other additives, i.e., triethyl amine (NEt3) or K2CO3, espe-
cially dibasic sodium phosphate (Na2HPO4), were used as

Keywords: Acetalization; Benzoquinone; Palladium; Supercritical carbon
dioxide; Wacker oxidation.
* Corresponding author. Tel.: +8620 22236518; fax: +8620 87112906;

e-mail: jianghf@scut.edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.041
a proton scavenger to prevent the formation of the Michael
adduct product when vinyl ketone (CH2]CH–CO–R) was
used as the substrate (Scheme 1).2a

CH3OOC CH3OH
1

2 3

CH3OOC OMe

OMe
1

2 3

RCO R'OH OR'

OR'

RCO

OR'

RCO

PdII- CuI- O2
HMPA, 92%

PdII- CuI- O2
+

Scheme 1.

In 1999, we first reported our investigation on the PdII-
catalyzed acetalization of terminal olefins with electron-
withdrawing groups in supercritical carbon dioxide (scCO2),
and found that when the reaction solvent was replaced with
scCO2, the accelerator HMPA was not necessary.5 The fur-
ther experimental results showed that polystyrene-supported
benzoquinone (PS-BQ), its structure, and synthetic route
(Scheme 2), was a successful substitute for the cocatalyst
CuCl2 (or CuCl).6

It is well-known that organic reactions in scCO2 is one of
the important and attractive subjects of research in green
chemistry.7 First, carbon dioxide (CO2) is inexpensive,
non-flammable, nontoxic, and chemically inert under
many conditions. Secondly, scCO2 is not only a substitute

mailto:jianghf@scut.edu.cn
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for volatile and toxic organic solvents, but also possesses
some special properties. For examples, its hybrid property
of both liquid and gas is very advantageous to some reactions
involving gaseous reagents; controlling of the CO2 density
by the variation of the temperature and pressure enables
the solvent properties to be ‘tuned’ to reagents; separating
of CO2 from the reaction mixture is energy-efficient and
simple.8 Although PdII-catalyzed acetalization5,6,9 and other
reactions took place in scCO2,7,10 it is a puzzle how to effec-
tively control such a complicated reaction system.

In this work, we further investigate PdII-catalyzed acetaliza-
tion of terminal olefins with electron-withdrawing groups in
scCO2. Our purposes here are to present detailed knowledge
of catalysts and cocatalysts, reaction rate, and selectivity,
solvent effects and to provide theoretical explanations about
the selectivity control and the reaction mechanism based on
the systematic comparison. We wish to report the conclusive
discussion in this paper.11

2. Results and discussion

2.1. The conditions for PdII-catalyzed acetalization
of terminal olefins with electron-withdrawing groups
in scCO2

Based on previous reports,5,6 the conditions for PdCl2/PS-
BQ-catalyzed acetalization of methyl acrylate 1a in scCO2,
especially the effect of oxygen pressure, were further inves-
tigated in Table 1. Using methyl acrylate 1a as the typical
substrate, and methanol as the typical alcohol, the appropri-
ate conditions for PdII-catalyzed acetalization of terminal
olefins with electron-withdrawing groups in scCO2 are
summarized as the following:

(1) Sufficient high system pressure made the reaction go
smoothly at room temperature (20–27 �C) with satisfac-
tory results.5,6

(2) The reaction time could be shortened from 24 h to 6 h
under higher total system pressure, and the excellent yield
and reaction selectivity were obtained (Table 1, entry 2).

(3) It is possible to reduce the amount of methanol to
accomplish the present reaction (Table 1, entry 2).

(4) The suitable oxygen pressure was 0.5 MPa. Once oxygen
pressure was below 0.5 MPa, the conversion, yield, and
selectivity were declined, even under longer reaction
time and higher system pressure (Table 1, entries 3–5).

2.2. The influences of different cocatalysts on the
PdII-catalyzed acetalization of methyl acrylate

It has been reported that, as cocatalyst in the acetalization of
methyl acrylate 1a, CuCl2 was inferior to CuCl for its liabil-
ity to produce chlorinated by-product 5a.2a,12 When the
reaction was carried out in scCO2, CuCl2 gave similar or
better results than CuCl did,5 and 5a was usually produced
with yield from 0.3% to 1.6%.

When polymeric cocatalyst PS-BQ was employed, the result
is satisfactory as expected without any chlorinated by-prod-
ucts detected (Table 1, entries 1–5). At the same time, the
yield and selectivity of the major product were almost the
same as that in CuCl2 (or CuCl).6 And the best catalyst
dosage is leading catalyst PdCl2 0.15 mmol (3 mol % of
methyl acrylate 1a) and PS-BQ 2 mmol (Table 1, entry 1).
Table 1. PdCl2-catalyzed acetalization of 1a with MeOH using PS-BQ as cocatalyst in scCO2
a

CH3OOC CH3OH, O2 CH3OOC OMe

OMe

CH3OOC

OMe

CH3OOC

OMe

CH3OOC

Cl
PdII, cocatalyst

+ ++

5a4a1a 2a 3a

Entry Cocatalyst
(mmol)

Temp
(�C)

T (h) Pb

(MPa)
Mol ratioc Conv.

(%)
Yieldd (%) Select. for

2ae (%)
Yield of
5af (%)

2a 3a 4a

1g PS-BQ (2) 50 24 0.5/11 4.94:1 42.7 14.4 0 2.1 87.1 0
2 PS-BQ (2) 50 6 0.5/15 3.50:1 100 96.8 0 0 100 0
3 PS-BQ (2) 50 24 0.4/12 4.94:1 99.5 65.5 0 14.1 82.3 0
4 PS-BQ (2) 50 47 0.2/14 4.94:1 98.5 82.6 0 0 100 0
5 PS-BQ (2) 50 24 0.02/10 4.94:1 49.5 35.4 0 5.0 90.4 0

a Reaction conditions: 5 mmol methyl acrylate 1a and 0.15 mmol (3 mol %) PdCl2.
b O2 pressure/total system pressure.
c Methanol/methyl acrylate.
d By GC spectrum.
e Selectivity¼[2a/(2a+3a+4a)]�100.
f When CuCl2 (or CuCl) was used as cocatalyst, the chlorinated adduct 5a usually was obtained with yield from 0.3% to 1.6%.
g PdCl2 0.5 mol %.
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Table 2. Recyclability of PS-BQ in PdCl2-catalyzed acetalization of 1a with MeOH in scCO2
a

CH3OOC CH3OH, O2 CH3OOC OMe

OMe

CH3OOC

OMe

CH3OOC

OMe

CH3OOC

COOCH3

COOCH3

PdII, PS-BQ
+ ++

1a 62a 3a 4a

Entry Recycle times T (h) Pb

(MPa)
Mol ratioc Conv.

(%)
Yieldd (%) Select. for

2ae (%)
Yield of
6d (%)

2a 3a 4a

1 Fresh 24 0.5/10 4.94:1 99.8 82.8 1.3 4.8 93.1 3.5
2 1 24 0.5/13 4.94:1 100 88.7 0 7.8 91.9 1.3
3 2 24 0.5/12 4.94:1 99.8 84.3 0 7.0 92.3 6.9
4 3 24 0.5/14 4.94:1 100 80.3 0 8.4 90.5 11.2
5 4 24 0.5/18 4.94:1 100 76.7 0 1.7 97.8 21.6

a Reaction conditions: 5 mmol methyl acrylate 1a, 0.15 mmol (3 mol %) PdCl2, and 2 mmol PS-BQ. The reaction was carried out at 50 �C.
b O2 pressure/system pressure.
c Methanol/methyl acrylate.
d By GC spectrum.
e Selectivity¼[2a/(2a+3a+4a)]�100.
When PS-BQ was used as cocatalyst, its reusability was
investigated as shown in Table 2. In each cycle, PS-BQ
was separated easily through simple filtration, then washed
with acetone, and dried in vacuo before use for the next
experiment. After several runs, the selectivity for 2a was still
excellent though the yield of 2a decreased slightly (Table 2,
entries 2–5). Therefore, it is obvious that PS-BQ can be
recycled after simple filtration with excellent recovery, as
well as excellent catalytic activity.

To our surprise, trimethyl benzenetricarboxylate 6 was
detected when PS-BQ was used as cocatalyst (Table 2,
entry 1). It is very interesting that the yield of 6 increased
with the cycle times of PS-BQ. As one of the useful multi-
functional methyl benzoate derivatives,13 6 was usually pre-
pared from propiolate esters,14 including the PdII-catalyzed
trimerization of ethyl propiolate in scCO2
10i or organic sol-

vent.15 Acrylate ester is cheaper and more abundant than
propiolate ester. Undoubtedly, it is very valuable to synthe-
size 6 via the trimerization of methyl acrylate 2a and to
make the reaction mechanism clear. The further research is
still in progress.

2.3. The influences of different PdII catalysts
on the acetalization of methyl acrylate

PdCl2-catalyzed acetalization of methyl acrylate 1a with
methanol was slightly faster than that of PdCl2(MeCN)2

when copper salt was employed as cocatalyst.5 In order to
eradicate the corrosion of reactor by chlorine ion,
Pd(OAc)2/PS-BQ catalytic system was further investigated,
and the results are shown in Table 3.
Table 3. Acetalization of 1a with MeOH using Pd(OAc)2 as catalyst in scCO2 or compressed CO2
a

Entry Catalyst
(mol %)

Temp
(�C)

T (h) Pb

(MPa)
Mol ratioc Conv.

(%)
Yieldd (%) Select. for

2ae (%)
Yield of
5a/6d (%)

2a 3a 4a

1 PdCl2 (3) 50 6 0.5/15 3.50:1 100 96.8 0 0 100 0/0
2 Pd(OAc)2 (3) 50 24 0.2/13 4.94:1 98.2 77.4 0 10.6 88.0 0/0
3 Pd(OAc)2 (3) 50 24 0.4/15 4.94:1 98.5 62.4 1.1 22.9 72.2 0/0
4 Pd(OAc)2 (3) 50 24 0.4/3 4.94:1 98.5 76.9 0 2.1 97.3 0/0
5 Pd(OAc)2 (3) 50 24 0.5/13 4.94:1 99.4 78.2 0 15.0 83.9 0/0
6 Pd(OAc)2 (4)f 50 24 0.5/11 2.47:1 95.1 71.1 0 13.9 83.6 0/0
7 Pd(OAc)2 (3) 50 22 0.5/6 9.88:1 94.6 54.4 0 29.7 64.7 0/0
8 Pd(OAc)2 (2) 50 24 0.5/11 4.94:1 96.2 71.5 0 23.5 75.3 0/0
9 Pd(OAc)2 (4.5) 50 24 0.5/3 4.94:1 98.5 74.3 0 20.0 78.8 0/0
10 Pd(OAc)2 (3)g 50 24 0.5/15 4.94:1 91.4 41.4 0 0 100 0/37.8h

11 Pd(OAc)2 (3)f 50 24 0.5/8 4.94:1 93.7 68.0 0 16.5 80.5 0/0
12 Pd(OAc)2 (4)f 50 24 0.5/6 4.94:1 98.7 76.9 0 12.1 86.4 0/0
13 Pd(OAc)2 (3) 40 24 0.5/14 4.94:1 97.7 69.0 0 25.4 73.1 0/0
14 Pd(OAc)2 (3) 50 12 0.4/15 4.94:1 88.7 72.6 0 9.7 88.2 0/0
15 Pd(OAc)2 (3) 50 12 0.5/10 4.94:1 88.8 80.1 0 6.9 92.1 0/0
16 Pd(OAc)2 (3) 50 6 0.4/11 4.94:1 83.1 75.2 0 3.2 95.9 0/0
17 Pd(OAc)2 (3) rti 6 0.5/6 4.94:1 83.3 73.3 0 3.9 94.9 0/0

a Reaction conditions: 5 mmol methyl acrylate 1a and 2 mmol (40 mol %) PS-BQ.
b O2 pressure/total system pressure.
c Methanol/methyl acrylate.
d By GC spectrum.
e Selectivity¼[2a/(2a+3a+4a)]�100.
f PS-BQ 2.67 mmol (53.3 mol %).
g PS-BQ 1.33 mmol (26.7 mol %).
h By-product 6 was seldom obtained in other case.
i Room temperature 20–27 �C.
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No adduct 5a was detected in Pd(OAc)2/PS-BQ catalytic
system because of the absence of chlorine ion, but the cata-
lytic activity was obviously lower than that of PdCl2/PS-BQ
catalytic system (Table 3, entry 1). In order to raise the yield
of 2a, the conditions for Pd(OAc)2/PS-BQ-catalyzed acetal-
ization of 1a with MeOH were optimized.

Higher oxygen pressure was favor to the reaction catalyzed
by Pd(OAc)2/PS-BQ (Table 3, entries 2–5). As Pd(OAc)2

had good solubility in methanol, the system pressure showed
no remarkable effect on the reaction.

Excess methanol might promote the dissolution of Pd(OAc)2

in scCO2 more effectively than that of PdCl2, and the
decrease of methanol amount slightly reduced the yield and
selectivity of 2a (Table 3, entry 6). However, higher molar
ratio of methanol was disadvantageous to the reaction
(Table 3, entry 7).

The good catalyst loading for Pd(OAc)2 was 3 mol % of sub-
strate methyl acrylate 1a (Table 3, entries 6, 8, and 9), and for
PS-BQ was 40 mol % (Table 3, entries 6, 10, and 11). When
both of the loading of Pd(OAc)2 and PS-BQ were increased
by 33%, the yield and selectivity of 2a were slightly raised,
but the best yield was still less than 80% (Table 3, entry 12).

The appropriate reaction temperature was 50 �C, and the
lower temperature was slightly disadvantageous to the reac-
tion (Table 3, entry 13).

Shortening the reaction time was feasible because the varia-
tion of the yield and selectivity of 2a was not remarkable,
though the conversion of methyl acrylate 1a was slightly
lowered (Table 3, entries 14–17).

2.4. Influences of different PdII catalyst system on
acetalization of acrylate esters and acrylonitrile

By using different cocatalysts, the PdII-catalyzed acetaliza-
tion of different types of substrates with methanol or ethanol
was investigated as shown in Table 4.

It is obvious that, in different PdII catalyst system, all of the
acrylate esters and acrylonitrile gave the expected acetal 2
as major product, and the chlorinated by-product 5 was pro-
duced only when copper salt was used as cocatalyst (Table 4,
entries 1, 3, 4, and 10). Although substrates were different,
the yield and selectivity of 2 usually had a corresponding
increment in most case when PS-BQ was employed as
cocatalyst instead of CuCl2 (CuCl).

The conversion, yield, and selectivity of acetalization were
affected by the hindrance of alkyl group (R0 and R) in
CH2]CH–COOR0 (acrylate esters, 1a, 1b, and 1c) and
ROH, when either PS-BQ6 or copper salt was used as cocat-
alyst. Because of the coordination of CN with PdII,2a higher
oxygen pressure and temperature were necessary for the
acetalization of acrylonitrile 1d (Table 4, entry 10).

According to the classical Wacker oxidation mechanism, it
is inevitable to produce acidic substance (e.g., HCl) in the re-
action,2a,16 and the transesterification between alcohol and
acrylate ester may occur subsequently in acidic condition.
In order to avoid the transesterification, the acetalization of
Table 4. PdII-catalyzed acetalizations of acrylate esters and acrylonitrile with alcohols using different cocatalyst in scCO2
a

X ROH, O2 X OR

OR

X

OR

X

OR

X

ClPdII, cocatalyst
+ ++

1  2 3    4   5

1a, X = COOMe
1b, X = COOEt
1c, X = COOCH2CH2CH2CH3 
1d, X = CN

2a, X = COOMe, R = Me
2d, X = CN, R = Me
2b, X = COOEt,  R = Me
2b', X = COOEt,  R = Et

2c, X = COOCH2CH2CH2CH3
      R = Me
2c', X = COOCH2CH2CH2CH3
      R = Et

Entry Cocatalyst
(mmol)

Pb

(MPa)
Mol ratio of substrate
to alcohol

Conv.
(%)

Yieldc (%) Select. for
2d (%)

Yieldc of
5 (%)

2 3 4

1e CuCl2 (4) 0.5/16 4.94:1 (Methanol to 1a) 99.8 88.1 1.7 4.0 94.0 1.6
2 PS-BQ (2) 0.5/10 4.94:1 (Methanol to 1a) 99.8 95.5 0.5 3.1 96.4 0
3f CuCl2 (4) 1.0/12 3.44:1 (Ethanol to 1b) 89.0 68.0 4.8 13.0 79.3 1.8
4g CuCl (4) 1.0/13 3.44:1 (Ethanol to 1b) 90.0 75.8 5.6 6.0 86.7 1.4
5 PS-BQ (2) 0.5/8 3.44:1 (Ethanol to 1b) 100 77.6 0 17.0 82.0 0
6h PS-BQ (2) 0.5/9 4.94:1 (Methanol to 1b) 99.8 74.2 0 10.0 88.1 0
7 PS-BQ (2) 0.5/10 4.94:1 (Methanol to 1b) 100 84.5 0 9.1 90.3 0
8 PS-BQ (2) 0.5/8 4.94:1 (Methanol to 1c) 78.9 77.8 0 1.1 98.6 0
9 PS-BQ (2) 0.5/8 3.44:1 (Ethanol to 1c) 28.8 23.9 0.4 2.9 87.9 0
10i CuCl2 (4) 1.0/13 4.94:1 (Methanol to 1d) 99.8 87.5 10.7 0.3 88.8 0.5
11 PS-BQ (2) 0.5/9 4.94:1 (Methanol to 1d) 100 79.1 0 0 100 0

a Reaction conditions: 5 mmol substrate 1 and 0.15 mmol (3 mol %) PdCl2. The reaction was carried out at 50 �C for 12 h.
b O2 pressure/total system pressure.
c By GC spectrum.
d Selectivity¼[2/(2+3+4)]�100.
e Temperature 40 �C, and time 24 h.
f Temperature 40 �C.
g PdCl2(MeCN)2 3 mol %, and temperature 40 �C.
h Time 11 h.
i Temperature 57 �C.
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methyl acrylate 1a was usually with methanol, and ethanol
to ethyl acrylate 1b, especially when CuCl2 was used as
cocatalyst.2a,12

But in our experiments, when PS-BQ was used as cocatalyst
in scCO2, the transesterification did not occur in the acetal-
ization of ethyl acrylate 1b with methanol, and ethyl 3,3-
dimethoxypropanoate (2b, X¼COOC2H5, R¼CH3) was
detected as the sole acetal product (Table 4, entries 6 and
7). It indicated that the prevention of transesterification
was attributed to the replacement of CuCl2 with PS-BQ.6

This interesting phenomenon strongly suggests that some
transformations in PdII/PS-BQ-catalyzed acetalization
might be different from that in PdII–CuCl2 catalytic system.

2.5. Application of different PdII catalyst system
in the acetalization of other substrates

Investigation of PdII-catalyzed acetalization of other sub-
strates showed that acrylic acid (CH2]CH–COOH) and
acrylamide (CH2]CH–CONH2) did not give the desired
products whether PS-BQ6 or CuCl2 (CuCl) was used as
cocatalyst, and the reason is not clear yet.

For methyl methacrylate [CH2]C(CH3)–COOCH3], as
Hosokawa’s report, though the steric hindrance, its PdII-
catalyzed acetalization with 2,4-pentanediol still produced
acetal with a lower yield (25%).2a However, the acetalization
of methyl methacrylate with methanol did not give the ex-
pected acetal in our reaction system, even when the reaction
temperature applied was as high as that of acrylonitrile 1d.
This difference may have a touch with the alcohol. 2,4-Pen-
tanediol yielded a cyclic acetal, which was more stable than
that produced by methanol.

Acrolein (CH2]CH–CHO, 7) was easily acetalized when
PS-BQ6 or CuCl2 (CuCl) was used as cocatalyst. After the
substrate was totally converted, the acetalization of acrolein
gave a mixture of anticipant acetal products (8 and 10) and
Michael addition products (9 and 11) in different ratios,
and the result is summarized in Table 5.

There were three methods to improve the ratio of acetals (the
sum of the yield of 8, 10, and 11) when copper salt was used
as cocatalyst, including the increase of oxygen pressure
(Table 5, entries 1–3), the use of CuCl instead of CuCl2
(Table 5, entries 2, 4, and 5), and the addition of Na2HPO4

as a proton scavenger according to the literature2 (Table 5,
entries 4 and 5). The maximum of the total yield was 72.1%.

When PS-BQ was employed as cocatalyst instead of copper
salt, the PdII-catalyzed acetalization proceeded smoothly at
mild conditions, and the yield of anticipant acetal products
was 80.0% in absence of Na2HPO4 (Table 5, entries 5 and
6). Therefore, using of PS-BQ as cocatalyst was the best one
to increase the acetal yield in the acetalization of acrolein 7.

When the acetalization of methyl vinyl ketone (CH2]CH–
CO–CH3, 12) with methanol was catalyzed by PdCl2/copper
salt, there were many methods to improve the selectivity of
acetal 13,9 including replacement of CuCl2 with CuCl (the
suitable amount of CuCl was 3 mmol), adding Na2HPO4

as a proton scavenger,2 raising O2 pressure and CO2 pres-
sure. When the conditions were optimal, the maximum
selectivity for 13 was 86.7% (Table 6, entry 1), which
was 1.6% higher only than that catalyzed by PdCl2/PS-BQ
catalytic system6 (Table 6, entry 2).

In traditional methods, basic additives, such as NEt3 or
K2CO3, or Na2HPO4, were used to keep the non-anticipant
Michael adduct minimum.2a,12 Even in scCO2, the basic
additives including Na2HPO4 or OH type anion resin were
needed to improve the selectivity of the anticipant acetal.9

However, in PS-BQ/PdII catalytic system, good selectivity
could be achieved in the acetalization of methyl vinyl ketone
12 without the addition of any additives (Table 6). This indi-
cates that different cocatalysts in PdII-catalyzed acetaliza-
tion of terminal olefins with electron-withdrawing groups
go through different mechanisms.

2.6. Mechanism of the PdII-catalyzed acetalization
with different cocatalyst in scCO2

Based on the above results, the mechanism of the PdII-cata-
lyzed acetalization using copper salt as cocatalyst in scCO2

is suggested in Scheme 3.

In this mechanism, the key step is the production of inter-
mediate 4a,2a,16 which was frequently detected in our exper-
iments. At the same time, by-product 5a was often found
Table 5. PdII-catalyzed acetalization of acrolein with MeOH using different cocatalyst in scCO2
a

CHO CH3OH, O2 CHO
MeO

MeO

CHO

MeO

MeO

MeO

OMe

OMe MeO

OMe

OMePdII 

cocatalyst

+ + +

7 8 9 10 11

Entry Cocatalyst (mmol) Time (h) Pb (MPa) Yieldc (%)

8 9 10 11 8+10+11

1 CuCl2 (0.6) 24 0.2/12 0 62.5 2.1 12.7 14.8
2 CuCl2 (0.6) 24 0.5/12 0 56.8 3.2 24.4 27.6
3 CuCl2 (0.6) 24 1.0/12 0 26.3 6.7 48.9 55.6
4 CuCl (0.6) 24 0.5/12 0 34.2 3.4 42.7 46.1
5 CuCl (0.6)d 24 0.5/12 0 26.2 17.5 54.6 72.1
6 PS-BQ (2) 12 0.5/9 20.4 3.9 46.7 12.9 80.0

a Reaction conditions: 5 mmol acrolein 7, 0.15 mmol (3 mol %) PdCl2, and 24.7 mmol methanol. The reaction was carried out at 50 �C.
b O2 pressure/total system pressure.
c By GC spectrum.
d Na2HPO4 0.3 mmol as additive.
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Table 6. PdCl2-catalyzed acetalization of methyl vinyl ketone 12 with MeOH using different cocatalyst in scCO2
a

COCH3
CH3OH, O2

MeO

MeO

COCH3

MeO

COCH3

PdCl2 
cocatalyst

+

12 13 14

Entry Cocatalyst
(mmol)

Additive
(mmol)

Pb

(MPa)
Conv.
(%)

Yieldc (%) Select. for
13d

13 14

1e CuCl (3) Na2HPO4 (0.5) 0.5/12 100 83.2 12.8 86.7
2f PS-BQ (2) No addition 0.5/8 100 76.8 13.4 85.1

a Reaction conditions: 5 mmol methyl vinyl ketone 12 and 50 �C, 12 h.
b O2 pressure/total system pressure.
c By GC spectrum.
d Selectivity¼[13/(13+14)]�100.
e PdCl2 0.5 mmol (10 mol %), and mol ratio of methanol to 12 was 9.88:1.
f PdCl2 0.15 mmol (3 mol %), and mol ratio of methanol to 12 was 4.94:1.
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Scheme 3.
when CuCl2 or CuCl was used as cocatalyst because of the
production of HCl.

When PS-BQ was used as cocatalyst, the basic cyclewas simi-
lar to the PdII–CuCl2 system, but benzoquinone (BQ) might
absorb HCl via Michael addition17 in situ, and was converted
to chlorohydroquinone (CHQ). CHQ took part in hydroge-
nolysis to give PdCl2 and products, and then regenerated
BQ (Scheme 4). Therefore, by-product 5a was not detected.
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PdCl2

Pd

CH3OOC OMe

Cl-Pd OMe

OH

OH

O

O

OH

OH

Cl

2a

(BQ)

(CHQ)

(or )

(or  3a,  or )

, or  BQ+

P
P

P

Scheme 4.

The mechanism of Pd(OAc)2/PS-BQ catalytic system is not
similar with that of PdCl2/PS-BQ system because no cycle of
HCl absorption exists. And the cycle involving the oxidation
of PS-BQ was different from that of PdII–CuCl2 system too
(Scheme 5). In the absence of chlorine ion, the catalytic
activity of Pd(OAc)2/PS-BQ was lower than that of PdCl2/
PS-BQ catalytic system. These explanation were further
demonstrated by the influences of additives on Pd(OAc)2/
PS-BQ-catalyzed acetalization (Table 7).

H-Pd-OAc

Pd

O2

H2O

O

O

P

OH

OH

P

HOAc

Pd(OAc)2

Scheme 5.

It is believed that the formation of PdCl4
2� from PdCl2 may

enhance the activity of PdCl2.16 In order to improve the ac-
tivity of Pd(OAc)2/PS-BQ and increase the yield and selec-
tivity of 2a, especially the yield, we tried to add anhydrous
NaOAc to enhance the activity of Pd(OAc)2, but the result
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Table 7. Pd(OAc)2/PS-BQ-catalyzed acetalization of 1a with MeOH using different additives in scCO2 or compressed CO2
a

Entry Catalyst
(mol %)

Additive
(mol %)

Pb

(MPa)
Conv.
(%)

Yieldc (%) Select. for
2ad (%)

2a 3a 4a

1 Pd(OAc)2 (3) Ne 0.2/13 98.2 77.4 0 10.6 88.0
2 Pd(OAc)2 (3) Ne 0.4/3 98.5 76.9 0 2.1 97.3
3 Pd(OAc)2 (3) Ne 0.5/13 99.4 78.2 0 15.0 83.9
4 Pd(OAc)2 (3) NaOAc (3) 0.5/16 92.4 25.5 0 57.0 30.9
5f Pd(OAc)2 (3) NaOAc (3) 0.5/6 89.5 16.0 0 61.9 20.5
6 Pd(OAc)2 (3) HOAc (3) 0.5/8 98.2 67.6 0 22.4 75.1
7 Pd(OAc)2 (3) HOAc (15) 0.5/16 99.7 75.6 0 19.5 79.5
8 Pd(OAc)2 (3) HOAc (30) 0.5/6 98.1 66.5 0 23.5 73.9
9 Pd(OAc)2 (3) HOAc (90) 0.5/10 94.7 58.3 0 23.6 71.2
10 Pd(OAc)2 (3) NaCl (3) 0.5/13 99.8 74.8 0 13.8 84.4
11 Pd(OAc)2 (3) NaCl (6) 0.5/5 99.7 88.4 0 6.8 92.9
12 Pd(OAc)2 (3) LiCl (3) 0.5/20 99.8 90.8 0 5.0 94.8

a Reaction conditions: 5 mmol methyl acrylate 1a, 2 mmol (40 mol %) PS-BQ, and 24.7 mmol methanol. The reaction was carried out at 50 �C for 24 h.
b O2 pressure/total system pressure.
c By GC spectrum.
d Selectivity¼[2a/(2a+3a+4a)]�100.
e No additive.
f Room temperature 20–27 �C, 6 h.
was not satisfactory. Contrarily, the yield and selectivity
were greatly decreased (Table 7, entries 4 and 5). This can
be ascribed to the oxidation of reactant methanol by
Pd(OAc)2/NaOAc,18 as the consumption of alcohol is disad-
vantageous to the next conversion of the intermediate 4a into
the expected product 2a.

Using HOAc instead of NaOAc as the additive, the yield and
selectivity were not satisfied neither. Increasing the amount
of acidic HOAc was not workable too (Table 7, entries 6–9).
Backvall19 reported work on the application and mechanism
of Pd(OAc)2/BQ catalytic system with HOAc or NaOAc,
and only PdCl4

2� complex structure was mentioned. There-
fore, it may be very difficult for Pd(OAc)2 to form
Pd(OAc)4

2� complex structure,16 and our experiment results
were consistent with it.

When NaCl was used as an additive, PdCl2 could be pro-
duced by the ion exchange of Pd(OAc)2 and NaCl as shown:

2NaClþ PdðOAcÞ2/2NaOAcþ PdCl2

Although the simultaneously produced NaOAc was disad-
vantageous to the acetalization because of the oxidation of
reactant methanol by Pd(OAc)2/NaOAc,18 the activation
property of chlorine ion could offset the side-effect caused
by NaOAc. Hence, 2a was still the major product, and its
yield and selectivity remained (Table 7, entries 1–3 and
10). When the loading of NaCl was increased to 1 equiv of
Pd(OAc)2, the result observed was similar with the one
from the catalytic system of PdCl2 (Table 7, entry 11).

When LiCl was used as the additive, though its molar
amount was equivalent to half of Pd(OAc)2, only the activa-
tion of chlorine ion existing, the aim to enhance the activity
of Pd(OAc)2 was realized as expected (Table 7, entry 12).
Thus, using chlorine ion and BQ to control the reaction
selectivity was achieved.

3. Conclusions

Using scCO2 as an environment-friendly solvent, PdII-cata-
lyzed acetalization of terminal olefins with electron-
withdrawing groups, i.e., acrylate esters, acrylonitrile,
methyl vinyl ketone, and acrolein, could be carried out
smoothly under oxygen atmosphere. The effect of catalysts,
cocatalysts, alcohols, system temperature, reaction time, and
reactant molar ratio, is systematically investigated and
summarized in this paper.

Cocatalyst PS-BQ could be recycled with excellent catalytic
activity, and without any chlorinated by-product detected.
The catalytic activity was slightly decreased when Pd(OAc)2

was used as leading catalyst instead of PdCl2. While the
good yield and selectivity was achieved when the chlorine
ion additive, i.e., NaCl or LiCl, was added. For different ace-
talization mechanism, PdCl2/PS-BQ was a better catalytic
system with higher selectivity than PdII/CuII (CuI) system.
Especially for acrolein, and methyl vinyl ketone, basic addi-
tives were not necessary. In the Wacker oxidation cycle
catalyzed by PdCl2/PS-BQ, BQ was proposed to be initially
converted to CHQ by the addition reaction with HCl and
subsequently regenerated by the hydrogenolysis to give
PdCl2 and products.

Thus, the method for the synthesis of important organic
intermediates, i.e., alkyl 3,3-dialkoxypropanoates, b-keto-
acetals, and b-cyanoacetal, environment-friendly and high
selectivity, by the acetalization reaction catalyzed by
PdCl2/PS-BQ was successfully developed. And the recycling
of the precious metal palladium was feasible in a convenient
manner. More importantly, the mechanism of PdII/PS-BQ
catalytic system may be helpful to explain other novel
phenomena, e.g., the production of tri-substituted benzene
derivatives from acrylate esters, and methyl vinyl ketone.

4. Experimental

4.1. General

1H NMR spectra were recorded on BRUKER DRX-400
spectrometer using CDCl3 as solvent and TMS as an internal
standard. GC analyses were performed on a GC-930 chro-
matograph (Shanghai Haixian Chromatograph Instrument
Ltd. Co.) with a flame ionization detector equipped with
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an OV-101 capillary column (internal diameter¼0.25 mm,
length¼30 m). Mass spectra were recorded on a Shimadzu
GCMS-QP5050A at an ionization voltage of 70 eVequipped
with a DB-WAX capillary column (internal diameter¼
0.25 mm, length¼30 m). IR spectra were recorded on Ana-
lect RFX-65A spectrometer.

All acrylate esters, acrylonitrile, acetonitrile, acrylic acid,
acrylamide, methyl methacrylate, methanol, ethanol, palla-
dium chloride, acetone, and porous polystyrene resin, etc.,
were commercially purchased and used without further
purification. Acrolein was distilled before use. Methyl vinyl
ketone, PdCl2(MeCN)2, and CuCl were prepared according
to the literature.2b,9

4.2. Preparation of cocatalyst PS-BQ

The cocatalyst PS-BQ was prepared in three steps: chloro-
methylation of commercial polystyrene (PS) porous resin,
alkylation of hydroquinone by chloromethylated PS, and
oxidation of PS supported-hydroquinone by H2O2 (Scheme
2), and the composition of the product from each step was
successfully confirmed with IR and elemental analyses of
chlorine.6

4.3. Typical procedure for the acetalization

The reaction was carried out in a HF-25 autoclave. Catalyst
PdCl2 (0.15 mmol, 3 mol %), PS-BQ (2 mmol), MeOH
(1 mL, 24.7 mmol), and methyl acrylate (5 mmol) were added
into a 25 mL autoclave in sequence. O2 and liquid CO2 were
pumped into the autoclave by a cooling pump to reach the de-
sired pressure, then the autoclave was heated by oil bath under
magnetic stirring for the desired reaction time. After the reac-
tion finished, the autoclave was allowed to cool to �30 �C.
CO2 was vented and the surplus was extracted with n-hexane
or petroleum ether. The extract was filtrated and condensed
under reduced pressure. The product was purified by prepar-
ative TLC on silica gel using light petroleum ether/ethyl
acetate as eluent before the test of 1H NMR and IR.

4.3.1. Methyl 3,3-dimethoxypropanoate (acetal 2a). Oil;
IR (KBr, film): n 2948, 2840 cm�1 (CH3, CH2, CH);
1740 cm�1 (COO, very strong); 1378, 1444 cm�1 (CH3O);
1069, 1122, 1176 cm�1 (C–O–C in ether or ester structure,
strong). 1H NMR (CDCl3, TMS, ppm): d 2.62 (2H, d,
J¼2.0 Hz, CH2), 3.33 (6H, s, OCH3), 3.65 (3H, s, OCH3),
4.80 (1H, s, CH). GC–MS: m/z 147 (2) [M�1, C6H11O4

+],
133 (8) [M+�CH3, C5H9O4

+], 117 (29) [M+�CH3O,
C5H9O3

+], 101 (8) [C4H5O4
+], 85 (5) [C4H5O2

+], 75 (100)
[(CH3O)2CH+], 59 (25) [C2H3O2

+], 47 (25) [C2H7O+], 31
(16) [CH3O+].

4.3.2. Ethyl 3,3-dimethoxypropanoate (acetal 2b). Oil; IR
(KBr, film): n 2985, 2944, 2837 cm�1 (CH3, CH2, CH);
1738 cm�1 (COO, very strong); 1378, 1455 cm�1 (CH3,
CH2); 1069, 1123, 1176 cm�1 (C–O–C in ether or ester
structure, strong). 1H NMR (CDCl3, TMS, ppm): d 1.25
(3H, t, J¼3.2 Hz, OCH2CH3), 2.63 (2H, d, J¼6.0 Hz,
CH2CH), 3.35 (6H, s, OCH3), 4.15 (2H, q, J¼3.6 Hz,
OCH2CH3), 4.82 (1H, t, J¼6.0 Hz, CH2CH ). GC–MS: m/z
161 (2) [M�1, C7H13O4

+], 147 (7) [M+�CH3, C6H11O4
+],

131 (25) [M+�CH3O, C6H11O3
+], 117 (13) [M+�OCH2CH3,
C5H9O3
+], 103 (8) [C4H7O3

+], 89 (26) [C4H9O2
+], 75 (100)

[(CH3O)2CH+], 61 (26) [C2H5O2
+], 43 (16) [C2H3O+], 29

(50) [C2H5
+].

4.3.3. Ethyl 3,3-diethoxypropanoate (acetal 2b0). Oil; IR
(KBr, film): n 2980, 2933, 2893 cm�1 (CH3, CH2, CH);
1738 cm�1 (COO, very strong); 1378, 1449 cm�1 (CH3,
CH2); 1064, 1120, 1195 cm�1 (C–O–C in ether or ester
structure, strong). 1H NMR (CDCl3, TMS, ppm): d 1.17
(6H, t, J¼7.2 Hz, OCH2CH3), 1.25 (3H, t, J¼3.6 Hz,
COOCH2CH3), 2.64 (2H, d, J¼5.6 Hz, CH2CH), 3.50–
3.55 (2H, m, OCH2CH3), 3.63–3.68 (2H, m, OCH2CH3),
4.14 (2H, q, J¼7.2 Hz, COOCH2CH3), 4.93 (1H, t,
J¼2.4 Hz, CH2CH). GC–MS: m/z 189 (2) [M�1,
C9H17O4

+], 161 (16) [M+�CH2CH3, C7H13O4
+], 145

(46) [C7H13O3
+], 117 (38) [C5H9O3

+], 103 (100)
[(CH3CH2O)2CH+], 89 (38) [C3H5O3

+], 75 (70) [C3H7O2
+],

71 (71) [C3H3O2
+], 47 (75) [C2H5OH2

+], 29 (58) [C2H5
+].

4.3.4. n-Butyl 3,3-dimethoxypropanoate (acetal 2c). Oil;
IR (KBr, film): n 2961, 2876, 2838 cm�1 (CH3, CH2, CH);
1737 cm�1 (COO, very strong); 1461, 1402 cm�1 (CH3,
CH2); 1070, 1122, 1192 cm�1 (C–O–C in ether or ester
structure, strong); 740 cm�1 (CH2CH2CH2, weak). 1H
NMR (CDCl3, TMS, ppm): d 0.92 (3H, t, J¼2.4 Hz,
OCH2CH2CH2CH3), 1.34–1.38 (2H, m, OCH2CH2CH2CH3),
1.57–1.64 (2H, m, OCH2CH2CH2CH3), 2.63 (2H, d,
J¼6.0 Hz, CH2CH), 3.34 (6H, s, OCH3), 4.09 (2H, t,
J¼3.2 Hz, OCH2CH2CH2CH3), 4.82 (1H, t, J¼6.0 Hz,
CH2CH). GC–MS: m/z 189 (1) [M�1, C9H17O4

+], 159 (6)
[M+�CH3O, C8H15O3

+], 117 (8) [M+�C4H9O, C5H9O3
+],

103 (17) [C4H7O3
+], 85 (18) [C4H5O2

+], 75 (100)
[(CH3O)2CH+], 57 (18) [C4H9

+], 41 (24) [C3H5
+], 29 (31)

[C2H5
+].

4.3.5. 3,3-Dimethoxypropionitrile (acetal 2d). Oil; IR
(KBr, film): n 2936, 2845 cm�1 (CH3, CH2, CH);
2255 cm�1 (C^N, weak); 1455, 1417 cm�1 (CH3, CH2);
1075, 1122 cm�1 (C–O–C in ether structure, strong). 1H
NMR (CDCl3, TMS, ppm): d 2.65 (2H, d, J¼5.6 Hz,
CH2CH), 3.39 (6H, s, OCH3), 4.66 (1H, t, J¼5.6 Hz,
CH2CH). GC–MS: m/z 114 (2) [M�1, C5H8NO2

+], 84
(92) [M+�CH3O, C4H5NO+], 75 (100) [(CH3O)2CH+], 56
(46) [C3H4O+].

4.3.6. 4,4-Dimethoxy-2-butanone (acetal 13). Oil; IR
(KBr, film): n 2937, 2839 cm�1 (CH3, CH2, CH, strong);
1718 cm�1 (C]O, very strong); 1446 cm�1 (CH3O);
1362 cm�1 (CH3CO); 1080, 1122, 1167, 1192 cm�1

(C–O–C in ether structure, strong). 1H NMR (CDCl3,
TMS, ppm): d 2.16 (3H, s, CH3CO), 2.72 (2H, d,
J¼5.2 Hz, CHCH2COCH3), 3.34 (6H, s, OCH3), 4.77 (1H,
t, J¼5.6 Hz, CHCH2COCH3). GC–MS: m/z 132 (3) [M+,
C6H12O3

+], 117 (21) [M+�CH3, C5H9O3
+], 101 (22)

[M+�CH3O, C5H9O2
+], 85 (12) [CH3COCH2CO+,

C4H5O2
+], 75 (71) [(CH3O)2CH+], 59 (17) [CH3OCO+],

43 (100) [CH3CO+], 31 (10) [CH3O+].
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Abstract—A series of isoaurones have been synthesized for the first time from substituted acetophenones via benzo-2(3H)-furanone in three
steps. Geometrical isomers of the isoaurones were separated. The differences in the proton and carbon NMR spectra of the E- and Z-isoaurones
afford a useful method for distinguishing between the two isomers. Marginalin, a metabolite of Dytiscus marginalis has been synthesized and
the spectral data of the synthetic E-isomer were in good agreement with those of the natural product. The antioxidant activity of isoaurones
was determined by superoxide free radical (NBT) method and isoaurones 12 and 13 displayed excellent antioxidant activity.
� 2006 Published by Elsevier Ltd.
1. Introduction

Aurones (1), 2-benzylidenebenzofuran-3(2H)-ones, and iso-
aurones (2), 3-benzylidenebenzofuran-2(3H)-ones, are natu-
rally occurring yellow pigments of plants and are structurally
related to flavonoids1 (Fig. 1). In addition to the pigmentation
role, they have been described as phytoalexins used by the
plant as defense agents against various infections.2 A few
methods of syntheses were reported in the literature for
aurones,2–4 and Z-isomers are thermodynamically more sta-
ble and are the only products obtained using acidic or basic
reagents. The stereochemistry of aurones was established by
proton5 and carbon6 NMR spectroscopy and spectroscopies.
Naturally occurring isoaurones are growing recently and
a few compounds were reported, namely, marginalin,7 iso-
aurostatin,8 4,6,40-trihydroxyisoaurone,9 and pterocarpo-
side, the first isoaurone C-glucoside.10 Synthetic studies on

O

O

O
O

Aurone (1) Isoaurone (2)

Figure 1. General structures of aurone and isoaurone.
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* Corresponding author. Tel.: +91 866 2541303; fax: +91 866 2546216;
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isoaurones are limited.11 Even an attempted synthesis of mar-
ginalin12 by Barbier did not give the natural product but gave
an isomer of the natural marginalin. Isoaurostatin, a novel
topoisomerase I inhibitor, was recently isolated from the cul-
ture filtrate of Thermomonospora alba strain No. 1520 and
assigned E-configuration based on HMBC and NOE spec-
tra.8 We have synthesized both isomers of isoaurostatin,13

but the spectral data did not match with those of the natural
product and its structure was revised as daidzein, a well
known isoflavone. Recently, isoaurones were found as poten-
tial anticancer agents,14 but the authors did not assign the
configuration. The stereochemistry of isoaurones has not
been studied in detail except by converting E/Z-phenyl cin-
namic acids into corresponding isoaurones.15 In view of the
importance of stereochemistry for the biological activity and
lack of reports in the literature on the stereochemical assign-
ments of isoaurones by NMR spectroscopy, in this paper we
have presented the details of (a) isoaurones synthesis, isola-
tion of stereoisomers, and spectroscopic methods to establish
the stereochemistry at the double bond and (b) the synthesis
of marginalin, a metabolite of Dytiscus marginalis (Coleop-
tera) and the establishment of its stereochemistry as E.

2. Results and discussion

2.1. Synthesis

The general route for the synthesis of isoaurones involves
the acid or base catalyzed condensation of substituted
2(3H)-benzofuranone with aromatic aldehydes. The desired
substituted benzofuranones were synthesized as follows.

mailto:subbarajugottumukkala@hotmail.com
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Willgerodt–Kindler reaction of 2-hydroxy-5-methoxyaceto-
phenone (3a) with sulfur and morpholine under phase trans-
fer catalytic conditions16 gave phenylacetic acid derivative
4a in 64% yield. Lactonisation of 4a in the presence of
phosphorus oxychloride17 yielded 5-methoxybenzo-2(3H)-
furanone (5a) in 85% yield. Demethylation of 5a using
pyridine hydrochloride18 furnished 5-hydroxybenzo-2(3H)-
furanone (5c) in 66% yield (Scheme 1). The 5-methyl
benzofuranone (5b) was prepared in a similar fashion. Con-
densation of 5a, b or c with substituted benzaldehydes using
KOH as a base gave isoaurones (6–13). In all examples, two
isomers (E and Z) were formed, which could be separated by
column chromatography, and are well characterized by their
spectral data (IR, NMR, and Mass). But the 1H NMR spectra
of isoaurones 12 and 13 showed them to be a mixture of two
isomers as also confirmed by HPLC. Attempts to separate
these were not successful even by preparative HPLC. It is
known that in aurones the Z-isomer is thermodynamically
more stable but in isoaurones more of E-isomer is formed
in our own studies as well in that of others.19 Perhaps the
interactions of carbonyl and the pendant aryl ring are
minimum in the case of E-isomer.

The carbonyl absorptions in IR spectra of E- and Z-iso-
aurones are presented in Table 1. The data revealed that
within the particular example, the difference is quite large
to distinguish each other, but the data are not suitable for
assigning the configuration.

The proton NMR data of E- and Z-isoaurones are presented
in Table 2. As a rule in a,b-unsaturated carbonyl com-
pounds, the anisotropic, diamagnetic deshielding of the car-
bonyl group causes the olefinic proton cis to the carbonyl to
give an absorption at a lower field (ca. 1 ppm) than in the
trans arrangement, so that the assignment of configuration
can be made on the basis of the chemical shift of the olefinic
proton.20,21 The present study also reveals that the olefinic
proton (H-10) in E-isomers gave a singlet as expected at
lower field than the corresponding proton in Z-isomers. In
all examples, the H-4 proton in E-isomer appeared at a lower
field (ca. 0.04–0.34 ppm) than the corresponding proton in
Z-isomer and the difference is useful to assign the configura-
tion. Most importantly, in all Z-isomers, the protons (H-20

and H-60) of pendant aryl units appeared as a doublet at
much lower field (ca. 0.49–0.77 ppm) than the correspond-
ing protons in E-isomers and this chemical shift difference
is large enough to assign the configuration.

The carbon NMR data of E- and Z-isoaurones (Table 3) re-
vealed that the chemical shift differences of olefinic carbon
(C-10) are very little and are not useful to distinguish
between the two isomers. In all E-isomers, the carbonyl
absorption (w169 ppm) is at a lower field (ca. 3 ppm) than
the corresponding carbonyl in Z-isomers (w166 ppm) and
this difference could be used to assign the configuration at
the double bond in isoaurones. The other carbons useful in

Table 1. IR data of E- and Z-isoaurones

Compd no. C]O (lmax, cm�1)

E Z

6 1778 1721
7 1740 1762
8 1740 1760
9 1780 1756
10 1778 1754

Table 2. 1H NMR data of E- and Z-isoaurones

Compd no. E Z

H-4 H-10 H-20,60 H-4 H-10 H-20,60

6 7.36 7.79 6.91 7.02 7.45 7.68
7 7.16 7.81 7.67 7.01 7.50 8.25
8 7.19 7.72 7.64 7.02 7.49 8.13
9 7.19 7.77 7.62 7.00 7.46 8.12
10 6.95 7.72 7.67 6.91 7.48 8.24
OH
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E                                                    Z

6   R1=OH, R2=R3=R4=OCH3

7   R1=OH, R2=R4=H, R3=F

8   R1=OH, R2=R4=H, R3=Cl

9 R1=OCH3, R2=R4=H, R3=Cl

2'

6'

10
4

 12   R1=R2=R3=OH, R4=H
 13   R1=R2=R3=R4=OH

55-64% 82-95% 25-68%

11 R1=R3=OH, R2=R4=H

10 R1=CH3, R2=R4=H, R3=OCH3

Scheme 1. Reagents and conditions: (i) S, morpholine, p-TSA, 20% NaOH, PTC, reflux, 16 h, 55–64%; (ii) POCl3, DCE, rt, 15 h, 82–85%; (iii) substituted
benzaldehyde, KOH, EtOH, rt, 10 h, 25–68%.
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this aspect are C-20 and C-60 carbons of the pendant aryl unit.
In all examples, the C-20 and C-60 carbons of Z-isomers
appeared at a lower field (ca. 2.3–3.1 ppm) than the corre-
sponding carbons in E-isomers.

The stereochemistry of the double bond at C-3 and C-10 of
isoaurones was confirmed further by the double irradiation
experiments. Irradiation of H-4 (7.19, 1H, d, J¼2.4 Hz) in
compound 8E showed positive NOE on H-20,60 (7.64, 2H,
d, J¼8.2 Hz). Similarly, irradiation of H-20,60 resulted in
positive NOE on H-4. Based on the above, H-4 and the
aryl ring are oriented spatially close to each other and con-
firm ‘E’ stereochemistry for the double bond between C-3
and C-10.

Similarly, irradiation of H-4 (7.02, 1H, br s) in compound 8Z
showed positive NOE on H-10 (7.49, 1H, s). Further irradi-
ation of the signal corresponding to H-20,60 (8.13, 2H, d,
J¼8.1 Hz) did not show any effect on H-4. Thus, H-4 and
H-10 are spatially close and confirm ‘Z’ stereochemistry
for the double bond at C-3 and C-10.

Marginalin (11) was synthesized through base catalyzed
condensation of 5-hydroxybenzo-2(3H)-furanone (5c) with
4-hydroxybenzaldehyde in 60% yield (Scheme 1). The 1H
NMR spectrum of 11 showed that it is a mixture of two
isomers and was confirmed by HPLC (E/Z–70:30). The con-
densation reaction was tried with other reagents such as tri-
ethylamine, acetic anhydride, p-TSA, and neutral alumina.
But in all cases, we isolated a mixture of E/Z-isomers. The
E-isomer was obtained in 96% purity by repeated crystalliza-
tions, but we could isolate the Z-isomer in only 75% purity,
however, the spectral data could be interpreted well. The
configuration of both the isomers has been assigned based
on the foregoing analogy, i.e. H-20,60 protons in Z-isomer
appeared as doublet at d 8.27, whereas the same protons in
E-isomer appeared at d 7.70. The 1H NMR data of synthetic
E-isomer 11 agree well with those of natural 11 and con-
firmed the natural product stereochemistry as E (see Table
4). Interestingly, the data on synthetic marginalin reported
earlier12 did not match either with E-isomer or Z-isomer
and perhaps required further scrutiny.

Table 3. 13C NMR data of E- and Z-isoaurones

Compd no. E Z

C-2 C-20,60 C-2 C-20,60

6 169.3 106.5 166.5 109.6
7 169.4 131.5 166.5 134.3
8 169.2 130.7 166.4 133.2
9 169.0 130.6 166.2 133.2
10 169.7 131.6 166.7 134.4
2.2. Antioxidant activity

We have determined the antioxidant activity of isoaurones
by nitro blue tetrazolium (NBT)22,23 free radical scavenging
method. The IC50 values of the active compounds are pre-
sented in Table 5. From the data, isoaurones 12 and 13
having catechol and pyrogallol moieties showed good activ-
ity and were several fold potent in comparison with the com-
mercially available antioxidants like vitamin C and BHA.

3. Conclusions

In summary, we have synthesized a series of isoaurones for
the first time from substituted acetophenones via benzo-
2(3H)-furanone in three steps and their geometrical isomers
were separated. The configuration at the double bond could
be assigned on the basis of proton and carbon NMR spectral
data. The H-20,60 protons of pendant aryl unit in Z-isomers
appeared as a doublet at much lower field (ca. 0.49–
0.77 ppm) than the corresponding protons in E-isomers.
Marginalin (11), isolated from D. marginalis, has been syn-
thesized and its stereochemistry has been confirmed as E.
The isoaurones 12 and 13 were potent antioxidants as con-
firmed by superoxide (NBT) free radical scavenging method.

4. Experimental

4.1. General

Melting points were recorded on a Mel-Temp melting point
apparatus in open capillaries and are uncorrected. IR spectra
were recorded on a Perkin–Elmer BX1 FTIR Spectropho-
tometer. 1H NMR (300 MHz) and 13C NMR (75 MHz) spec-
tra were recorded on Jeol JNM l-300 spectrometer using
TMS as internal reference and the values for chemical shifts
(d) are given in parts per million (ppm) and coupling con-
stants (J) in hertz (Hz). In the 13C NMR spectra, the nature
of the carbons (C, CH, CH2 or CH3) was determined using
DEPT-135, and are given in parentheses. Mass spectra
were recorded on Agilent 1100 LC/MSD and elemental

Table 5. Antioxidant activity of isoaurones

Compd NBT superoxide scavenging
activity (IC50 in mM)

Marginalin (11) 59.0
12 40.2
13 24.7
Vitamin C 852
BHA 966

BHA: butylated hydroxyanisole. The lower the IC50 values, the higher is the
antioxidant activity.
Table 4. 1H NMR data of marginalin (DMSO-d6)

Position Synthetic 11E Synthetic 11Z Z-Marginalin reported (Ref. 12) Natural marginalin

4 7.31 (d, 2.4) 7.16 (d, 2.4) 6.56 (d, 3.0) 7.30 (d, 3.0)
6 6.79 (dd, 2.4, 8.6) 6.73 (dd, 2.4, 8.6) 5.80 (dd, 3.0, 8.0) 6.79 (dd, 3.0, 8.0)
7 7.09 (d, 8.6) 6.99 (d, 8.6) 6.16 (d, 8.0) 7.07 (d, 8.0)
10 7.72 (s) 7.86 (s) 6.72 (s) 7.72 (s)
20,60 7.70 (d, 8.6) 8.27 (d, 8.8) 7.13 (d, 8.0) 7.68 (d, 8.0)
30,50 6.96 (d, 8.6) 6.90 (d, 8.8) 5.90 (d, 8.0) 6.96 (d, 8.0)
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analysis on a Vario El Elementar instrument. HPLC was
recorded by a Shimadzu SCL-10A instrument under the fol-
lowing conditions: column, Phenomenex C18, 250 mm�
4.6 mm; flow rate, 1 mL/min; detection at 384 nm; mobile
phase, 0.1% phosphoric acid/acetonitrile (65:35, v/v); reten-
tion time for 11E, 19.62 and for 11Z, 17.92 min. Acme silica
gel G and silica gel (100–200 mesh) were used for analytical
TLC and column chromatography, respectively. For antioxi-
dant activity procedure see Ref. 23.

4.2. Phenylacetic acid derivative 4. General procedure

A mixture of 3 (50 mmol), sulfur (3.2 g, 100 mmol), morpho-
line (15 mL, 150 mmol), and p-toluenesulfonic acid (0.3 g,
1.75 mmol) was refluxed under constant stirring at 120–
130 �C for 8 h. After completion of the reaction, the mixture
was allowed to cool and 20% aq NaOH (70 mL) and tetra-
butylammonium bromide (216 mg, 1.25 mmol) were added
and hydrolysis was continued for further 8 h at 100 �C. The
cooled reaction mixture was filtered and the filtrate was acid-
ified with HCl to pH 2. The solution was extracted with
EtOAc (3�150 mL) and the combined organic layer was
washed with water (100 mL), brine (100 mL), and dried
over sodium sulfate. The residue obtained after evaporation
of the solvent was chromatographed over silica gel column
using hexane–EtOAc mixtures as eluents to give 4.

4.2.1. 2-(2-Hydroxy-5-methoxyphenyl)acetic acid (4a).
Colorless powder (5.9 g, 64%), mp 128–130 �C (lit.24 mp
131–133 �C); IR (neat): 3380, 1720, 1204, 1159, 1025,
819 cm�1; 1H NMR (CDCl3): d 3.67 (2H, s, Ar–CH2–),
3.75 (3H, s, Ar–OCH3), 6.70–6.76 (2H, m, Ar–H), 6.84
(1H, d, J¼8.6 Hz, Ar–H); MS (ESI, negative scan): m/z
181 (M�H)�.

4.2.2. 2-(2-Hydroxy-5-methylphenyl)acetic acid (4b).
Colorless powder (4.5 g, 55%), mp 118–120 �C (lit.25 mp
123.5 �C); IR (neat): 3458, 1699, 1622, 1290, 1219, 1157,
1109, 962 cm�1; 1H NMR (CDCl3): d 2.28 (3H, s, Ar–
CH3), 3.65 (2H, s, Ar–CH2–), 6.71–6.73 (2H, m, Ar–H),
7.00 (1H, d, J¼8.0 Hz, Ar–H); MS (ESI, negative scan):
m/z 165 (M�H)�.

4.3. 3-Hydrobenzo[b]furan-2-one derivative 5. General
procedure

A mixture of 4 (3 g) and phosphorus oxychloride (15 mL) in
dichloroethane (90 mL) was stirred at rt for 16 h. The reac-
tion mixture was diluted with water (50 mL) and extracted
with chloroform (3�30 mL) and the combined chloroform
layer was washed with water (20 mL), sodium bicarbonate
(20 mL), and dried over sodium sulfate. The residue ob-
tained after evaporation of the solvent was chromatographed
over silica gel column using hexane–EtOAc mixtures as
eluents to give 5.

4.3.1. 5-Methoxy-3-hydrobenzo[b]furan-2-one (5a). Light
yellow powder (2.3 g, 85%), mp 98–100 �C (lit.24 mp 95–
98 �C); IR (neat): 2965, 1801, 1605, 1283, 1253, 1222,
1149, 1069, 1025, 921, 858, 814 cm�1; 1H NMR (CDCl3):
d 3.72 (2H, s, H-3), 3.79 (3H, s, Ar–OCH3), 6.81–6.85 (2H,
m, Ar–H), 7.01 (1H, d, J¼8.6 Hz, Ar–H); MS (ESI, positive
scan): m/z 187 (M+Na)+.
4.3.2. 5-Methyl-3-hydrobenzo[b]furan-2-one (5b). Color-
less powder (2.2 g, 82%), mp 66–68 �C (lit.26 mp 68.5–
71.5 �C); IR (neat): 3399, 2920, 1809, 1606, 1156, 1083,
1027 cm�1; 1H NMR (CDCl3): d 2.38 (3H, s, Ar–CH3),
3.69 (2H, s, H-3), 6.93–6.95 (2H, m, Ar–H), 7.15 (1H, d,
J¼7.9 Hz, Ar–H); MS (ESI, negative scan): m/z 147
(M�H)�.

4.4. 5-Hydroxy-3-hydrobenzo[b]furan-2-one (5c)

A mixture of 5a (1 g) and pyridine hydrochloride (10 g) was
stirred in N2 atmosphere at 180–190 �C for 3 h. The cooled
reaction mixture was diluted with ice cold water (50 mL),
acidified with dil HCl (10%, 20 mL), and extracted with
EtOAc (3�50 mL). The combined EtOAc layer was washed
with brine (25 mL) and dried over sodium sulfate. The resi-
due obtained after evaporation of the solvent was chromato-
graphed over silica gel column using chloroform–methanol
mixtures as eluents to give 5c as a light yellow powder
(600 mg, 66%), mp 184–186 �C (lit.27 mp 190 �C); IR
(neat): 3322, 2923, 1761, 1602, 1242, 1149, 1074, 949,
890 cm�1; 1H NMR (DMSO-d6): d 3.84 (2H, s, H-3), 6.65
(1H, dd, J¼8.6, 1.6 Hz, H-6), 6.75 (1H, d, J¼1.6 Hz, H-4),
6.95 (2H, d, J¼8.6 Hz, H-7), 9.28 (1H, s, Ar–OH); MS
(ESI, negative scan): m/z 149 (M�H)�.

4.5. 3-Benzylidenebenzofuran-2(3H)-ones (6–13).
General procedure

To a solution of substituted 3-hydrobenzo[b]furan-2-one
(1.5 mmol) in ethanol (15 mL) was added substituted benz-
aldehyde (3.0 mmol) and the pH was brought to 8 with few
drops of ethanolic KOH solution. The mixture was stirred
at rt for 1 h and again the pH was made 8 with few drops of
KOH solution and the mixture was stirred at rt for 14 h.
The reaction mixture was acidified with dilute aqueous HCl
(10%, 20 mL) and extracted with EtOAc (3�50 mL). The
combined EtOAc layer was washed with water (20 mL),
brine (20 mL), and dried over sodium sulfate. The residue ob-
tained after evaporation of the solvent was chromatographed
over silica gel column using hexane–EtOAc mixtures as
eluents to give isoaurones.

4.5.1. 3-[(3,4,5-Trimethoxyphenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (6E). Yellow powder (187 mg, 38%),
mp 188–190 �C; IR (KBr): 3479, 1778, 1641, 1242, 1125,
1102, 999, 972 cm�1; 1H NMR (CDCl3): d 3.90 (6H, s, Ar–
OCH3), 3.95 (3H, s, Ar–OCH3), 4.90 (1H, br s, Ar–OH),
6.81 (1H, dd, J¼8.6, 2.5 Hz, H-6), 6.91 (2H, s, H-20,60),
7.02 (1H, d, J¼8.6 Hz, H-7), 7.36 (1H, d, J¼2.5 Hz, H-4),
7.79 (1H, s, H-10); 13C NMR (CDCl3): d 169.3 (C-2),
153.5 (C-5), 152.9 (C-30,50), 147.3 (C-40), 140.1 (C-10),
139.4 (C-8), 128.9 (C-10), 121.9 (C-3), 121.8 (C-9), 117.6
(C-4), 111.2 (C-6), 109.2 (C-7), 106.5 (C-20,60), 60.6
(Ar–OCH3), 55.9 (Ar–OCH3); MS (ESI, positive scan): m/z
329 (M+H)+. Analysis found: C, 65.79; H, 4.96%. Calcd
for C18H16O6: C, 65.85; H, 4.91%.

4.5.2. 3-[(3,4,5-Trimethoxyphenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (6Z). Yellow powder (74 mg, 15%),
mp 189–191 �C; IR (KBr): 3340, 1721, 1607, 1258, 1125,
1082, 1004 cm�1; 1H NMR (CDCl3): d 3.96 (3H, s, Ar–
OCH3), 3.97 (6H, s, Ar–OCH3), 4.79 (1H, br s, Ar–OH),
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6.78 (1H, dd, J¼8.6, 2.5 Hz, H-6), 6.98 (1H, d, J¼8.6 Hz, H-
7), 7.02 (1H, d, J¼2.5 Hz, H-4), 7.45 (1H, s, H-10), 7.68 (2H,
s, H-20,60); 13C NMR (CDCl3): d 166.5 (C-2), 153.8 (C-5),
152.3 (C-30,50), 145.5 (C-40), 140.5 (C-8), 139.9 (C-10),
128.5 (C-10), 125.8 (C-3), 119.9 (C-9), 116.4 (C-4), 110.6
(C-6), 109.6 (C-20,60), 105.7 (C-7), 60.5 (Ar–OCH3), 55.8
(Ar–OCH3); MS (ESI, positive scan): m/z 329 (M+H)+.
Analysis found: C, 65.81; H, 4.95%. Calcd for C18H16O6:
C, 65.85; H, 4.91%.

4.5.3. 3-[(4-Fluorophenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (7E). Yellow powder (135 mg, 35%),
mp 199–201 �C; IR (KBr): 3294, 1740, 1625, 1288, 1220,
1150, 1109, 1006 cm�1; 1H NMR (CDCl3): d 4.79 (1H, br
s, Ar–OH), 6.83 (1H, dd, J¼8.6, 2.5 Hz, H-6), 7.02 (1H, d,
J¼8.6 Hz, H-7), 7.16 (1H, d, J¼2.5 Hz, H-4), 7.21 (2H,
dd, J¼8.6 Hz, H-30,50), 7.67 (2H, dd, J¼8.6, 5.5 Hz, H-
20,60), 7.81 (1H, s, H-10); 13C NMR (CDCl3+DMSO-d6):
d 169.4 (C-2), 163.5 (d, 1JCF¼252 Hz, C-40), 153.5 (C-5),
147.8 (C-8), 138.9 (C-10), 131.5 (d, 3JCF¼9 Hz, C-20,60),
130.2 (d, 4JCF¼3 Hz, C-10), 123.1 (C-3), 121.9 (C-9),
118.1 (C-4), 116.0 (d, 2JCF¼22 Hz, C-30,50), 111.4 (C-6),
109.5 (C-7); MS (ESI, negative scan): m/z 255 (M�H)�.
Analysis found: C, 70.28; H, 3.57%. Calcd for C15H9FO3:
C, 70.31; H, 3.54%.

4.5.4. 3-[(4-Fluorophenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (7Z). Yellow powder (38 mg, 10%),
mp 206–208 �C; IR (KBr): 3339, 1762, 1605, 1244, 1168,
1116, 1049, 990, 924 cm�1; 1H NMR (CDCl3): d 4.81 (1H,
br s, Ar–OH), 6.80 (1H, dd, J¼8.6, 2.5 Hz, H-6), 6.98 (1H,
d, J¼8.6 Hz, H-7), 7.01 (1H, d, J¼2.5 Hz, H-4), 7.16 (2H,
dd, J¼8.6 Hz, H-30,50), 7.50 (1H, s, H-10), 8.25 (2H, dd,
J¼8.6, 5.5 Hz, H-20,60); 13C NMR (CDCl3+DMSO-d6):
d 166.5 (C-2), 164.0 (d, 1JCF¼252 Hz, C-40), 154.0 (C-5),
146.2 (C-8), 138.2 (C-10), 134.3 (d, 3JCF¼9 Hz, C-20,60),
129.6 (d, 4JCF¼3 Hz, C-10), 125.6 (C-3), 121.2 (C-9), 117.1
(C-4), 115.5 (d, 2JCF¼22 Hz, C-30,50), 111.0 (C-6), 106.1
(C-7); MS (ESI, negative scan): m/z 255 (M�H)�. Analysis
found: C, 70.26; H, 3.58%. Calcd for C15H9FO3: C, 70.31;
H, 3.54%.

4.5.5. 3-[(4-Chlorophenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (8E). Yellow powder (180 mg, 44%),
mp 216–218 �C; IR (neat): 3387, 2922, 1740, 1610, 1209,
1115, 1010 cm�1; 1H NMR (CDCl3+DMSO-d6): d 6.85
(1H, dd, J¼8.7, 2.4 Hz, H-6), 6.95 (1H, d, J¼8.7 Hz, H-7),
7.19 (1H, d, J¼2.4 Hz, H-4), 7.48 (2H, d, J¼8.2 Hz, H-
30,50), 7.64 (2H, d, J¼8.2 Hz, H-20,60), 7.72 (1H, s, H-10),
8.94 (1H, br s, Ar–OH); 13C NMR (CDCl3+DMSO-d6):
d 169.2 (C-2), 153.7 (C-5), 147.7 (C-8), 138.4 (C-10),
135.9 (C-10), 132.4 (C-40), 130.7 (C-20,60), 129.1 (C-30,50),
123.6 (C-3), 121.6 (C-9), 118.3 (C-4), 111.5 (C-6), 109.5
(C-7); MS (ESI, negative scan): m/z 271 (M�H)�, 273
(M�H)�. Analysis found: C, 66.02; H, 3.35%. Calcd for
C15H9ClO3: C, 66.07; H, 3.33%.

4.5.6. 3-[(4-Chlorophenyl)methylene]-5-hydroxy-
benzo[b]furan-2-one (8Z). Yellow powder (100 mg, 25%),
mp 200–202 �C; IR (neat): 3345, 1760, 1600, 1192, 1047,
918 cm�1; 1H NMR (CDCl3+DMSO-d6): d 6.83 (1H, d,
J¼8.4 Hz, H-6), 6.90 (1H, d, J¼8.4 Hz, H-7), 7.02 (1H, br
s, H-4), 7.41 (2H, d, J¼8.1 Hz, H-30,50), 7.49 (1H, s, H-10),
8.13 (2H, d, J¼8.1 Hz, H-20,60), 9.0 (1H, br s, Ar–OH); 13C
NMR (CDCl3+DMSO-d6): d 166.4 (C-2), 154.1 (C-5),
146.3 (C-8), 138.1 (C-10), 136.8 (C-10), 133.2 (C-20,60),
131.7 (C-40), 128.6 (C-30,50), 125.5 (C-3), 122.1 (C-9),
117.4 (C-4), 111.1 (C-6), 106.3 (C-7); MS (ESI, negative
scan): m/z 271 (M�H)�, 273 (M�H)�. Analysis found: C,
66.04; H, 3.36%. Calcd for C15H9ClO3: C, 66.07; H, 3.33%.

4.5.7. 3-[(4-Chlorophenyl)methylene]-5-methoxy-
benzo[b]furan-2-one (9E). Yellow powder (150 mg, 35%),
mp 156–158 �C; IR (KBr): 1780, 1619, 1236, 1209, 1110,
1086, 1033, 907 cm�1; 1H NMR (CDCl3): d 3.73 (3H, s,
Ar–OCH3), 6.90 (1H, dd, J¼8.7, 2.2 Hz, H-6), 7.05 (1H, d,
J¼8.7 Hz, H-7), 7.19 (1H, d, J¼2.2 Hz, H-4), 7.48 (2H, d,
J¼8.4 Hz, H-30,50), 7.62 (2H, d, J¼8.4 Hz, H-20,60), 7.77
(1H, s, H-10); 13C NMR (CDCl3): d 169.0 (C-2), 155.8 (C-
5), 148.8 (C-8), 139.2 (C-10), 136.5 (C-10), 132.3 (C-40),
130.6 (C-20,60), 129.2 (C-30,50), 123.3 (C-3), 122.0 (C-9),
116.4 (C-4), 111.7 (C-6), 108.5 (C-7), 55.8 (Ar–OCH3); MS
(ESI, positive scan): m/z 287 (M+H)+, 289 (M+H)+. Analysis
found: C, 67.01; H, 3.89%. Calcd for C16H11ClO3: C, 67.03;
H, 3.87%.

4.5.8. 3-[(4-Chlorophenyl)methylene]-5-methoxy-
benzo[b]furan-2-one (9Z). Yellow powder (40 mg, 9%),
mp 168–170 �C; IR (KBr): 1756, 1611, 1281, 1215, 1053,
1034, 980 cm�1; 1H NMR (CDCl3): d 3.84 (3H, s, Ar–
OCH3), 6.86 (1H, dd, J¼8.7, 2.2 Hz, H-6), 6.99 (1H, d,
J¼8.7 Hz, H-7), 7.00 (1H, d, J¼2.2 Hz, H-4), 7.41 (2H, d, J¼
8.1 Hz, H-30,50), 7.46 (1H, s, H-10), 8.12 (2H, d, J¼8.1 Hz,
H-20,60); 13C NMR (CDCl3): d 166.2 (C-2), 156.4 (C-5),
147.3 (C-8), 138.4 (C-10), 137.3 (C-10), 133.2 (C-20,60),
131.5 (C-40), 128.8 (C-30,50), 125.6 (C-3), 121.8 (C-9),
116.1 (C-4), 111.4 (C-6), 104.5 (C-7), 55.9 (Ar–OCH3); MS
(ESI, positive scan): m/z 287 (M+H)+, 289 (M+H)+. Analysis
found: C, 67.00; H, 3.90%. Calcd for C16H11ClO3: C, 67.03;
H, 3.87%.

4.5.9. 3-[(4-Methoxyphenyl)methylene]-5-methyl-
benzo[b]furan-2-one (10E). Yellow powder (120 mg,
30%), mp 102–104 �C; IR (neat): 1778, 1629, 1601, 1265,
1184, 1123, 1111, 1079, 1032, 968 cm�1; 1H NMR
(CDCl3): d 2.39 (3H, s, Ar–CH3), 3.89 (3H, s, Ar–OCH3),
6.86 (1H, d, J¼7.8 Hz, H-7), 6.95 (1H, s, H-4), 7.00 (2H, d,
J¼8.7 Hz, H-30,50), 7.67 (2H, d, J¼8.7 Hz, H-20,60), 7.68
(1H, d, J¼7.8 Hz, H-6), 7.72 (1H, s, H-10); 13C NMR
(CDCl3): d 169.7 (C-2), 161.4 (C-40), 154.4 (C-8), 141.3
(C-10), 139.6 (C-10), 131.6 (C-20,60), 126.7 (C-5), 124.2
(C-6), 122.1 (C-4), 120.0 (C-3), 119.5 (C-9), 114.2
(C-30,50), 111.6 (C-7), 55.4 (Ar–OCH3), 21.9 (Ar–CH3);
MS (ESI, positive scan): m/z 267 (M+H)+. Analysis found:
C, 76.64; H, 5.36%. Calcd for C17H14O3: C, 76.68; H, 5.30%.

4.5.10. 3-[(4-Methoxyphenyl)methylene]-5-methyl-
benzo[b]furan-2-one (10Z). Yellow powder (60 mg, 15%),
mp 122–124 �C; IR (neat): 1754, 1621, 1264, 1219, 1178,
1043, 945 cm�1; 1H NMR (CDCl3): d 2.40 (3H, s, Ar–
CH3), 3.88 (3H, s, Ar–OCH3), 6.91 (1H, s, H-4), 6.97 (2H,
d, J¼8.7 Hz, H-30,50), 6.98 (1H, dd, J¼7.7, 2.1 Hz, H-6),
7.37 (1H, d, J¼7.7 Hz, H-7), 7.48 (1H, s, H-10), 8.24 (2H,
d, J¼8.1 Hz, H-20,60); 13C NMR (CDCl3): d 166.7 (C-2),
162.1 (C-40), 152.8 (C-8), 139.8 (C-10), 139.0 (C-10), 134.4
(C-20,60), 126.5 (C-5), 124.4 (C-6), 123.2 (C-3), 118.6
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(C-4), 118.2 (C-9), 114.0 (C-30,50), 111.2 (C-7), 55.4 (Ar–
OCH3), 21.9 (Ar–CH3); MS (ESI, positive scan): m/z 267
(M+H)+. Analysis found: C, 76.65; H, 5.34%. Calcd for
C17H14O3: C, 76.68; H, 5.30%.

4.5.11. 5-Hydroxy-3-[(4-hydroxyphenyl)methylene]-
benzo[b]furan-2-one (11E). Yellow powder (76 mg,
20%), mp 258–260 �C (lit.7 mp 245–247 �C); IR (KBr):
3385, 3279, 1749, 1601, 1292, 1252, 1145, 1119 cm�1; 1H
NMR (DMSO-d6): see Table 4; 13C NMR (DMSO-d6): d
169.6 (C-2), 159.8 (C-40), 153.1 (C-5), 146.7 (C-8), 140.9
(C-10), 131.7 (C-20,60), 124.5 (C-10), 122.1 (C-3), 119.1
(C-9), 116.6 (C-4), 115.6 (C-30,50), 110.6 (C-6), 108.9 (C-7);
MS (ESI, negative scan): m/z 253 (M�H)�.

4.5.12. 5-Hydroxy-3-[(4-hydroxyphenyl)methylene]-
benzo[b]furan-2-one (11Z). Yellow powder (19 mg, 5%),
mp 245–247 �C; IR (KBr): 3389, 3294, 1724, 1602, 1297,
1211, 1180, 1115, 1081 cm�1; 1H NMR (DMSO-d6): see
Table 4; MS (ESI, negative scan): m/z 253 (M�H)�.

4.5.13. 5-Hydroxy-3-[(3,4-dihydroxyphenyl)methylene]-
benzo[b]furan-2-one (12E/Z). Yellow powder (183 mg,
45%, HPLC: E/Z 79:19), mp 240–243 �C; IR (KBr): 3343,
3256, 1754, 1596, 1240, 1143, 1120, 1101, 1004 cm�1;
1H NMR (DMSO-d6): d peaks correspond to E-isomer, 6.78
(1H, dd, J¼2.4, 8.4 Hz, H-6), 6.88 (1H, d, J¼8.2 Hz, H-50),
7.06 (1H, d, J¼8.4 Hz, H-7), 7.17 (1H, d, J¼8.2 Hz, H-60),
7.23 (1H, d, J¼1.8 Hz, H-20), 7.37 (1H, d, J¼2.4 Hz,
H-4), 7.62 (1H, s, H-10); 13C NMR (CDCl3+DMSO-d6):
d 169.7 (C-2), 153.1 (C-5), 148.1 (C-40), 146.8 (C-8), 144.8
(C-30), 141.4 (C-10), 125.2 (C-10), 123.2 (C-20), 122.2
(C-3), 119.0 (C-9), 116.6 (C-60), 116.4 (C-50), 115.5 (C-4),
110.6 (C-6), 109.3 (C-7); MS (ESI, negative scan): m/z 269
(M�H)�. Analysis found: C, 66.64; H, 3.75%. Calcd for
C15H10O5: C, 66.67; H, 3.73%.

4.5.14. 5-Hydroxy-3-[(3,4,5-trihydroxyphenyl)methylene]-
benzo[b]furan-2-one (13E/Z). Yellow powder (155 mg,
36%, HPLC: E/Z 80:20), mp 270–273 �C; IR (KBr): 3367,
1758, 1598, 1236, 1143, 1109, 1039, 990 cm�1; 1H NMR
(DMSO-d6): d peaks correspond to E-isomer, 6.78 (2H, s,
H-20,60), 6.79 (1H, dd, J¼2.4, 8.6 Hz, H-6), 7.06 (1H, d,
J¼8.6 Hz, H-7), 7.40 (1H, d, J¼2.4 Hz, H-4), 7.55 (1H, s,
H-10), 9.12 (1H, br s, Ar–OH), 9.46 (2H, br s, 2�Ar–OH),
9.48 (1H, br s, Ar–OH); 13C NMR (DMSO-d6): d 169.5
(C-2), 153.6 (C-8), 146.4 (C-5), 146.1 (C-30,50), 142.5
(C-10), 137.3 (C-40), 123.7 (C-10), 122.3 (C-3), 118.4 (C-9),
116.9 (C-4), 111.3 (C-6), 109.7 (C-20,60), 109.3 (C-7); MS
(ESI, negative scan): m/z 285 (M�H)�. Analysis found: C,
62.91; H, 3.55%. Calcd for C15H10O6: C, 62.94; H, 3.52%.
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Abstract—The 1,3-dipolar cycloaddition of dimethyl acetylenedicarboxylate with nonstabilized azomethine ylides, generated via the decar-
boxylative condensation of 1,3-thiazolidine-4-carboxylic acids with aldehydes, afforded 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole deriva-
tives. 2-Substituted-1,3-thiazolidine-4-carboxylic acids led to the stereoselective formation of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles.
Quantum-chemistry calculations were carried out allowing the rationalization of the observed stereoselective formation of the anti-dipole.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The observation made by Rizzi that the rate of thermal decar-
boxylation of a-amino acids is accelerated in the presence of
carbonyl compounds led to the proposal that azomethine
ylide intermediates were involved.1 This type of 1,3-dipole
generation has been further explored and became an interest-
ing route to nonstabilized azomethine ylides.

The work reported by Tsuge and co-workers has shown that
the decarboxylative approach to azomethine ylides occurs
via the formation of an oxazolidinone intermediate, rather
than the direct decarboxylation, followed by carbon dioxide
elimination. In fact, N-phenylaminoacetic acid 1 undergoes
condensation with paraformaldehyde, under reflux, to give
3-phenyloxazolidin-5-one 2, isolated in quantitative yield.
This compound readily eliminates carbon dioxide to give
the corresponding azomethine ylide 3, which can be trapped
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.029
by reacting with dipolarophiles (Scheme 1).2a Isolation of
other N-substituted-oxazolidin-5-ones from the condensa-
tion of formaldehyde with a-amino acids has also been
reported.2b Based on the cycloadducts’ stereochemistry, it is
possible to conclude that the formation of the 1,3-dipole is
stereospecific in many instances, which is in agreement
with a process via 1,3-dipolar cycloreversion of the oxazoli-
din-5-one intermediate.

Cyclic a-amino acids such as 1,3-thiazolidine-4-carboxylic
acids can be used for the generation of nonstabilized azo-
methine ylides by decarboxylative condensation with carbonyl
compounds. The reaction with aldehydes is reported to in-
volve the highly stereoselective formation of the anti-dipole,
although the subsequent cycloaddition shows little exo/endo
selectivity. The nonstabilized ylides can participate in both
inter- and intramolecular cycloaddition processes, originat-
ing a range of nitrogen heterocycles, including bridgehead
NHPh

CO2H
(CH2O)n

O

N

O

Ph

N
Ph N

Ph

- CO2

1 2 3 4

∆

Scheme 1.

Keywords: Azomethine ylides; 1,3-Dipolar cycloaddition; 1,3-Thiazolidine-4-carboxylic acids; 5,7a-Dihydro-1H,3H-pyrrolo[1,2-c]thiazoles.
* Corresponding author. Tel.: +351 239 854475; fax: +351 239 826068; e-mail: tmelo@ci.uc.pt

mailto:tmelo@ci.uc.pt


9862 A. L. Cardoso et al. / Tetrahedron 62 (2006) 9861–9871
heterocycles.2–9 In fact, Grigg and co-workers reported the
reaction of thiazolidine-4-carboxylic acids 5 with benzalde-
hyde, 2-pyridaldehyde, and N-substituted maleimides,
which afforded a mixture of the endo- and exo-cycloadducts
7a–7c, derived from the anti-dipoles 6.3 Kanemasa and co-
workers have also reported that cycloadducts 7d and 8 can
be obtained as mixtures of stereoisomers from the reaction
of 4-thiazolidinecarboxylic acid 5a with paraformaldehyde
and N-(p-tolyl)maleimide or dimethyl maleate, respec-
tively.2 The involvement of the oxazolidin-5-one inter-
mediates is strongly supported by the observation that
thiazolidine-4-carboxylic acid reacts with pivalaldehyde
giving (2R,7aR)-3-tert-butyl-dihydro-thiazolo[3,4-c]oxa-
zol-1-one selectively.10 On the other hand, the corresponding
derivative obtained from L-proline undergoes cycloaddition
to tetramethyl ethylene-1,1,2,2-tetracarboxylate with loss
of carbon dioxide.11 In contrast with the preceding results,
the reaction of thiazolidine-4-carboxylic acid 5a with para-
formaldehyde and an excess of methyl propiolate, under
reflux in toluene, gives the interesting ring expanded product
99 (Scheme 2).

In this paper, we describe the reactivity of nonstabilized azo-
methine ylides generated from 1,3-thiazolidine-4-carboxylic
acids toward alkynes, which led to the development of a route
to 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles. The aim of
the work was also to get further knowledge on the mecha-
nism of the dipole generation. Selecting an alkyne as dipo-
larophile, the dimethyl acetylenedicarboxylate (DMAD),
the problem of the endo/exo selectivity of the cycloaddition
does not need to be considered, making easier the gathering
of information concerning the stereoselectivity of the dipole
generation.

2. Results and discussion

We chose the decarboxylative condensation of 2-unsubsti-
tuted-1,3-thiazolidine-4-carboxylic acid 5a with aldehydes
and the corresponding 1,3-dipolar cycloaddition with di-
methyl acetylenedicarboxylate to start our study (Scheme
3). The reaction with paraformaldehyde led to the synthesis
of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole 10a in 73%
yield, resulting from the cycloaddition of the anti-dipole
with DMAD. From the reaction of thiazolidine 5a with acet-
aldehyde, in the presence of the same dipolarophile, two
products were obtained, the expected cycloadduct 10b in
25% together with the formation of compound 12 (10%).

The synthesis of compound 12 can be rationalized as shown
in Scheme 4. The iminium salt generated from the reaction of
the thiazolidine 5a with acetaldehyde, the simplest enoliz-
able aldehyde, is converted into an enamine, which un-
dergoes further condensation with acetaldehyde to generate
the corresponding azomethine ylide. This ylide reacts with
DMAD to give the 1,3-dipolar cycloadduct 12. It is a reac-
tivity that is similar to the one reported for the reaction of
N-benzylglycine with acetaldehyde in the presence of
N-(p-tolyl)maleimide.5

The (5R,7aS)-5-ethyl-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]-
thiazole 10c was obtained in 72% yield when the reaction
6 anti-dipole
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was carried out with propionaldehyde (Scheme 3). However,
from the condensation of thiazolidine 5a with benzaldehyde
in the presence of DMAD the cycloadduct 10d, derived from
the anti-dipole, was not the only product. Compound 11d
was also obtained proving that the syn-dipole has also
been generated. A similar result was observed when the re-
action was carried out with p-nitrobenzaldehyde, which led
to 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles 10f (22%)
and 11f (10%).

This decarboxylative condensation of thiazolidine 5a with
p-nitrobenzaldehyde also resulted in the formation of 2,3-
di(p-nitrophenyl)-2,3,7,7a-tetrahydrothiazolo[3,4-b]oxazole
13 in 1% yield. Thus, the in situ generated nonstabilized azo-
methine ylide also participates in a 1,3-dipolar cycloaddition
in which the carbonyl group of the aldehyde acts as dipolar-
ophile (Scheme 5). Intramolecular 1,3-dipolar cycloaddition
of this type of dipoles with carbonyl groups has been previ-
ously reported.6

In the case of the use of p-methoxybenzaldehyde only cyclo-
adduct 10e was obtained in 51% yield (Scheme 3). The
assignment of the resonances in the 1H and 13C NMR spectra
of compound 10e was supported by a two-dimensional
HMBC (1H/13C-long range) spectrum. The stereochemistry
of 10e was established based on a NOESY spectrum where
no connectivity was observed between H-7a and H-5
(Fig. 1).

The reactions described above, starting from thiazolidine
5a, also afforded dimethyl 3,4-bis[(1,2-bis-methoxycarbo-
nylvinyl)]thiazolidine 14 in less than 5% yield. The syn-
thesis of 14 can be explained by considering an initial
conjugated addition of thiazolidine 5a to DMAD, followed
by decarboxylation and a subsequent conjugated addition
to a second molecule of DMAD. This result was confirmed
by carrying out the reaction of thiazolidine 5a with DMAD
in the absence of the aldehydes, which also led to compound
14 (Scheme 6).
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CO2Me

MeO2C

MeO2C

CO2Me

14  25%

Toluene, ∆

Scheme 6.

We turned our attention to the study of 2-substituted-1,3-thia-
zolidine-4-carboxylic acids. These heterocycles are obtained
from the reaction of aldehydes and L-cysteine esters in a
process where a new chiral center at the C-2 position of the
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Figure 1. Main connectivities found in the HMBC spectrum (a) and NOESY spectrum (b) of compound 10e.
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thiazolidine is created leading to a mixture of the (2S,4R)-
and (2R,4R)-diastereoisomers. It is known that the acylation
of the diastereoisomeric mixture can lead to the selective
synthesis of N-acyl-2-substituted-1,3-thiazolidine-4-carbox-
ylates as pure stereoisomers with (2R,4R) or (2S,4R) stereo-
chemistry depending on the reaction conditions.12 In fact,
2-substituted-1,3-thiazolidine-4-carboxylates can undergo
selective inversion at C-2 through a mechanism involving
the opening of the ring, but the protection with the acyl group
prevents this epimerization and allows the isolation of pure
diastereoisomers. We set out to evaluate if a similar chemical
behavior of the 2-substituted-1,3-thiazolidine-4-carboxylic
acids could be observed in the synthesis of 5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazoles, namely to determine if a
selective inversion at C-2 could also occur in the present case.

2-Isopropyl-1,3-thiazolidine-4-carboxylic acid 15 was pre-
pared and condensed with aldehydes in the presence of
DMAD (Scheme 7). High stereoselectivity was observed
by carrying out the reaction with paraformaldehyde and
benzaldehyde with exclusive isolation of the stereoisomers
16a and 16c, respectively. The reaction of 15 with propional-
dehyde led to the synthesis of compound 16b as the major
product but stereoisomer 17 was also isolated. It is worth-
while to emphasize that all the cycloadducts obtained from
the reaction of thiazolidine 15 resulted from the cycloaddi-
tion of the corresponding anti-dipole.

S NH

CO2H

Toluene
reflux
- CO2

+ R H

O
DMAD

S N

CO2Me

CO2Me

R

15

i-Pr i-Pr

16a R = H     38%  ---
16b R = Et       17*

16c R = Ph   25%  ---
*16b:17 overall yield 73% (60:40)

H

S N

CO2Me

CO2Me

Et
i-Pr

H

Scheme 7.

The reaction of thiazolidine 15 with acetaldehyde in the
presence of DMAD led to a different outcome. Although,
the expected cycloadduct 16d could be obtained in 20%
yield, the 3,5-dimethyl-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]-
thiazole-6,7-dicarboxylates 16e and 16f were also obtained
in 18 and 7% yield, respectively (Scheme 8). The synthesis of
16e and 16f can only be explained by considering the opening
of the thiazolidine ring of 15 followed by the condensation
with acetaldehyde to give 2-methylthiazolidine-4-carboxylic
acid, which can than react with acetaldehyde and DMAD to
give the final products.

The chemistry of (2S,4R)- and (2R,4R)-2-phenyl-1,3-thiazo-
lidine-4-carboxylic acid mixture (5c) as precursor of non-
stabilized azomethine ylides was also studied (Scheme 9).
No evidence for the generation of the syn-dipole from this
thiazolidine could be observed. Reactions with paraform-
aldehyde, propionaldehyde, benzaldehyde, and p-methoxy-
benzaldehyde in the presence of DMAD were carried out.
Stereoselectivity for the formation of the (3R,5R,7aS)-stereo-
isomers was observed. In fact, with paraformaldehyde and
propionaldehyde the cycloadducts 18a and 18b were ob-
tained in good yields (57 and 64%) as the major products
and the stereoisomers 19a and 19b were obtained in low yield
(9 and 7%).
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Scheme 9.

The assignment of the resonances in the 1H and 13C NMR
spectra of compounds 18b and 19b was supported by a two-
dimensional HMBC spectrum. In the NOESY spectrum of
compound 18b, H-7a shows connectivity with the aromatic
proton H-60 but no connectivity with H-3 nor with H-5. Cor-
relation of H-3 with H-5 is also observed. In the NOESY
spectrum of 19b, H-7a shows connectivity with H-3 and no
connectivity with H-60 nor with H-5. No correlation was
observed between H-3 and H-5. These observation allowed
the establishment of the stereochemistry of 5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazoles 18b and 19b (Fig. 2).

The reaction of thiazolidine 5c with aromatic aldehydes in
the presence of DMAD afforded the corresponding
(3R,5R,7aS)-stereoisomers (18c and 18d) exclusively, al-
though in moderate yield (Scheme 9). The assignment of
the resonances in the 1H and 13C NMR spectra of compound
18d was supported by a two-dimensional HMBC spectrum.
In the NOESY spectrum, H-7a shows connectivity with aro-
matic proton H-60 but no connectivity with H-3 nor with H-5
was observed. On the other hand, H-3 correlates with H-5.
These observations are in agreement with the (3R,5R,7aS)
stereochemistry of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thia-
zole 18d (Fig. 3).

The results of the decarboxylative condensation of p-nitro-
phenyl-1,3-thiazolidine-4-carboxylic acid 20 with alde-
hydes in the presence of dimethyl acetylenedicarboxylate
are presented in Scheme 10. Once more, only products of
the 1,3-dipolar cycloaddition of the anti-dipole were formed.
On the other hand, selectivity for the synthesis of the
(3R,5R,7aS)-stereoisomers was again observed.

dron 62 (2006) 9861–9871
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2.1. Computational study

The quantum-chemistry calculations were applied in order to
explain the anti/syn selectivity of the decarboxylative con-
densation of 1,3-thiazolidine-4-carboxylic acid (5a) with
aldehydes. We concentrated on the reaction steps transform-
ing the reactants into the azomethine ylide intermediates,
through thiazolidin-3-ium-4-carboxylate betaine and thia-
zolo[3,4-c][1,3]oxazol-1-one intermediates (Fig. 4). Two
cases were considered: reaction with propionaldehyde
(RCHO, R¼Et), in which the selective formation of anti
conformer of the 1,3-dipole intermediate was observed, and
benzaldehyde (R¼Ph), which led to both anti and syn forms
in a 4.1:1 proportion (Scheme 3). Lack of strong interactions,
particularly H-bonds, between the solvent (toluene) and the
postulated reaction intermediates implies that gas-phase
calculations should be, at least qualitatively, applicable in
modeling of the system under study.

The general scheme for the reaction with relevant calculated
data is presented in Figure 4. More detailed data on the op-
timized structures of the different species that are postulated
to be formed along the reaction are given in Figures S1 and
S2 and Tables S1–S6 (see Supplementary data).
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Figure 2. (I) Main connectivities found in the HMBC spectrum (a) and
NOESY spectrum (b) of compound 18b; (II) main connectivities found in
the HMBC spectrum (a) and NOESY spectrum (b) of compound 19b.
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The optimization of the input structures of the 1,3-thiazoli-
din-3-ium-4-carboxylate betaine intermediate brought both
Z and E conformers for R¼Ph, whereas in the case of
R¼Et only E conformers were found to be stable.

The energy barriers between E and Z isomers of the 1,3-thia-
zolidin-3-ium-4-carboxylate betaine intermediate in the case
of R¼Ph were calculated to be low enough (50 kJ mol�1) to
be overcome under the experimental conditions used. There-
fore, it can be stated that both conformers of this species
exist in equilibrium in the reaction media. Their estimated
abundances at 383 K are ca. 92% (Z) and 8% (E) (see
Fig. 4 and also Tables S1 and S2, where relative energies
and Gibbs free energies are also presented).

The formation of the oxazolidinone ring proceeds via nucleo-
philic attack of the carboxylate group on the sp2 carbon
atom. The stereoselective cyclization of the Z and E con-
formers leads to the production of the syn and anti thia-
zolo[3,4-c][1,3]oxazol-1-one intermediates, respectively.
Therefore, if only E form of 1,3-thiazolidin-3-ium is pre-
dicted for R¼Et and both Z and E forms exist in equilibrium
for R¼Ph, then only anti conformers of thiazolo[3,4-c]-
[1,3]oxazol-1-one are expected to be produced for R¼Et,
while both syn and anti forms could be expected to be
obtained for R¼Ph.

The calculated energy barrier for the syn–anti interconver-
sion of the thiazolo[3,4-c][1,3]oxazol-1-one intermediates
is high (>770 kJ mol�1; see Fig. 4). Therefore, no isomeri-
zation can occur in this step and the percentage of syn and
anti conformers of the 1,3-dipole intermediates obtained
after decarboxylation can be considered to be strictly propor-
tional to the amount of syn and anti conformers of the
thiazolo[3,4-c][1,3]oxazol-1-one intermediates, due to the
fact that decarboxylation proceeds in a concerted way.

The gas-phase calculations predict that the energy of the syn
conformers of 1,3-dipole intermediates relative to the anti
forms is ca. 23 and 17 kJ mol�1 for R¼Et and Ph, respec-
tively. Moreover, according to the calculations, the barrier
heights for syn–anti interconversion of the 1,3-dipole inter-
mediates are low (80–120 kJ mol�1; see Fig. 4). This sug-
gests that, once produced, the possible conformers of the
1,3-dipole intermediates exist in equilibrium. For R¼Et,
the abundances of the syn and anti forms calculated at the
temperature of reaction are 0.3 and 99.7%, respectively.
Also taking into account that only anti intermediate is
formed after decarboxylation, the experimental observation
of the sole anti form for R¼Et is easily rationalized. Different
behavior is observed when R¼Ph. In this case, the ring-
closing and decarboxylation reactions must give rise to both
anti and syn conformers of the 1,3-dipole intermediate, since
the final product was obtained in a 4.1:1 anti/syn stereoiso-
meric ratio. The theoretical calculations predicted that the
produced amount of syn 1,3-dipole intermediate should be
significantly higher (ca. 92%) than that of the anti conformer
(ca. 8%), because of the lower energy of the Z conformer of
1,3-thiazolidin-3-ium-4-carboxylate betaine compared to E
(see Fig. 4). On the other hand, the anti 1,3-dipole interme-
diate was predicted to be more stable than the syn form by
ca. 17 kJ mol�1. Then, after being formed in a comparatively
larger amount, the syn conformer can be expected to partially
convert to the anti form, while reaction with DMAD (to
produce the final product, 5,7a-dihydro-1H,3H-pyrrolo-
[1,2-c]thiazole) takes place, leading to the observed stereo-
isomeric ratio.

In summary, it can be stated that the practical relevance of
both anti and syn conformers of the final product for
R¼Ph and of only the most stable anti form for R¼Et results
mainly from the conjugation of three factors: (a) the instabil-
ity and, therefore, lack of the Z form of 3-propylidene-1,3-
thiazolidin-3-ium-4-carboxylate, (b) the considerably lower
energy of the Z form of 3-benzylidene-1,3-thiazolidin-3-
ium-4-carboxylate betaine relatively to the E form, and (c)
the concerted mechanism for the ring-closing reaction that
is responsible for the formation of anti and syn conformers
of 1H-[1,3]thiazolo[3,4-c][1,3]oxazol-1-one from E and
Z forms of 1,3-thiazolidin-3-ium-4-carboxylate betaine,
respectively.

3. Conclusion

The decarboxylative condensation of thiazolidine-4-carbox-
ylic acids with aldehydes in the presence of DMAD leads to
5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles via 1,3-dipolar
cycloaddition of nonstabilized azomethine ylide intermedi-
ates. The reaction of 2-substituted-1,3-thiazolidine-4-car-
boxylic acids allows the exclusive or stereoselective
formation of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles.
Selectivity for the formation of the anti-dipole is observed.
Only in the reaction of thiazolidine-4-carboxylic acid (5a)
with benzaldehyde and p-nitrobenzaldehyde in the presence
of DMAD the generation of the syn-dipole was detected.

Quantum-chemistry calculations were carried out allowing
the rationalization of the observed stereoselective formation
of the anti-dipole for the decarboxylative condensation of
thiazolidine-4-carboxylic acid with propionaldehyde and
with benzaldehyde.

4. Experimental

4.1. General

1H NMR spectra were recorded on a Bruker Avance 300
instrument operating at 300 MHz. 13C NMR spectra were
recorded on a Bruker Avance 300 instrument operating at
75.5 MHz. The solvent is deuteriochloroform except where
otherwise indicated. IR spectra were recorded on a Perkin–
Elmer 1720X FTIR spectrometer. Mass spectra were
recorded on an HP GC 6890/MSD5973 instrument under
electron impact (EI) except where otherwise indicated. Op-
tical rotations were measured on an Optical Activity AA-5
electrical polarimeter. Microanalyses were performed using
an EA 1108-HNS-O Fisons instrument. Melting points were
recorded on a Reichert hot stage and are uncorrected. Flash
column chromatography was performed with Merck 9385
silica as the stationary phase. 1,3-Thiazolidine-4-carboxylic
acids 5a,17,18 5c,19 15,20 and 20 were prepared by a proce-
dure described earlier, starting from L-cysteine, and were
isolated as a mixture of the (2R,4R) and (2S,4R) diastereo-
isomers.19,21



9867A. L. Cardoso et al. / Tetrahedron 62 (2006) 9861–9871
4.2. General procedure for the decarboxylative cyclo-
addition reactions

A mixture of thiazolidine-4-carboxylic acid (3.75 mmol),
aldehyde (9.4 mmol), and dimethyl acetylenedicarboxylate
(5.6 mmol) in toluene (40 mL), in the presence of molecular
sieves, was stirred and heated under reflux for 3–4 h. The
reaction mixture was then filtered through Celite and the
solvent was removed under reduced pressure. The crude
product was purified by flash chromatography [ethyl ace-
tate–hexane].

4.2.1. Dimethyl (7aS)-5,7a-dihydro-1H,3H-pyrrolo[1,2-
c]thiazole-6,7-dicarboxylate 10a. Yield 73%; yellow oil;
IR (KBr) 1437, 1655, 1717 cm�1; 1H NMR d 3.12–3.14
(2H, m), 3.79 (3H, s), 3.82 (3H, s), 3.82–3.88 (2H, m),
4.05 (2H, s), 4.60–4.65 (1H, m); 13C NMR d 39.1, 52.3,
61.8, 62.1, 75.3, 137.1, 137.8, 163.2, 163.6; MS (EI) 243
(M+, 41%), 212 (12), 197 (100), 138 (77); HRMS (EI) m/z
243.0565 (C10H13NOS [M+], 243.0568).

4.2.2. Dimethyl (5R,7aS)-5-methyl-5,7a-dihydro-1H,3H-
pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 10b. Yield 25%;
white solid; mp 68.9–70.2 �C (from ethyl acetate–hexane);
IR (KBr) 1662, 1722, 1735 cm�1; 1H NMR d 1.29 (3H, d, J¼
6.8 Hz), 2.98 (1H, dd, J¼3.4 and 11.6 Hz), 3.12 (1H, dd,
J¼7.9 and 11.6 Hz), 3.76 (3H, s), 3.79 (3H, s), 4.04 (2H,
s), 4.56–4.62 (1H, m); 13C NMR d 20.5, 38.5, 52.3, 52.3,
60.0, 68.2, 73.6, 133.9, 144.0, 163.0, 164.4; MS (EI) m/z
257 (M+, 2%), 211 (100), 179 (61), 152 (93). Anal. Calcd
for C11H15NO4S: C, 51.35; H, 5.88; N, 5.44. Found: C,
51.48; H, 6.09; N, 5.31.

4.2.3. Dimethyl 5-propenyl-5,7a-dihydro-1H,3H-pyr-
rolo[1,2-c]thiazole-6,7-dicarboxylate 12. Yield 10%;
yellow oil; IR (KBr) 1439, 1639, 1647, 1720 cm�1; 1H NMR
d 1.69–1.73 (3H, m), 3.00 (1H, dd, J¼3.7 and 11.6 Hz),
3.18 (1H, dd, J¼8.0 and 11.6 Hz), 3.78 (3H, s), 3.79 (3H,
s), 4.05 (2H, s), 4.43–4.47 (1H, m), 4.59–4.65 (1H, m),
5.42–5.50 (1H, m), 5.69–5.76 (1H, m); 13C NMR d 17.7,
38.6, 52.3, 52.3, 59.2, 73.2, 75.0, 128.8, 130.3, 133.3,
143.6, 162.7, 164.3; MS (EI) m/z 283 (M+, 2%), 252 (14),
237 (73), 178 (100); HRMS (EI) m/z 283.0878
(C13H17NO4S [M+], 283.0883).

4.2.4. Dimethyl (5R,7aS)-5-ethyl-5,7a-dihydro-1H,3H-
pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 10c. Yield 72%;
yellow oil; IR (KBr) 1437, 1639, 1721 cm�1; 1H NMR
d 0.99 (3H, t, J¼7.3 Hz), 3.04 (1H, dd, J¼2.9 and
11.8 Hz), 3.15 (1H, dd, J¼7.7 and 11.8 Hz), 3.79 (3H, s),
3.81 (3H, s), 3.98–4.03 (1H, m), 4.03–4.10 (2H, m), 4.62–
4.67 (1H, m); 13C NMR d 9.5, 27.5, 38.8, 52.3, 52.3, 61.6,
73.9, 74.6, 133.9, 144.1, 163.0, 164.7; MS (EI) m/z 271
(M+, 3%), 242 (45), 225 (83), 210 (100); HRMS (EI) m/z
271.0878 (C12H17NO4S [M+], 271.0877).

4.2.5. Dimethyl (5R,7aS)-5-phenyl-5,7a-dihydro-1H,3H-
pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 10d. Yield 37%;
white solid; mp 53.1–54.1 �C (from ethyl acetate–hexane);
IR (KBr) 1650, 1717, 2959 cm�1; 1H NMR d 3.09 (1H,
dd, J¼3.7 and 11.5 Hz), 3.24 (1H, dd, J¼7.9 and 11.5 Hz),
3.58 (3H, s), 3.81 (3H, s), 4.07 (2H, s), 4.78–4.84 (1H, m),
5.09 (1H, d, J¼4.8 Hz), 7.34–7.36 (5H, m, Ar-H); 13C
NMR d 38.7, 52.2, 52.4, 59.8, 73.8, 76.5, 128.0, 128.3,
128.6, 134.4, 139.2, 143.2, 162.9, 163.8; MS (EI) m/z 319
(M+, 3%), 242 (45), 225 (83), 210 (100). Anal. Calcd for
C16H17NO4S: C, 60.17; H, 5.37; N, 4.39. Found: C, 60.50;
H, 5.15; N, 4.20.

4.2.6. Dimethyl (5S,7aS)-5-phenyl-5,7a-dihydro-1H,3H-
pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 11d. Yield 9%;
white solid; mp 88.7–90.5 �C (from ethyl acetate–hexane);
IR (KBr) 1436, 1653, 1720, 2953 cm�1; 1H NMR d 3.08
(1H, dd, J¼5.8 and 11.0 Hz), 3.23 (1H, dd, J¼7.5 and
11.0 Hz), 3.62 (3H, s), 3.67 (1H, d, J¼10.3 Hz), 3.86 (3H,
s), 3.95 (1H, d, J¼10.3 Hz), 4.22–4.77 (1H, m), 5.39 (1H,
d, J¼2.6 Hz), 7.29–7.37 (5H, m, Ar-H); 13C NMR d 37.9,
52.3, 52.5, 54.4, 74.2, 75.3, 128.3, 129.0, 130.1, 134.0,
136.7, 141.2, 163.4, 163.8; MS (EI) m/z 319 (M+, 69), 288
(12), 273 (73), 240 (45), 214 (100). Anal. Calcd for
C16H17NO4S: C, 60.17; H, 5.36; N, 4.39. Found: C, 60.04;
H, 5.44; N, 4.34.

4.2.7. Dimethyl (5R,7aS)-5-(p-methoxyphenyl)-5,7a-di-
hydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
10e. Yield 51%; white solid; mp 60.5–61.9 �C (from ethyl
acetate–hexane); IR (KBr) 1609, 1672, 1733, 2957 cm�1;
1H NMR d 3.08 (1H, dd, J¼3.7 and 11.5 Hz, H-1trans), 3.24
(1H, dd, J¼8.0 and 11.5 Hz, H-1cis), 3.59 (3H, s, 7-
CO2CH3), 3.80 (3H, s, 40-OCH3), 3.81 (3H, s, 6-CO2CH3),
4.06 (2H, s, H-3), 4.75–4.81 (1H, m, H-7a), 5.05 (1H, d,
J¼4.7 Hz, H-5), 6.87 (2H, d, J¼8.6 Hz, H-20,50), 7.28 (2H,
d, J¼8.6 Hz, H-20,60). 13C NMR d 38.7 (C-1), 52.2 (6-
CO2CH3), 52.4 (7-CO2CH3), 55.2 (40-OCH3), 59.6 (C-3),
73.6 (C-7a), 75.9 (C-5), 113.9 (C-30,50), 129.2 (C-20,60),
131.2 (C-10), 134.0 (C-7), 143.5 (C-6), 159.6 (C-40), 162.9
(6-CO2CH3), 163.9 (7-CO2CH3); MS (EI) m/z 349 (M+, 2),
318 (5), 303 (100), 271 (19). Anal. Calcd for C17H19NO5S:
C, 58.44; H, 5.48; N, 4.01. Found: C, 58.45; H, 5.58; N, 3.97.

4.2.8. Dimethyl (5R,7aS)-5-( p-nitrophenyl)-5,7a-dihy-
dro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 10f.
Yield 22%; white solid; mp 102.2–103.6 �C (from ethyl
acetate–hexane); IR (KBr) 1439, 1663, 1725, 2955 cm�1;
1H NMR d 3.14 (1H, dd, J¼3.6 and 11.7 Hz), 3.25 (1H, dd,
J¼8.0 and 11.7 Hz), 3.60 (3H, s), 3.84 (3H, s), 4.00 (1H, d,
J¼11.3 Hz), 4.06 (1H, d, J¼11.3 Hz), 4.81–4.86 (1H, m),
5.19 (1H, d, J¼4.9 Hz), 7.57–7.60 (2H, m, Ar-H), 8.20–8.23
(2H, m, Ar-H); 13C NMR d 38.6, 52.4, 52.6, 59.9, 74.1, 75.7,
123.8, 129.1, 136.6, 140.7, 146.9, 147.9, 162.9, 163.0; MS
(EI) m/z 364 (M+, 5), 318 (100), 287 (23), 213 (35); HRMS
(EI) m/z 364.0729 (C16H16N2O6S [M+], 364.0728).

4.2.9. Dimethyl (5S,7aS)-5-(p-nitrophenyl)-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 11f.
Yield 10%; yellow solid; mp 140.3–141.9 �C (from ethyl
acetate–hexane); IR (KBr) 1448, 1597, 1700, 1739,
2949 cm�1; 1H NMR d 2.81–2.86 (1H, m), 3.16–3.23 (1H,
m), 3.53 (3H, s), 3.84 (3H, s), 4.04 (1H, d, J¼9.8 Hz), 4.14
(1H, d, J¼9.8 Hz), 4.26–4.32 (2H, m), 7.59–7.63 (2H, m,
Ar-H), 8.27–8.31 (2H, m, Ar-H); MS (EI) m/z 364 (M+,
24), 305 (100), 259 (28), 213 (26).

4.2.10. 2,3-Di( p-nitrophenyl)-2,3,7,7a-tetrahydrothia-
zolo[3,4-b]oxazole 13. Yield 1%; yellow solid; mp 137.4–
138.9 �C (from ethyl acetate–hexane); IR (KBr) 1355,
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1525, 1603, 2897 cm�1; 1H NMR d 3.24 (1H, dd, J¼4.6 and
12.9 Hz), 3.36 (1H, d, J¼12.9 Hz), 3.86 (1H, d, J¼
11.6 Hz), 3.99 (1H, d, J¼9.0 Hz), 4.11 (1H, d, J¼11.6 Hz),
4.72 (1H, d, J¼9.0 Hz), 5.56 (1H, d, J¼4.4 Hz), 7.34–7.37
(2H, m), 7.41–7.44 (2H, m), 8.15–8.20 (4H, m); 13C NMR
d 40.8, 59.5, 75.2, 85.7, 99.0, 123.8, 123.9, 127.4, 128.8,
143.4, 144.8, 148.0, 148.1.

4.2.11. Dimethyl (3R,5R,7aS)-3-isopropyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 16a.
Yield 38%; yellow oil; 1H NMR d 0.94 (3H, d, J¼10.8 Hz),
0.97 (3H, d, J¼10.8 Hz), 1.56–1.65 (1H, m), 2.91 (1H, dd,
J¼5.5 and 11.2 Hz), 3.15 (1H, dd, J¼7.4 and 11.2 Hz),
3.75 (3H, s), 3.78 (3H, s), 3.79–3.90 (1H, m), 3.79–3.90
(1H, m), 4.15 (1H, dd, J¼1.3 and 16.0 Hz), 4.57–4.64 (1H,
m); 13C NMR d 19.9, 20.2, 35.3, 37.7, 52.2, 52.3, 62.5,
75.1, 83.3, 136.4, 137.6, 163.4, 163.6; MS (EI) m/z 285
(M+, 9), 251 (22), 208 (100), 164 (8).

4.2.12. Dimethyl (3R,5R,7aS)-5-ethyl-3-isopropyl-5,7a-
dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
16b and dimethyl (3S,5R,7aS)-5-ethyl-3-isopropyl-5,7a-
dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
17. Overall yield 73% (60:40). The products can be sepa-
rated by thin layer chromatography [two elutions with ethyl
acetate–hexane (1:6)].

Dimethyl (3R,5R,7aS)-5-ethyl-3-isopropyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 16b iso-
lated as a white solid; mp 36.5–38.4 �C (from ethyl
acetate–hexane); IR (KBr) 1664, 1730 cm�1; 1H NMR
d 0.92–1.01 (9H, m), 1.57–1.71 (3H, m), 2.89 (1H, dd, J¼
4.3 and 11.3 Hz), 3.21 (1H, dd, J¼7.8 and 11.3 Hz), 3.78
(3H, s), 3.81 (3H, s), 3.89 (1H, d, J¼8.9 Hz), 4.05–4.10
(1H, m), 4.63–4.69 (1H, m); 13C NMR d 8.3, 20.2, 20.5,
26.4, 35.1, 37.8, 52.3, 52.3, 73.4, 74.2, 83.4, 134.8, 142.5,
163.0, 164.9; MS (EI) m/z 313 (M+, 2), 270 (100), 234
(13). Anal. Calcd for C15H23NO4S: C, 57.49; H, 7.40; N,
4.47. Found: C, 57.80; H, 7.32; N, 4.45.

Dimethyl (3S,5R,7aS)-5-ethyl-3-isopropyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 17; yellow
oil; IR (KBr) 1436, 1657, 1723 cm�1; 1H NMR d 0.93–
1.00 (9H, m), 1.58–1.66 (3H, m), 2.93 (1H, dd, J¼4.0 and
11.5 Hz), 3.25 (1H, dd, J¼7.9 and 11.5 Hz), 3.78 (3H, s),
3.81 (3H, s), 4.02–4.04 (1H, m), 4.14 (1H, approx. t,
J¼7.4 Hz), 4.69–4.72 (1H, m); 13C NMR d 8.9, 11.9, 27.0,
35.1, 37.4, 52.3, 52.3, 73.1, 74.1, 74.2, 78.0, 134.5, 142.9,
163.0, 164.9; MS (EI) m/z 313 (M+, 5), 299 (12), 270
(100), 252 (79).

4.2.13. Dimethyl (3R,5R,7aS)-3-isopropyl-5-phenyl-5,7a-
dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
16c. Yield 25%; yellow oil; IR (KBr) 1437, 1658, 1747,
2957 cm�1; 1H NMR d 0.75 (3H, d, J¼6.6 Hz), 0.86 (3H,
d, J¼6.6 Hz), 1.60–1.61 (1H, m), 2.98 (1H, dd, J¼5.3 and
11.0 Hz), 3.29 (1H, dd, J¼7.8 and 11.0 Hz), 3.56 (3H, s),
3.80 (3H, s), 3.92 (1H, d, J¼8.8 Hz), 4.80–4.86 (1H, m),
5.03 (1H, d, J¼4.8 Hz), 7.27–7.35 (5H, m, Ar-H); 13C
NMR d 19.9, 20.2, 35.1, 37.6, 52.1, 52.3, 73.1, 77.1, 82.1,
128.2, 128.3, 128.3, 134.4, 139.0, 142.4, 162.9, 163.9; MS
(EI) m/z 361 (M+, 3), 318 (100), 282 (17), 268 (5); HRMS
(EI) m/z 361.1347 (C19H23NO4S [M+], 361.1356).
4.2.14. Dimethyl (3R,5R,7aS)-3-isopropyl-5-methyl-5,7a-
dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
16d. Yield 20%; white oil; IR (KBr) 1436, 1656,
1723 cm�1; 1H NMR d 0.93–1.01 (6H, m), 1.28 (3H, d,
J¼6.7 Hz), 1.51–1.71 (1H, m), 2.87 (1H, dd, J¼5.1 and
11.0 Hz), 3.19 (1H, dd, J¼7.8 and 11.0 Hz), 3.78 (3H,
s), 3.81 (3H, s), 3.91 (1H, d, J¼8.9 Hz), 4.01–4.05 (1H,
m), 4.61–4.64 (1H, m); 13C NMR d 20.1, 20.3, 20.4,
35.3, 37.5, 52.2, 52.3, 68.3, 73.1, 82.3, 134.4, 142.9,
163.1, 164.6; MS (EI) m/z 299 (M+, 1), 256 (100), 220
(13); HRMS (EI) m/z 299.1191 (C14H21NO4S [M+],
299.1196).

4.2.15. Dimethyl (3R,5R,7aS)-3,5-dimethyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 16e.
Yield 18%; oil; IR (KBr) 1437, 1662, 1726, 1738 cm�1; 1H
NMR d 1.30 (3H, d, J¼6.7 Hz), 1.44 (3H, d, J¼6.7 Hz),
2.96 (1H, dd, J¼4.4 and 11.4 Hz), 3.33 (1H, dd, J¼7.9 and
11.4 Hz), 3.79 (3H, s), 3.81 (3H, s), 4.03–4.07 (1H, m),
4.47 (1H, q, J¼6.7 Hz), 4.74–4.80 (1H, m); 13C NMR
d 20.6, 25.6, 37.5, 40.6, 52.3, 68.2, 70.0, 72.7, 82.0, 134.1,
143.2, 163.1, 164.6; MS (EI) m/z 271 (M+, 6), 256 (10),
225 (100); HRMS (EI) m/z 271.0878 (C12H17NO4S [M+],
271.0874).

4.2.16. Dimethyl (3S,5R,7aS)-3,5-dimethyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 16f.
Yield 7%; yellow oil; IR (KBr) 1437, 1580, 1723,
1756 cm�1; 1H NMR d 1.31 (3H, d, J¼6.6 Hz), 1.61 (3H,
d, J¼6.7 Hz), 3.00 (1H, dd, J¼3.0 and 11.7 Hz), 3.24 (1H,
dd, J¼8.1 and 11.7 Hz), 3.79 (3H, s), 3.83 (3H, s), 4.35–
4.44 (1H, m), 4.57 (1H, q, J¼6.7 Hz), 4.65–4.71 (1H, m);
13C NMR d 16.2, 22.2, 41.5, 52.7, 52.8, 62.0, 70.9, 74.7,
134.1, 144.7, 163.4, 165.0; MS (EI) 271 (M+, 6), 256 (10),
225 (94), 166 (100); HRMS (EI) m/z 271.0878
(C12H17NO4S [M+], 271.0889).

4.2.17. Dimethyl (3R,5R,7aS)-3-phenyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 18a.
Yield 57%; white solid; mp 54.5–55.4 �C (from ethyl
acetate–hexane); IR (KBr) 1665, 1715, 2953 cm�1; 1H
NMR d 2.98 (1H, dd, J¼7.6 and 11.7 Hz), 3.10 (1H, dd,
J¼3.9 and 11.7 Hz), 3.80 (3H, s), 3.81 (3H, s), 4.00 (1H,
dd, J¼5.3 and 16.2 Hz), 4.34 (1H, dd, J¼2.0 and 16.2 Hz),
4.81–4.85 (1H, m), 5.47 (1H, s), 7.21–7.34 (3H, m, Ar-H),
7.47–7.50 (2H, m, Ar-H); 13C NMR d 37.8, 52.3, 52.4,
62.6, 75.7, 78.3, 126.6, 127.4, 128.1, 137.2, 137.4, 141.4,
163.4, 163.7; MS (EI) m/z 319 (M+, 8), 288 (10), 273
(100), 242 (18); HRMS (EI) m/z 319.0878 (C16H17NO4S
[M+], 319.0888).

4.2.18. Dimethyl (3S,5R,7aS)-3-phenyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 19a.
Yield 9%; yellow oil; IR (KBr) 1436, 1646, 1723 cm�1;
1H NMR d 3.21 (1H, dd, J¼3.7 and 11.7 Hz), 3.33 (1H,
dd, J¼8.0 and 11.7 Hz), 3.53 (1H, d, J¼16.5 Hz), 3.73
(3H, s), 3.77 (1H, d, J¼16.5 Hz), 3.83 (3H, s), 4.75–4.80
(1H, m), 5.73 (1H, s), 7.35–7.38 (3H, m, Ar-H), 7.46–7.49
(2H, m, Ar-H); 13C NMR d 39.2, 52.2, 52.4, 56.2, 74.9,
77.9, 128.4, 128.5, 128.7, 135.5, 136.7, 138.0, 163.5,
166.5; MS (EI) m/z 319 (M+, 9), 288 (11), 273 (100), 242
(19); HRMS (EI) m/z 319.0878 (C16H17NO4S [M+],
319.0873).
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4.2.19. Dimethyl (3R,5R,7aS)-5-ethyl-3-phenyl-5,7a-di-
hydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
18b. Yield 64%; white solid; mp 56.8–57.9 �C (from ethyl
acetate–hexane); IR (KBr) 1653, 1723, 1737, 2957 cm�1;
1H NMR d 0.99 (3H, t, J¼7.4 Hz, CH2CH3), 1.64–1.73
(2H, m, CH2CH3), 2.94 (1H, dd, J¼7.4 and 11.8 Hz, H-
1cis), 3.02 (1H, dd, J¼3.5 and 11.98 Hz, H-1trans), 3.78 (3H,
s, 7-CO2CH3), 3.83 (3H, s, 6-CO2CH3), 4.19–4.24 (1H, m,
H-5), 4.80–4.84 (1H, m, H-7a), 5.46 (1H, s, H-3), 7.24–
7.32 (3H, m, H-30,40,50), 7.51–7.53 (2H, m, H-20,60). 13C
NMR d 9.2 (CH2CH3), 27.5 (CH2CH3), 37.4 (C-1), 52.2
and 52.3 (6- and 7-CO2CH3), 74.2 (C-5), 75.0 (C-7a), 78.0
(C-3), 126.7 (C-20,60), 127.3 (C-40), 128.0 (C-30,50), 134.2
(C-7), 141.9 (C-10), 143.3 (C-6), 163.0 (6-CO2CH3), 164.7
(7-CO2CH3); MS (EI) m/z 347 (M+, 9), 318 (21), 301 (81),
269 (100). Anal. Calcd for C18H21NO4S: C, 62.23; H, 6.09;
N, 4.03; S, 9.23. Found: C, 62.16; H, 6.37; N, 4.47; S, 9.22.

4.2.20. Dimethyl (3S,5R,7aS)-5-ethyl-3-phenyl-5,7a-dihy-
dro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 19b.
Yield 7%; yellow oil; IR (KBr) 1436, 1658, 1724 cm�1; 1H
NMR d 0.60–0.85 (4H, m, CH2CH3), 0.99–1.06 (1H, m,
CH2CH3), 3.14 (1H, dd, J¼2.9 and 11.9 Hz, H-1trans), 3.14
(1H, dd, J¼8.1 and 11.9 Hz, H-1cis), 3.76 (3H, s, 7-
CO2CH3), 3.80 (3H, s, 6-CO2CH3), 4.34–4.38 (1H, m, H-
5), 4.77–4.82 (1H, m, H-7a), 5.61 (1H, s, H-3), 7.35–7.37
(3H, m, H-30,40,50), 7.51-7.54 (2H, m, H-20,60); 13C NMR
d 7.7 (CH2CH3), 26.0 (CH2CH3), 39.9 (C-1), 52.2 and 52.3
(6- and 7-CO2CH3), 67.6 (C-5), 74.3 (C-7a), 77.7 (C-3),
128.3 (C-30,50), 128.9 (C-40), 129.4 (C-20,60), 133.0 (C-7),
134.0 (C-10), 145.0 (C-6), 162.7 (6-CO2CH3), 164.9 (7-
CO2CH3); MS (EI) m/z 347 (M+, 12), 318 (84), 301 (100),
269 (98).

4.2.21. Dimethyl (3R,5R,7aS)-3,5-diphenyl-5,7a-dihydro-
1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 18c.
Yield 24%; yellow oil; IR (KBr) 1435, 1629, 1654, 1723,
2941 cm�1; 1H NMR d 3.07–3.10 (2H, m), 3.60 (3H, s),
3.79 (3H, s), 4.92–4.97 (1H, m), 5.28 (1H, d, J¼5.0 Hz),
5.54 (1H, s), 7.24–7.34 (5H, m, Ar-H), 7.40–7.48 (5H, m,
Ar-H); 13C NMR d 37.9, 52.2, 52.4, 73.5, 76.9, 77.2,
126.8, 127.3, 128.0, 128.1, 128.5, 128.7, 134.1, 139.2,
141.4, 143.1, 162.9, 163.8; MS (EI) m/z 395 (M+, 6), 349
(100), 316 (34), 290 (31).

4.2.22. Dimethyl (3R,5R,7aS)-5-( p-methoxyphenyl)-3-
phenyl-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-
dicarboxylate 18d. Yield 13%; white solid; mp 75.4–
76.3 �C (from ethyl acetate–hexane); IR (KBr) 1662,
1728 cm�1; 1H NMR d 3.08 (2H, d, J¼5.9 Hz, H-1), 3.61
(3H, s, 7-CO2CH3), 3.78 (3H, s, 400-OCH3), 3.79 (3H, s, 6-
CO2CH3), 4.88–4.93 (1H, m, H-7a), 5.23 (1H, d, J¼4.9 Hz,
H-5), 5.52 (1H, s, H-3), 6.86 (2H, d, J¼8.7 Hz, H-300,500),
7.19–7.29 (3H, m, H-30,40,50), 7.37 (2H, d, J¼8.7 Hz, H-
200,600), 7.44–7.47 (2H, m, H-20,60); 13C NMR d 38.0 (C-1),
52.2 (6-CO2CH3), 52.4 (7-CO2CH3), 55.2 (40-OCH3), 73.2
(C-7a), 76.7 and 76.8 (C-3 and C-5), 113.9 (C-300,500), 126.8
(C-20,60), 127.3 (C-40), 128.1 (C-30,50), 129.2 (C-200,600),
131.2 (C-100), 133.7 (C-7), 141.5 (C-10), 143.4 (C-6), 159.5
(C-400), 162.9 (6-CO2CH3), 164.0 (7-CO2CH3); MS (EI)
m/z 425 (M+, 9), 392 (6), 379 (100), 346 (30). Anal. Calcd
for C23H23NO5S: C, 64.92; H, 5.45; N, 3.29; S, 7.53. Found:
C, 64.85; H, 5.71; N, 3.28; S, 7.33.
4.2.23. Dimethyl (3R,5R,7aS)-3-(p-nitrophenyl)-5,7a-di-
hydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
21a. Yield 35%; yellow solid; mp 100.1–100.8 �C (from
ethyl acetate–hexane); IR (KBr) 1675, 1720, 2954 cm�1;
1H NMR d 2.93 (1H, dd, J¼7.6 and 11.9 Hz), 3.15 (1H,
dd, J¼3.6 and 11.9 Hz), 3.83 (6H, s), 4.03 (1H, dd, J¼5.2
and 16.2 Hz), 4.38 (1H, dd, J¼1.9 and 16.2 Hz), 4.78–4.84
(1H, m), 5.50 (1H, s), 7.68 (2H, d, J¼8.8 Hz), 8.17 (2H, d,
J¼8.8 Hz); 13C NMR d 37.8, 52.5, 52.5, 62.8, 75.7, 77.3,
123.4, 127.7, 136.7, 137.5, 147.2, 149.0, 163.2, 163.4.
Anal. Calcd for C16H16N2O6S: C, 52.74; H, 4.43; N, 7.69.
Found: C, 52.71; H, 4.38; N, 7.55.

4.2.24. Dimethyl (3S,5R,7aS)-3-(p-nitrophenyl)-5,7a-di-
hydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
22a. Yield 18%; yellow oil; IR (KBr) 1522, 1660,
1725 cm�1; 1H NMR d 3.27 (1H, dd, J¼3.7 and 11.7 Hz),
3.37 (1H, dd, J¼8.0 and 11.7 Hz), 3.52–3.64 (2H, m), 3.73
(3H, s), 3.84 (3H, s), 4.79–4.81 (1H, m), 5.75 (1H, s), 7.67
(2H, d, J¼8.9 Hz), 8.24 (2H, dd, J¼8.9 Hz); 13C NMR
d 39.6, 52.3, 52.5, 56.4, 75.0, 76.9, 123.7, 129.7, 136.9,
137.4, 142.8, 147.8, 163.1, 163.3; MS (EI) (CI) m/z 363
(MH+, 46), 318 (11), 272 (29), 244 (100); HRMS (EI) m/z
365.0807 (C16H17N2O6S [M+], 365.0809).

4.2.25. Dimethyl (3R,5R,7aS)-5-methyl-3-( p-nitro-
phenyl)-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-
dicarboxylate 21b. Yield 35%; yellow solid; mp 113.8–
115.2 �C (from ethyl acetate–hexane); IR (KBr) 1663,
1722, 1738, 2955 cm�1; 1H NMR d 1.39 (1H, d,
J¼6.7 Hz), 2.97 (1H, dd, J¼7.6 and 11.7 Hz), 3.06 (1H,
dd, J¼4.2 and 11.7 Hz), 3.80 (3H, s), 3.85 (3H, s), 4.27–
4.31 (1H, m), 4.74–4.79 (1H, m), 5.51 (1H, s), 7.70 (2H, d,
J¼8.7 Hz), 8.18 (2H, d, J¼8.7 Hz); 13C NMR d 20.9, 37.7,
52.4, 69.2, 73.8, 75.9, 123.4, 127.8, 133.7, 143.5, 147.2,
149.4, 162.9, 164.3; MS (EI) m/z 378 (M+, 3), 332 (84),
300 (100).

4.2.26. Dimethyl 3-(p-nitrophenyl)-5-propenyl-5,7a-di-
hydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate
23. Yield 5%; oil; 1H NMR d 1.69–1.73 (3H, m), 3.01–3.04
(2H, m), 3.79 (3H, s), 3.82 (3H, s), 4.63–4.65 (1H, m),
4.73–4.75 (1H, m), 5.48–5.50 (2H, m), 5.73–5.75 (1H,
m), 7.67–7.70 (2H, m, Ar-H), 8.15–8.18 (2H, m, Ar-H);
13C NMR d 18.1, 38.4, 52.8, 73.7, 75.6, 76.4, 123.8,
128.3, 129.3, 131.0, 133.5, 143.6, 147.6, 149.9, 163.1,
164.6; MS (EI) m/z 404 (M+, 2%), 357 (100), 326 (41),
299 (71).

4.2.27. Dimethyl (3R,5R,7aS)-5-ethyl-3-(p-nitrophenyl)-
5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicar-
boxylate 21c. Yield 70%; yellow solid; mp 98.9–102.8 �C
(from ethyl acetate–hexane); IR (KBr) 1676, 1719, 1739,
2960 cm�1; 1H NMR d 0.98 (3H, t, J¼7.3 Hz), 1.68–1.74
(2H, m), 2.92 (1H, dd, J¼7.6 and 12.0 Hz), 3.07 (1H, dd,
J¼3.3 and 12.0 Hz), 3.80 (3H, s), 3.84 (3H, s), 4.20–4.25
(1H, m), 4.80–4.84 (1H, m), 5.47 (1H, s), 7.69 (2H, d,
J¼8.9 Hz), 8.18 (2H, dd, J¼8.9 Hz); 13C NMR d 9.3, 27.6,
37.4, 52.4, 52.5, 74.4, 75.3, 76.3, 123.4, 127.7, 133.8,
143.3, 147.2, 149.5, 152.2, 162.6, 164.5; MS (EI) m/z 392
(M+, 5), 346 (85), 331 (57), 314 (100). Anal. Calcd for
C18H20N2O6S: C, 55.09; H, 5.14; N, 7.14. Found: C, 55.25;
H, 4.89; N, 7.21.
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4.2.28. Dimethyl (3S,5R,7aS)-5-ethyl-3-(p-nitrophenyl)-
5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicar-
boxylate 22c. Yield 4%; yellow oil; IR (KBr) 1676, 1719,
1739, 2960 cm�1; 1H NMR d 0.61–0.70 (3H, m), 1.09–
1.26 (2H, m), 3.21 (1H, dd, J¼2.9 and 11.9 Hz), 3.37 (1H,
dd, J¼8.0 and 11.9 Hz), 3.78 (3H, s), 3.81 (3H, s), 4.26–
4.30 (1H, m), 4.80–4.85 (1H, m), 5.63 (1H, s), 7.72 (2H, d,
J¼8.7 Hz), 8.25 (2H, dd, J¼8.7 Hz); 13C NMR d 7.6, 26.1,
40.2, 52.4, 67.7, 74.6, 76.6, 123.5, 130.5, 133.2, 141.5,
144.4, 148.1, 162.6, 164.6; MS (EI) m/z 392 (M+, 5), 346
(85), 331 (57), 314 (100). Anal. Calcd for C18H20N2O6S:
C, 55.09; H, 5.14; N, 7.14. Found: C, 55.25; H, 4.89; N, 7.21.

4.2.29. Dimethyl (3R,5R,7aS)-5-(p-methoxyphenyl)-3-(p-
nitrophenyl)-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thia-
zole-6,7-dicarboxylate 21d. Yield 14%; yellow oil; IR
(KBr) 1513, 1610, 1664, 1729, 2943 cm�1; 1H NMR d 3.07
(1H, dd, J¼7.5 and 11.6 Hz), 3.13 (1H, dd, J¼4.5 and
11.6 Hz), 3.62 (3H, s), 3.79 (3H, s), 3.81 (3H, s), 4.86–4.92
(1H, m), 5.23 (1H, d, J¼4.9 Hz), 6.88 (2H, d, J¼8.7 Hz),
7.35 (2H, d, J¼8.7 Hz), 7.62 (2H, d, J¼8.8 Hz), 8.12 (2H,
d, J¼8.8 Hz); 13C NMR d 38.0, 52.4, 52.5, 55.2, 73.4, 75.5,
76.9, 114.0, 123.4, 127.8, 129.2, 130.7, 133.3, 143.3,
147.2, 149.0, 159.7, 163.8; MS (CI) m/z 471 (MH+, 96),
441 (61), 393 (21), 363 (100); HRMS (EI) m/z 471.1225
(C23H23N2O7S [M+], 471.1228).

4.3. Dimethyl 3,4-bis[(1,2-bis-methoxycarbonylvinyl)]-
thiazolidine 14

A mixture of thiazolidine-4-carboxylic acid 5a (0.49 g,
3.75 mmol) and dimethyl acetylenedicarboxylate (0.79 g,
5.6 mmol) in toluene (40 mL), in the presence of molecular
sieves, was stirred and heated under reflux for 3–4 h. The
reaction mixture was then filtered through Celite and the
solvent was removed under reduced pressure. The crude
product was purified by flash chromatography [ethyl ace-
tate–hexane (1:2) then ethyl acetate–hexane (1:1)]. Yield
25%; yellow solid; mp 115.9–116.7 �C (from ethyl ace-
tate–hexane); IR (KBr) 1587, 1703, 1722 cm�1; 1H NMR
d 2.84 (1H, dd, J¼7.8 and 16.9 Hz), 3.04 (1H, dd, J¼6.8
and 16.9 Hz), 3.72 (3H, s), 3.73 (3H, s), 3.77 (3H, s), 3.79
(3H, s), 4.25 (2H, br s), 4.56 (1H, approx. t, J¼6.8 and
7.8 Hz), 7.31 (1H, s), 7.63 (1H, s); 13C NMR d 34.6, 52.0,
52.3, 52.4, 53.0, 59.3, 65.4, 103.6, 134.7, 135.1, 146.1, 168.1,
168.6, 169.0, 169.8; MS (EI) m/z 373 (M+, 39%), 200 (31),
169 (100), 114 (88). Anal. Calcd for C15H19NO8S: C,
48.25; H, 5.13; N, 3.75. Found: C, 48.34; H, 4.96; N, 3.63.

4.3.1. Computational methods. The input structures of
conformers of thiazolidin-3-ium-4-carboxylate betaine inter-
mediates (namely 3-propylidene- and 3-benzylidene-1,3-
thiazolidin-3-ium-4-carboxylate) have been prepared by
setting the C]N–C–C angle for ca. 0 and 180� (Z and E con-
figurations, respectively). The anti (E) and syn (Z) configura-
tions of the C–N–C–C or C]N–C–C angle were considered
for 3-ethyl- and 3-phenyldihydro-1H-[1,3]thiazolo[3,4-c]-
[1,3]oxazol-1-one and the 1,3-dipole intermediates (3-pro-
pylidene-1,3-thiazolidin-3-ium-4-ide and 3-benzylidene-
1,3-thiazolidin-3-ium-4-ide). In all cases, conformational
isomers were taken into account for the structures with
R¼Et due to the rotational freedom within the substituent.
All input structures were subjected to geometry optimization
and frequency calculations at the DFT level of approximation
(B3LYP method13,14) with the standard 6-31+G(d) basis set.
The nature of the stationary points resulting from geometry
optimization was checked by analysis of the corresponding
Hessian matrices. Thermochemical properties (at 298.15
and 383.15 K, the latter being the temperature at which the
reactions were conducted) were computed for all calculated
conformers and their relative abundances were estimated us-
ing the DGo¼RT ln Kc equation, where DGo is the standard
Gibbs free energy relative to the most stable conformer and
Kc is the concentration ratio of a given conformer to the
most stable conformer. The transition states for conforma-
tional interconversions were also calculated at the same level
of theory, with the STQN15 (QST3) method, for chosen pairs
of conformers differing by internal rotation around the C]N
or C–N bond. All the above-mentioned calculations were
performed using Gaussian 03.16
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Abstract—Addition of cyanoformates (NC–COOR) to norbornene at 110 �C in the presence of Pd(PPh3)4 (10 mol %) as a catalyst affords
with high selectivity the corresponding doubly functionalized polar norbornane derivatives bearing both cyano and ester groups. By using
benzonorbornadiene and norbornadienes as the substrates, the reaction can be extended to synthesis of various functionalized norbornene de-
rivatives in moderate to excellent yields. In most cases alkyl groups such as methyl, ethyl, n-propyl, iso-propyl, n-butyl, tert-butyl, and benzyl
in the ester functionalities are applicable to the reactions. Oxidative addition of cyanoformates to Pd(0), insertion of norbornenes, and reduc-
tive elimination of the corresponding adducts constitute the proposed catalysis pathway.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The transition metal-catalyzed direct carbon–carbon s-bond
cleavage and the subsequent simultaneous formation of two
C–C bonds in regio-, stereo-, and chemoselective manners
can supply products that have two newly constructed car-
bon–carbon bonds.1 These can be fundamental skeletons in
useful organic molecules.2–4 Accordingly, addition reactions
via carbon–carbon s-bonds are highly advantageous and de-
sirable from viewpoint of perfect atom economy provided
they are attained efficiently. However, in most cases, the car-
bon–carbon s-bond cleavage reaction is limited to the ring-
opening, or elimination of small molecules, intramolecular
rearrangement reactions, or metal complex formation of
the intermediates.5,6 Thus, the double functionalization of
unsaturated organic molecules via C–C bond addition to
unstrained molecules is quite rare.7–9

In view of the synthetic versatility of cyano and carbonyl
functionalities, direct addition of C–C s-bonds in cyanofor-
mates (NC–COOR) is particularly useful. Several examples
of synthetic methods for introduction of either cyano10 or
ester11 groups into unsaturated organic molecules have
been reported. But, to the best of our knowledge, there has

* Corresponding author. Tel./fax: +81 86 251 7855; e-mail: ynishiha@
cc.okayama-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.025
been no precedent for cyanoesterification,12 which, as de-
picted in Eq. 1, is a novel methodology for the simultaneous
introduction of cyano and ester groups.

NC COOR + (1)NC COOR1 C-C bond cleavage
2 C-C bond formation

In view of the high reactivities of the nitrogen-containing
cyano and oxygen-containing ester groups, neither of which
can be readily introduced by conventional methods, the
products are expected to allow a wide range of synthetic
elaborations. We herein report the details of the efficient
and highly stereoselective palladium-catalyzed addition of
various cyanoformates across norbornene derivatives afford-
ing the corresponding doubly functionalized polar norborn-
enes bearing both cyano and ester groups.13

2. Results and discussion

2.1. Optimization of the reaction conditions in the
palladium-catalyzed cyanoesterification using
ethyl cyanoformate (1a) and norbornene (2)

We first screened catalyst systems effective for an equimolar
reaction of ethyl cyanoformate (1a) with norbornene (2) and
the results are summarized in Table 1. In a representative

mailto:ynishiha@cc.okayama-u.ac.jp
mailto:ynishiha@cc.okayama-u.ac.jp
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catalytic reaction, a solution of a palladium catalyst
(0.02 mmol, 10 mol %), 1a (0.2 mmol), and 2 (0.2 mmol)
in toluene (2 mL) was heated at 110 �C for 24 h. With
Pd(PPh3)4, the addition reaction smoothly proceeded to
afford the cyanoesterification adduct, (2R*,3S*)-ethyl 3-
cyanobicyclo[2.2.1]heptane-2-carboxylate (3a) in 94% GC
yield (Table 1, entry 1). A similar but more practically
useful catalyst was prepared in situ with the combination
of Pd(dba)2 (dba¼dibenzylideneacetone) and various mono-
dentate and bidentate phosphine ligands. However, various
Pd(dba)2–phosphine complexes ligated by one or two phos-
phines performed rather differently in the reaction of 1a with
2; the yield ranged from 0 to 82% (Table 1, entries 2–12).
The reaction could take place in the presence of Pd(dba)2–
PPh3 (P/Pd¼2.0) and 3a was obtained in 82% GC yield
(Table 1, entry 2). We examined substituent effects on the
aromatic ring in triarylphosphine, but the desired product
3a was obtained in poorer yields (Table 1, entry 2 vs entries
3 and 4). More electron-rich monodentate phosphine ligands
such as PMe2Ph, P(t-Bu)3, and PCy3, which are suitable for
the effective oxidative addition, gave unsatisfactory results
(Table 1, entries 5–7). This propensity seems to indicate
that electron-richness preferable for oxidative addition is
not required for the present reaction. This hypothesis is
supported by addition of P(OPh)3 as a less electron-donating
ligand, giving 3a, albeit in 40% yield (Table 1, entry 8).
Bidentate ligands such as DPPE, DPPB, DPPH, and DPPF
were found to be inactive, suggesting that an appropriate
coordination site for norbornenes is essential to proceed
the reaction (Table 1, entries 9–12).14 The high sensitivity
of reaction performance to the nature of the phosphine li-
gands is presumably associated with the ease of insertion of
2, which is envisaged to be the crucial step in the catalytic

Table 1. Catalytic activity of palladium complexes in the addition reaction
of ethyl cyanoformate (1a) across norbornene (2)a

NC COOEt +
catalyst
toluene

110 °C, 24 h

CN
COOEt

1a 2 3a

Entry Catalyst Yield % of 3ab

1 Pd(PPh3)4 94 (80)
2 Pd(dba)2/2 PPh3

d 82
3 Pd(dba)2/2 P(C6H4OMe-4)3 70
4 Pd(dba)2/2 P(C6H4F-4)3 58
5 Pd(dba)2/2 PMePh2 27
6 Pd(dba)2/2 P(t-Bu)3 11
7 Pd(dba)2/2 PCy3 0
8 Pd(dba)2/2 P(OPh)3 40
9 Pd(dba)2/DPPEe <1
10 Pd(dba)2/DPPBf 0
11 Pd(dba)2/DPPHg 6
12 Pd(dba)2/DPPFh 13
13 Pd(dba)2 0
14 PdCl2(NCPh)2 0
15c Pd(PPh3)4 43

a Reaction conditions: 1a (0.2 mmol), 2 (0.2 mmol), and a palladium
catalyst (10 mol %) in toluene (2 mL).

b Determined by GC using dodecane as an internal standard. Isolated yield
is shown in the parenthesis.

c Run in n-octane.
d dba¼dibenzylideneacetone.
e DPPE¼1,2-bis(diphenylphosphinoethane).
f DPPB¼1,4-bis(diphenylphosphinobutane).
g DPPH¼1,6-bis(diphenylphosphinohexane).
h DPPF¼1,10-bis(diphenylphosphinoferrocene).
cycle (vide infra). Pd(dba)2 alone and a palladium(II)
complex showed no catalytic activity (Table 1, entries 13
and 14). Reaction catalyzed by Pd(PPh3)4 in octane at
110 �C produced the adduct in only 43% yield, indicating
the importance of the solvent polarity, not the temperature
(Table 1, entry 15). No addition reaction was observed in
the absence of the palladium catalyst and other complexes
such as Ni(cod)2/2 PMe3, which is known to be active cata-
lyst for arylcyanation of alkynes,8 PdCl2(PPh3)2, Pt(PPh3)4,
RuCl2(PPh3)2, and RhCl(PPh3)3 did not show any catalytic
activity under similar conditions.

Using 10 mol % of Pd(PPh3)4 as a catalyst, other reaction
conditions such as temperature, catalyst loading, and the ra-
tio of reagents were varied. The results of the reactions con-
ducted in toluene for 24 h are shown in Table 2. It appears
reasonable that an elevated reaction temperature of 110 �C
would enhance the addition reaction (Table 2, entry 1). In-
deed, under otherwise the same conditions as in Table 1, en-
try 1, a significantly smaller amount (37%) of 3a was formed
(Table 2, entry 2) in reaction at 80 �C. However, no substan-
tial change was observed in the yield of 3a when the reaction
temperature was raised over 110 �C. Since the catalyst load-
ing of Pd(PPh3)4 is rather sensitive for the high-yield forma-
tion of 3a (Table 2, entries 4 and 5), we adopted 10 mol %
loading of Pd(PPh3)4 for the present reaction. Although we
normally used an equimolar amount of 1a, as for the reaction
of Table 2, entry 1, the presence of excess 1a appeared to
suppress the desired reaction. For instance, when the quan-
tity of 1a was increased to 0.4 mmol (Table 2, entry 6), the
total yield of 3a decreased to 72%. An excess of 2 in the
addition reaction was not necessary due to the occurrence
of side reactions (Table 2, entry 7).

2.2. Reactions of various cyanoformates 1a–1g with
norbornene (2) and benzonorbornadiene (4)

The generality of the cyanoesterification reaction was shown
first by using various cyanoformates 1a–1g and norbornene
(2) in a 1:1 ratio under the optimum conditions, i.e.,
10 mol % of Pd(PPh3)4 at 110 �C in toluene. The results are
summarized in Table 3. Notable is the substantial effect of
the ester substituents in the cyanoformates 1, probably owing
to the efficiency in oxidative addition of Pd(0) to the C–C

Table 2. Addition of ethyl cyanoformate (1a) across norbornene (2)a

NC COOEt +
toluene

24 h

CN
COOEt

1a 2 3a

Pd(PPh3)4

Entry 1a/mmol 2/mmol Pd(PPh3)4/mmol Temp/�C Yield %
of 3ab

1 0.2 0.2 0.02 110 94
2 0.2 0.2 0.02 80 37
3 0.2 0.2 0.02 50 8
4 0.2 0.2 0.006 110 18
5 0.2 0.2 0.002 110 11
6 0.4 0.2 0.02 110 72
7 0.2 0.4 0.02 110 91c

a The reactions were carried out at for 24 h in toluene (2 mL).
b Determined by GC using dodecane as an internal standard, based on 2.
c Based on 1a.
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bond of 1 and the subsequent insertion of norbornenes into
the resulting intermediate. Most aliphatic cyanoformates, in-
cluding Et, Me, nPr, iPr, and nBu substituents react readily to
afford the respective adducts in good to high yields (Table 3,
entries 1–5). In contrast, a sterically demanding tBu substit-
uent interferes with the addition (Table 3, entry 6). These
results strongly indicate that the low yield of adducts is asso-
ciated with the steric bulk of cyanoformates. As expected,
however, the reaction of less sterically hindered benzyl
cyanoformate gave the desired adduct 3g, albeit in
31% yield (Table 3, entry 7).

Accordingly, we employed 1,4-dihydro-1,4-methanonaph-
thalene (benzonorbornadiene) (4) as the coupling partner.
Also, from the reactions of 4 with various alkyl cyanofor-
mates 1a–1e, the corresponding adducts 5a–5e were pro-
duced in high to excellent yields (Table 4, entries 1–5).
However, again with tert-butyl cyanoformate (1f), only
a trace amount of the desired product 5f was detected by
GC (Table 4, entry 6). Compared to the reaction with norbor-
nene (2) shown above, the isolated yield of 5g from benzyl
cyanoformate (1g) slightly increased to 22%, because benzo-
norbornadiene (4) seems to be more reactive for the present
reaction.

Table 3. Addition of cyanoformates 1a–1g across norbornene (2)a

NC COOR +
toluene

CN
COOR

1 2 3

Pd(PPh3)4

110 °C, time

(10 mol%)

Entry Cyanoformate 1, R¼ Time/h Product Yield %b

1 Et (1a) 6 3a 94 (80)
2 Me (1b) 6 3b 43c (28)
3 n-Pr (1c) 6 3c 72 (63)
4 i-Pr (1d) 12 3d 80 (63)
5 n-Bu (1e) 12 3e 67 (63)
6 t-Bu (1f) 24 0
7 Bn (1g) 3 3g 31 (14)

a The reactions were carried out at 110 �C, using 1 (1.0 equiv), 2
(1.0 equiv), and Pd(PPh3)4 (10 mol %) in toluene.

b Unless otherwise noted, determined by GC using dodecane as an internal
standard. Isolated yields are shown in the parentheses.

c NMR yield using triphenylmethane as an internal standard.

Table 4. Addition of cyanoformates 1a–1g across benzonorbornadiene (4)a

NC COOR +
toluene

1 4 5

Pd(PPh3)4

110 °C, time

(10 mol%) CN
COOR

Entry Cyanoformate 1, R¼ Time/h Product Yield %b

1 Et (1a) 3 5a 99 (83)
2 Me (1b) 3 5b 74 (65)
3 n-Pr (1c) 3 5c 83 (76)
4 i-Pr (1d) 3 5d 83 (68)
5 n-Bu (1e) 6 5e 87 (79)
6 t-Bu (1f) 3 5f Trace
7 Bn (1g) 3 5g (22)

a The reactions were carried out at 110 �C, using 1 (1.0 equiv), 4
(1.1 equiv), and Pd(PPh3)4 (10 mol %) in toluene.

b Determined by GC using dodecane as an internal standard. Isolated yields
are shown in the parentheses.
2.3. Reactions of various cyanoformates 1a–1g with
norbornadiene (6)

Cyanoesterification of norbornadiene (6) would be syn-
thetically valuable. The expected (2R*,3S*)-2-cyano-
3-alkoxycarbonylbicyclo[2.2.1]hept-5-enes are potential
precursors for polar functionalized cyclopentanes via further
transformation and are interesting polar monomers for the
transition metal-catalyzed ring-opening metathesis poly-
merization.15 We carried out the reaction of 1b with norbor-
nadiene (6) in different ratios and the results are summarized
in Table 5. An equimolar amount of 6 was used, an adduct 7b
was successfully isolated in 76% yield as a single product
(Table 5, entry 1). Noteworthy is that the reaction of an ex-
cess of 1b with 6 gave 7b predominantly in 75% yield (Table
5, entry 3), suggesting that no double addition occurred. The
structure of 7b results from NMR spectroscopic data, in that
the 13C{1H} NMR signals showed the presence of a C]C
moiety along with a CN group at d 120.2 and a COOEt group
at d 171.8. We presume that once formed more sterically
bulky 7b is less reactive than the starting material 6 and re-
tards the second cyanoesterification significantly. Overall,
the ratio between 1b and 6 little affected the yield of 7b;
thus, the reactions of various cyanoformates 1 with norbor-
nadiene (6) were conducted in a 1:1 ratio.

Accordingly, reactions of a variety of cyanoformate 1a–1g
with norbornadiene (6) under the optimum conditions were
exploited and the results are shown in Table 6. As was ob-
served in the reactions of norbornene (2) and benzonorborna-
diene (4), the reactions of alkyl cyanoformates 1a–1e and 6
furnished the corresponding adducts 7a–7e in good to high
yields (Table 6, entries 1–5). A bulky cyanoformate 1f, which
is a poor coupling partner with norbornene and benzonorbor-
nadiene, does produce the adduct 7f, albeit in 13% yield
(Table 6, entry 6). Thus, successful formation of cyanoesteri-
fication products requires starting materials to possess an
appropriate steric factor to enhance the reaction. Phenyl
cyanoformate (1h) furnished no desired product due to the
competitive side reaction (vide infra).

Under the standard reaction conditions, 1-octene, styrene,
methyl acrylate, cyclopentene, and cyclopenten-3-one did
not react with the 1a. Furthermore, ethylene (5 atm) was

Table 5. Addition of methyl cyanoformate (1b) across norbornadiene (6)a

NC COOMe +

1b 6

toluene
110 ºC, 24 h

CN
COOMe

7b

Pd(PPh3)4
(10 mol%)

Entry 1b/mmol 6/mmol Yield % of 7bb

1 0.2 0.2 80 (76)
2 0.2 0.4 81 (76)
3 0.4 0.2 75c

4 0.2 0.3 81
5 0.2 0.24 72

a The reactions were carried out at 110 �C for 24 h in toluene (2 mL).
b Unless otherwise noted, GC yields were determined by using dodecane as

an internal standard, based on 1b. Isolated yields are shown in the paren-
theses.

c Based on 6.
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also subjected to the reaction with 1a, but no cyanoesterifi-
cation occurred.16

2.4. Determination of stereochemistry of the adducts

The reaction of methyl cyanoformate (1b) with benzonorbor-
nadiene (4) afforded the adduct 5b as crystals of good quality.
The 2-exo, 3-exo configuration17 was unequivocally con-
firmed by X-ray crystallography (Fig. 1), which is consistent
with the 1H NMR spectra. The structure of norbornadiene ad-
duct 7g was also confirmed by X-ray crystallography (Fig. 2),
showing the remained C]C bond in a molecule. These
results suggest that cyanoformate 1 undergoes cis addition
across norbornenes via coordination of a palladium center
on a less hindered olefin face. From the viewpoint of elec-
tronic structure, the electron density of the exo-face of nor-
bornenes is reportedly higher than that of the endo-face.18

Table 6. Addition of cyanoformates 1a�1g across norbornadiene (6)a

NC COOR +
toluene

CN
COOR

1 6 7

Pd(PPh3)4

110 °C

(10 mol%)

Entry Cyanoformate 1, R¼ Time/h Product Yield %b

1 Et (1a) 3 7a 97 (78)
2 Me (1b) 3 7b 80 (76)
3 n-Pr (1c) 3 7c 89 (76)
4 i-Pr (1d) 3 7d 77 (62)
5 n-Bu (1e) 6 7e 86 (74)
6 t-Bu (1f) 6 7f 13 (12)
7 Bn (1g) 3 7g 84 (63)
8 Ph (1h) 24 0

a The reactions were carried out at 110 �C, using 1 (1.0 equiv), 6
(1.0 equiv), and Pd(PPh3)4 (10 mol %) in toluene.

b Determined by GC using dodecane as an internal standard. Isolated yields
are shown in the parentheses.

Figure 1. Molecular structure of 5b.

Figure 2. Molecular structure of 7g.
It would also be responsible for the exclusive exo-selectivity.
In all these reactions the exo-selectivity during the cyano-
esterification reactions was found to be excellent, because
no trace signal for the corresponding endo-isomer was
detectable in the NMR measurements.

2.5. Reaction of norbornadiene (6) with phenyl
cyanoformate (1h)

Phenyl cyanoformate (1h) reacts with equimolar amount of
norbornadiene (6) in the presence of 10 mol % of Pd(PPh3)4

at 110 �C for 24 h leading to quantitative formation of
diphenylcarbonate (8),19 based on Pd(PPh3)4 (Eq. 2). Since
the high-yield synthesis of trans-Pd(CN)(CO2Et)(PPh3)2

(9a) and trans-Pd(CN)(CO2Me)(PPh3)2 (9b) at room
temperature has already suggested,13 the C–C bond in phenyl
cyanoformate (1h) is also postulated to react at room
temperature with a palladium(0) complex to yield trans-
Pd(CN)(CO2Ph)(PPh3)2. As evidenced by the formation of
diphenylcarbonate (8) in the catalytic reaction, trans-
Pd(CN)(CO2Ph)(PPh3)2 should be much more unstable
than 9a and 9b. Decarbonylation from trans-
Pd(CN)(CO2Ph)(PPh3)2 generates the phenyloxopalladium
complex, trans-Pd(CN)(OPh)(PPh3)2. This is followed by
ligand exchange driven by nucleophilic attack of a phenyl-
oxo group20 between the unchanged trans-Pd(CN)(CO2-
Ph)(PPh3)2 and the formed trans-Pd(CN)(OPh)(PPh3)2,
which furnishes trans-Pd(CN)2(PPh3)2

21 and trans-
Pd(OPh)(CO2Ph)(PPh3)2,22 reductive elimination of which
gives 8. The thermal stabilities of complexes resulting
from oxidative addition, relative to both decarbonylation
and reductive elimination, are the key to make the present
catalysis successful. The thermal stability of complex 9a
at 110 �C was examined in toluene and after heating for
12 h they afford trans-Pd(CN)2(PPh3)2 in 43% yield, along
with several unidentified compounds. Complex 9b also
behaved in much the same way as 9a on thermolysis but
appeared slightly more stable. Thus, we can safely conclude
that the stability of complex 9 depends significantly on
the electronic nature of the alkoxycarbonyl or aryloxy-
carbonyl ligands in that more electron-donating ones
stabilize complex 9. In the case of the phenoxycarbonyl
group, the corresponding trans-Pd(CN)(CO2Ph)(PPh3)2 de-
rived from oxidative addition of phenyl cyanoformate (1h)
appears to decompose rapidly at higher temperatures by
decarbonylation as soon as it is generated even in the
presence of norbornadiene (6).

NC COOPh +
toluene

1h 6 8

Pd(PPh3)4

110 °C

(10 mol%) (2)
O

Ph
O

Ph
O

quant.

2.6. Reaction mechanism

The present catalysis is most likely to proceed via three fun-
damental processes: oxidative addition of the C–C bond of 1
to Pd(PPh3)4; insertion of a norbornene molecule into the re-
sulting Pd–C bond; and subsequent C–C reductive elimina-
tion. Our proposed mechanism (Scheme 1) is substantiated
by the observations described below. Initial attempts to
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confirm this oxidative addition were made using Pd(PPh3)4

with 1a at room temperature. Ethyl cyanoformate (1a) reacts
readily with Pd(PPh3)4 even at room temperature; the reac-
tivity of this oxidative addition is higher than with whole
catalytic reaction conducted at 110 �C. For instance, when a
pale yellow suspension of Pd(PPh3)4 in toluene was treated
with 2.4 equiv of 1a, the reaction mixture gradually became
a white suspension in 48 h. The 1H and 31P{1H} NMR spec-
troscopy suggested that trans-Pd(CN)(CO2Et)(PPh3)2 (9a)
was generated via oxidative addition of 1a to Pd(PPh3)4

(Eq. 3). The Pd–P moiety in 9a displayed a singlet in the
31P{1H} NMR spectrum, suggesting that the two phosphine
ligands are in mutually trans positions. Both infrared (2126,
1638 cm�1) and the 13C{1H} NMR (d 137.2 and 192.6)
spectra suggest the existence of cyano and alkoxycarbonyl
groups. These and previous observations with related nickel
complexes such as Ni(CN)(CO2Et)(triphos)23 led us to
conclude that 9a adopts the trans configuration. Careful re-
crystallization of the Me analogue 9b from CH2Cl2–hexane
furnished colorless crystals, allowing unequivocal confirma-
tion of the structure by X-ray crystallography.13 As expected
from the NMR data, the coordination geometry at the
palladium center is square planar with triphenylphosphine
ligands in trans positions.

NC COOR Pd COORNC

9

(9a: R = Et, 9b: R = Me)

PPh3

PPh3

Pd(PPh3)4 +
toluene

rt, 24-48 h

(3)

The cyanoesterification of 6 with 1a, on the other hand, pro-
ceeded in the presence of complex 9a (10 mol %) as the
catalyst to give 7a in 85% GC yield under the standard
conditions. We thus conclude that the cyano(alkoxycarbo-
nyl)palladium species 9 is involved in the catalytic cycle
of the cyanoesterification process as shown in Scheme 1.

The most important fundamental process involved in this cat-
alytic reaction is the insertion of the norbornene linkage. We
presume, as in the cyanoesterification of norbornenes, that
insertion into the Pd–COOR bond takes place by forming
an intermediate such as 10 (alkoxycarbonylpalladation).24

This eventually undergoes C–C reductive elimination to
generate the adducts even though the experiments neither

migratory insertion

Pd(0)
ROC(O) CN

Pd CNROC(O)
Ln

COOR
CN

COOR
Pd
Ln

Ln

oxidative additionreductive elimination

alkoxycarbonylpalladation

CN
Pd

CN

Ln
COOR

cyanopalladation

9

2, 4, 6

11 10

1
3, 5, 7

Scheme 1. A plausible catalytic cycle for the addition of cyanoformates
across norbornene derivatives in the presence of a Pd(0) catalyst.
suggest the involvement of intermediate species such as 10
nor provide other details of the insertion process. An alterna-
tive possibility for the formation of 11 arises if a norbornene
molecule is inserted into the Pd–CN bond of 9 (cyanopallada-
tion). However, this possibility can be ruled out in view of
the earlier reported observations that the Pd–CN bond cleav-
age from cyanopalladium(II) complexes normally requires
very high temperatures.25 Thus, in our catalytic reactions at
110 �C the insertion is envisaged to proceed through alkoxy-
carbonylpalladation. Moredetailedmechanisticaspects, such
as the possible necessity of ligand dissociation before norbor-
nene insertion, await further clarification.

3. Conclusion

In summary, we have developed an unprecedented palla-
dium-catalyzed cyanoesterification of alkyl cyanoformates
with norbornene, norbornadiene, and benzonorbornadiene,
which proceeds in all cases with chemo- and stereoselectiv-
ity. This work offers another useful demonstration of the
powerful transition metal catalysis to activate unstrained
C–C s-bonds with compatible functional groups. Investiga-
tions on the mechanism of insertion of norbornenes into
cyano(alkoxycarbonyl)palladium(II) species 9 and further
synthetic application in the construction of functionalized
cyclopentanes bearing four stereo-defined carbon centers
will be the subjects of forthcoming papers.

4. Experimental

4.1. General

All the reactions were carried out under an Ar atmosphere
using standard Schlenk techniques. Glassware was dried in
an oven (130 �C) and heated under reduced pressure before
use. The GC yields were determined using suitable hydro-
carbon internal standards.

4.2. Measurements

1H and 13C NMR spectra were recorded on Varian INOVA
600 (600 MHz) or Mercury 300 (300 MHz) spectrometers
at an ambient temperature with the chemical shifts being
expressed in parts per million based on residual CHCl3 as
an internal standard. Infrared spectra were recorded on a
Shimadzu IRPrestige-21 spectrophotometer. GC analyses
were performed on a Shimadzu GC-14A equipped with
a flame ionization detector using Shimadzu Capillary Col-
umn (CBP1-M25-025) and Shimadzu C-R6A-Chromatopac
integrator. GC–MS analyses were carried out on a SHI-
MADZU GC-17A equipped with a SHIMADZU QP-5050
GC–MS system. Melting points were measured on a Yanagi-
moto micromelting point apparatus and are uncorrected.
Elemental analyses were carried out with a Perkin–Elmer
2400 CHN elemental analyzer at Osaka City University.

4.3. Materials

Ethyl cyanoformate, methyl cyanoformate, and norborna-
diene were purchased from Aldrich and used as received.
Pd(PPh3)4,26 cyanoformates (R¼nPr,27 iPr,27 nBu,27 tBu,28
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Bn,27 and Ph29), and 1,4-dihydro-1,4-methanonapthalene
(4)30 were prepared according to the literature procedures.
Dehydrated toluene, dichloromethane, hexane, and diethyl
ether were purchased from Kanto Chemicals. For thin-layer
chromatography (TLC) analyses throughout this work,
Merck precoated TLC plates (silica gel 60 GF254,
0.25 mm) were used. Silica gel column chromatography
was carried out using Silica gel 60 N (spherical, neutral,
40–100 mm) from Kanto Chemicals.

4.4. General procedure for cyanoesterification

To a solution of Pd(PPh3)4 (580 mg, 0.5 mmol, 10 mol %)
in toluene (50 mL) were added ethyl cyanoformate
(1a) (490 mL, 5.0 mmol) and norbornene (2) (470 mg,
5.0 mmol) at room temperature. The reaction mixture was
stirred for 24 h at 110 �C, quenched with 1 M hydrochloric
acid (50 mL), and extracted with diethyl ether (25 mL�2).
The combined ethereal layers were washed with brine and
dried over MgSO4. Filtration and evaporation afforded a
pale yellow oil. Bulb to bulb distillation (135 �C/2.0 Torr)
gave 3a (773 mg, 80% yield) as a colorless oil.

4.4.1. (2R*,3S*)-Ethyl 3-cyanobicyclo[2.2.1]heptane-2-
carboxylate (3a). A colorless oil. Bp 135 �C/2.0 Torr. GC
yield was 94%. Isolated yield was 80%. IR (neat, cm�1):
2974 (s), 2882 (m), 2240 (m, nCN), 1738 (s, nCO), 1456
(m), 1375 (m), 1350 (m), 1290 (m), 1263 (m), 1222 (m),
1193 (s), 1154 (m), 1118 (m), 1040 (m), 926 (w), 853 (w),
748 (w). 1H NMR (CDCl3, 300 MHz, rt): d 1.17–1.25 (m,
2H, ethylene CH (endo)), 1.28 (dt, J¼7 Hz, 1 Hz, 3H,
CH3), 1.42 (dt, J¼11 Hz, 2 Hz, 1H, one of methylene
(anti)), 1.53–1.66 (m, 2H, ethylene CH (exo)), 1.95 (dt,
J¼11 Hz, 2 Hz, 1H, one of methylene (syn)), 2.62–2.65 (m,
3H, 2 bridgehead methine protons+CHCOOEt), 2.83 (dd,
J¼10 Hz, 2 Hz, 1H, CHCN), 4.18 (qd, J¼7 Hz, 1 Hz, 2H,
OCH2); 13C{1H} NMR (CDCl3, 75 MHz, rt): d 14.1 (CH3),
27.8 (CH2), 28.2 (CH2), 36.6 (CH2+CHCN), 39.0 (bridge-
head carbon (CN side)), 41.9 (bridgehead carbon (COOEt
side)), 49.9 (CHCOOEt), 61.1 (OCH2), 119.7 (CN), 171.1
(CO). MS (El, m/z (relative intensity)): 193 (M+, 6), 166
(18), 148 (29), 126 (64), 120 (74), 98 (100), 93 (46), 80
(27), 66 (95), 53 (20). Anal. Calcd for C11H15NO2: C,
68.37; H, 7.82; N, 7.25%. Found: C, 68.24; H, 7.82; N,
6.94%.

4.4.2. (2R*,3S*)-Methyl 3-cyanobicyclo[2.2.1]heptane-2-
carboxylate (3b). A colorless oil. Bp 130 �C/1.6 Torr.
NMR yield was 43%. Isolated yield was 28%. IR (neat,
cm�1): 2962 (s), 2882 (m), 2240 (m, nCN), 1742 (s, nCO),
1458 (m), 1437 (m), 1363 (m), 1290 (m), 1265 (m), 1224
(m), 1197 (s), 1154 (m), 1120 (m), 1040 (m), 934 (w), 870
(w), 770 (w). 1H NMR (CDCl3, 300 MHz, rt): d 1.24 (m,
2H, ethylene CH (endo)), 1.43 (dt, J¼11 Hz, 2 Hz, 1H, one
of methylene (anti)), 1.62 (m, 2H, ethylene CH (exo)), 1.96
(dt, J¼11 Hz, 2 Hz, 1H, one of methylene (syn)), 2.60–2.69
(m, 3H, 2 bridgehead methine protons+CHCOOMe), 2.83
(dd, J¼10 Hz, 2 Hz, 1H, CHCN), 3.74 (s, 3H, OCH3);
13C{1H} NMR (CDCl3, 75 MHz, rt): d 27.7 (CH2), 28.2
(CH2), 36.6 (CH2+CHCN), 39.0 (bridgehead carbon (CN
side)), 41.9 (bridgehead carbon (COOMe side)), 50.1
(CHCOOMe), 52.1 (OCH3), 119.9 (CN), 171.8 (CO). MS
(El, m/z (relative intensity)): 179 (M+, 1), 164 (2), 148 (14),
134 (2), 120 (42), 112 (100), 98 (40), 93 (22), 80 (29), 67
(60), 53 (15). Anal. Calcd for C10H13NO2: C, 67.02; H,
7.31; N, 7.82%. Found: C, 67.23; H, 7.33; N, 7.86%.

4.4.3. (2R*,3S*)-n-Propyl 3-cyanobicyclo[2.2.1]heptane-
2-carboxylate (3c). A colorless oil. Rf¼0.57 (hexane/ethyl
acetate¼7/3). GC yield was 72%. Isolated yield was 63%.
IR (neat, cm�1): 2968 (s), 2880 (s), 2238 (m, nCN), 1734
(s, nCO), 1356 (m), 1288 (m), 1264 (m), 1222 (m), 1191
(s), 1173 (m), 1152 (m), 1062 (m), 1027 (m). 1H NMR
(CDCl3, 300 MHz, rt): d 0.92–0.97 (t, J¼8 Hz, 3H,
CH2CH2CH3), 1.21–1.24 (m, 2H, ethylene CH (endo)),
1.42 (dt, J¼11 Hz, 2 Hz, 1H, one of methylene (anti)),
1.57–1.72 (m, 4H, ethylene CH (exo)+CH2CH2CH3), 1.96
(dt, J¼11 Hz, 2 Hz, 1H, one of methylene (syn)), 2.64–2.67
(m, 3H, 2 bridgehead methine protons+CHCOOnPr), 2.83
(dd, J¼9 Hz, 1 Hz, 1H, CHCN), 4.08 (t, 7 Hz, 2H, OCH2);
13C{1H} NMR (CDCl3, 75 MHz, rt): d 10.4 (CH2CH2CH3),
21.8 (CH2CH2CH3), 27.8 (CH2), 28.2 (CH2), 36.6
(CH2+CHCN), 39.0 (bridgehead carbon (CN side)), 41.9
(bridgehead carbon (COOnPr side)), 50.1 (CHCOOnPr),
66.8 (OCH2), 119.8 (CN), 171.4 (CO). MS (El, m/z (relative
intensity)): 207 (M+, 1), 179 (4), 166 (97), 148 (63), 140 (29),
120 (100), 104 (4), 98 (68), 93 (35), 80 (14), 77 (12), 72 (3),
66 (43). Anal. Calcd for C12H17NO2: C, 69.54; H, 8.27; N,
6.76%. Found: C, 69.43; H, 8.33; N, 6.66%.

4.4.4. (2R*,3S*)-iso-Propyl 3-cyanobicyclo[2.2.1]hep-
tane-2-carboxylate (3d). A colorless oil. Rf¼0.60 (hexane/
ethyl acetate¼7/3). GC yield was 80%. Isolated yield was
63%. IR (neat, cm�1): 2979 (s), 2880 (s), 2238 (m, nCN),
1729 (s, nCO), 1455 (m), 1343 (m), 1301 (m), 1288 (m),
1264 (m), 1223 (m), 1195 (s), 1174 (m), 1153 (m), 1107
(m), 1017 (m). 1H NMR (CDCl3, 300 MHz, rt): d 1.21–
1.24 (m, 2H, ethylene CH (endo)), 1.25 (d, J¼6 Hz, 3H,
CH3), 1.28 (d, J¼6 Hz, 3H, CH3), 1.41 (dt, J¼11 Hz, 2 Hz,
1H, one of methylene (anti)), 1.52–1.72 (m, 2H, ethylene
CH (exo)), 1.95 (dt, J¼11 Hz, 2 Hz, 1H, one of methylene
(syn)), 2.58 (dd, J¼10 Hz, 2 Hz, 1H, CHCOOiPr), 2.63–
2.64 (m, 2H, 2 bridgehead methine protons), 2.82 (dd,
J¼10 Hz, 2 Hz, 1H, CHCN), 5.05 (sep, J¼6 Hz, 1H,
OCH); 13C{1H} NMR (CDCl3, 75 MHz, rt): d 21.7 (CH3),
21.8 (CH3), 27.7 (CH2), 28.3 (CH2), 36.6 (CH2+CHCN),
39.0 (bridgehead carbon (CN side)), 42.0 (bridgehead carbon
(COOiPr side)), 49.8 (CHCOOiPr), 66.8 (OCH), 119.7 (CN),
170.8 (CO). MS (El, m/z (relative intensity)): 207 (M+, 1),
192 (9), 166 (47), 148 (71), 140 (24), 120 (100), 104 (7),
98 (33), 93 (35), 80 (18), 77 (12), 71 (2), 66 (79). Anal. Calcd
for C12H17NO2: C, 69.54; H, 8.27; N, 6.76%. Found: C,
69.56; H, 8.35; N, 6.69%.

4.4.5. (2R*,3S*)-n-Butyl 3-cyanobicyclo[2.2.1]heptane-2-
carboxylate (3e). A colorless oil. Rf¼0.60 (hexane/ethyl
acetate¼7/3). GC yield was 67%. Isolated yield was 63%.
IR (neat, cm�1): 2961 (s), 2877 (s), 2238 (m, nCN), 1735
(s, nCO), 1465 (m), 1351 (m), 1288 (m), 1262 (m), 1222
(m), 1191 (s), 1152 (m). 1H NMR (CDCl3, 300 MHz, rt):
d 0.92 (sex, J¼7 Hz, 3H, CH2CH2CH2CH3), 1.21–1.25 (m,
2H, ethylene CH (endo)), 1.35–1.45 (m, 3H, one of methyl-
ene (anti)+CH2CH2CH2CH3), 1.60–1.67 (m, 4H, ethylene
CH (exo)+CH2CH2CH2CH3), 1.97 (dt, J¼11 Hz, 1 Hz, 1H,
one of methylene (syn)), 2.64–2.67 (m, 3H, 2 bridgehead
methine protons+CHCOOnBu), 2.83 (dd, J¼10 Hz,
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2 Hz, 1H, CHCN), 4.13 (m, 2H, OCH2); 13C{1H} NMR
(CDCl3, 75 MHz, rt): d 13.6 (CH2CH2CH2CH3), 19.1
(CH2CH2CH2CH3), 27.7 (CH2CH2CH2CH3), 28.3 (CH2),
30.4 (CH2), 36.6 (CH2+CHCN), 39.0 (bridgehead carbon
(CN side)), 41.9 (bridgehead carbon (COOnBu side)), 50.1
(CHCOOnBu), 65.1 (OCH2), 119.8 (CN), 171.4 (CO). MS
(El, m/z (relative intensity)): 221 (M+, 1), 179 (7), 166
(100), 154 (31), 148 (43), 120 (95), 104 (4), 98 (53), 93
(32), 80 (12), 77 (11), 72 (5), 66 (39). Anal. Calcd for
C13H19NO2: C, 70.56; H, 8.65; N, 6.33%. Found: C, 70.49;
H, 8.76; N, 6.27%.

4.4.6. (2R*,3S*)-Benzyl 3-cyanobicyclo[2.2.1]heptane-2-
carboxylate (3g). Off-white solid. Rf¼0.57 (hexane/ethyl
acetate¼7/3). Mp¼75–76 �C. GC yield was 31%. Isolated
yield was 14%. IR (KBr, cm�1): 2967 (s), 2877 (m), 2235
(s, nCN), 1731 (s, nCO), 1454 (m), 1383 (s), 1350 (m),
1302 (m), 1288 (m), 1222 (m), 1190 (s), 1167 (m), 1117
(m), 1029 (m). 1H NMR (CDCl3, 300 MHz, rt): d 1.21–
1.25 (m, 2H, ethylene CH (endo)), 1.45 (dt, J¼11 Hz,
2 Hz, 1H, one of methylene (anti)), 1.59–1.67 (m, 2H, ethyl-
ene CH (exo)), 1.95 (dt, J¼11 Hz, 2 Hz, 1H, one of methyl-
ene (syn)), 2.62–2.65 (m, 3H, 2 bridgehead methine
protons+CHCOOBn), 2.85 (dd, J¼10 Hz, 2 Hz, 1H,
CHCN), 5.10 (d, J¼12 Hz, 1H, OCH2), 5.23 (d, J¼12 Hz,
1H, OCH2), 7.33–7.43 (m, 5H, aromatics); 13C{1H} NMR
(CDCl3, 75 MHz, rt): d 27.7 (CH2), 28.2 (CH2), 36.7
(CH2+CHCN), 39.0 (bridgehead carbon (CN side)), 41.9
(bridgehead carbon (COOBn side)), 50.2 (CHCOOBn),
67.2 (OCH2), 119.9 (CN), 128.4, 128.5, 128.7, 135.3, 171.2
(CO). MS (El, m/z (relative intensity)): 255 (M+, 13), 237
(2), 227 (4), 148 (7), 120 (27), 107 (42), 91 (100), 79 (7),
77 (8), 66 (19). Anal. Calcd for C16H17NO2: C, 75.27; H,
6.71; N, 5.49%. Found: C, 74.87; H, 6.60; N, 5.10%.

4.4.7. (2R*,3S*)-Ethyl 1,2,3,4-tetrahydro-3-cyano-1,4-
methanonaphthalene-2-carboxylate (5a). White solid.
Mp 66–67 �C. GC yield was 99%. Isolated yield was 83%.
IR (KBr, cm�1): 2979 (s), 2886 (m), 2240 (s, nCN), 1739
(s, nCO), 1468 (m), 1374 (m), 1347 (m), 1312 (m), 1264
(m), 1240 (m), 1181 (s), 1156 (m), 1107 (m), 1036 (m),
951 (w), 857 (w), 754 (w). 1H NMR (CDCl3, 300 MHz, rt):
d 1.33 (t, J¼7 Hz, 3H, CH3), 2.02 (d of quintet, J¼10 Hz,
2 Hz, 1H, one of methylene (anti)), 2.36 (dt, J¼10 Hz, 2 Hz,
1H, one of methylene (syn)), 2.70 (dd, J¼10 Hz, 2 Hz, 1H,
CHCOOEt), 2.85 (dd, J¼9 Hz, 2 Hz, 1H, CHCN), 3.72 (d,
J¼7 Hz, 2H, 2 bridgehead methine protons), 4.28 (qd,
J¼7 Hz, 4 Hz, 2H, OCH2), 7.11–7.27 (m, 4H, aromatics);
13C{1H} NMR (CDCl3, 75 MHz, rt): d 14.1 (CH3), 34.9
(CHCN), 46.5 (bridgehead carbon (CN side)), 47.1 (CH2),
48.8 (bridgehead carbon (COOEt side)+CHCOOEt), 61.6
(OCH2), 119.7 (CN), 121.2, 121.7, 126.7, 127.3, 144.4,
146.0, 171.5 (CO). MS (El, m/z (relative intensity)): 241
(M+, 4), 196 (2), 167 (6), 141 (7), 126 (5), 116 (100), 98
(10), 89 (3), 80 (5), 63 (4), 51 (3). Anal. Calcd for
C15H15NO2: C, 74.67; H, 6.27; N, 5.80%. Found: C, 74.48;
H, 6.24; N, 5.63%.

4.4.8. (2R*,3S*)-Methyl 1,2,3,4-tetrahydro-3-cyano-1,4-
methanonaphthalene-2-carboxylate (5b). A colorless liq-
uid. Bp 75 �C/1.8 Torr. GC yield was 74%. Isolated yield
was 65%. IR (neat, cm�1): 3024 (m), 2956 (m), 2242 (m,
nCN), 1740 (s, nCO), 1462 (m), 1437 (m), 1352 (m), 1311
(m), 1267 (m), 1238 (m), 1201 (s), 1183 (m), 1156 (m),
1110 (m), 1038 (m), 959 (w), 849 (w), 756 (w). 1H NMR
(CDCl3, 300 MHz, rt): d 2.02 (d of quintet, J¼10 Hz, 2 Hz,
1H, one of methylene (anti)), 2.36 (dt, J¼11 Hz, 2 Hz, 1H,
one of methylene (syn)), 2.73 (dd, J¼10 Hz, 2 Hz, 1H,
CHCOOEt), 2.85 (dd, J¼10 Hz, 2 Hz, 1H, CHCN), 3.72
(d, J¼6 Hz, 2H, 2 bridgehead methine protons), 3.82 (s,
3H, OCH3), 7.11–7.27 (m, 4H, aromatics); 13C{1H} NMR
(CDCl3, 75 MHz, rt): d 34.9 (CHCN), 46.3 (bridgehead car-
bon (CN side)), 47.2 (CH2), 48.9 (CHCOOMe), 49.1 (bridge-
head carbon (COOMe side)), 52.5 (OCH3), 119.8 (CN),
121.3, 121.8, 126.9, 127.5, 144.5, 146.0, 172.0 (CO). MS
(El, m/z (relative intensity)): 227 (M+, 5), 196 (2), 167 (5),
141 (6), 128 (3), 116 (100), 102 (1), 89 (3), 80 (5), 63 (4),
51 (3). Anal. Calcd for C14H13NO2: C, 73.99; H, 5.77; N,
6.16%. Found: C, 73.74; H, 5.71; N, 6.02%.

4.4.9. (2R*,3S*)-n-Propyl 1,2,3,4-tetrahydro-3-cyano-
1,4-methanonaphthalene-2-carboxylate (5c). A colorless
oil. Rf¼0.72 (hexane/ethyl acetate¼7/3). GC yield was
83%. Isolated yield was 76%. IR (neat, cm�1): 2970 (s),
2882 (s), 2238 (m, nCN), 1733 (s, nCO), 1470 (m), 1393
(m), 1352 (m), 1308 (s), 1265 (m), 1237 (m), 1194 (m),
1185 (m), 1109 (s). 1H NMR (CDCl3, 300 MHz, rt): d 0.97
(td, J¼8 Hz, 1 Hz, 3H, CH2CH2CH3), 1.72 (td, J¼8 Hz,
1 Hz, 2H, CH2CH2CH3), 2.01 (dd, 1H, one of methylene
(anti)), 2.36 (dd, J¼10 Hz, 2 Hz, 1H, one of methylene
(syn)), 2.70 (d, J¼10 Hz, 1H, CHCOOnPr), 2.85 (d,
J¼10 Hz, 1H, CHCN), 3.72 (d, J¼8 Hz, 2H, 2 bridgehead
methine protons), 4.17 (t, J¼8 Hz, 2H, OCH2), 7.10–7.26
(m, 4H, aromatics); 13C{1H} NMR (CDCl3, 75 MHz, rt):
d 10.4 (CH2CH2CH3), 21.8 (CH2CH2CH3), 34.9 (CHCN),
46.3 (bridgehead carbon (CN side)), 47.2 (CH2), 48.9
(bridgehead carbon (COOnPr side), 49.0 (CHCOOnPr),
67.2 (OCH2), 119.8 (CN), 121.3, 121.8, 126.8, 127.4,
144.5, 146.1, 171.6 (CO). MS (El, m/z (relative intensity)):
255 (M+, 5), 196 (3), 168 (8), 153 (2), 141 (8), 128 (4), 116
(100), 98 (14), 89 (2), 80 (3), 65 (2). Anal. Calcd for
C16H17NO2: C, 75.27; H, 6.71; N, 5.49%. Found: C, 75.32;
H, 6.67; N, 5.21%.

4.4.10. (2R*,3S*)-iso-Propyl 1,2,3,4-tetrahydro-3-cyano-
1,4-methanonaphthalene-2-carboxylate (5d). White solid.
Rf¼0.71 (hexane/ethyl acetate¼7/3). Mp 90–91 �C. GC
yield was 83%. Isolated yield was 68%. IR (KBr, cm�1):
2986 (m), 2977 (m), 2239 (s, nCN), 1724 (s, nCO), 1473
(m), 1461 (s), 1366 (m), 1304 (s), 1237 (m), 1202 (m),
1104 (s), 1020 (m). 1H NMR (CDCl3, 300 MHz, rt): d 1.30
(d, J¼6 Hz, 3H, CH3), 1.34 (d, J¼6 Hz, 3H, CH3), 2.01
(dd, J¼10 Hz, 2 Hz, 1H, one of methylene (anti)), 2.35
(dd, J¼10 Hz, 2 Hz, 1H, one of methylene (syn)), 2.64 (dd,
J¼10 Hz, 2 Hz, 1H, CHCOOiPr), 2.84 (dd, J¼10 Hz, 2 Hz,
1H, CHCN), 3.71 (d, J¼10 Hz, 2H, 2 bridgehead methine
protons), 5.15 (sep, J¼6 Hz, 1H, OCH), 7.10–7.26 (m, 4H,
aromatics); 13C{1H} NMR (CDCl3, 75 MHz, rt): d 21.7
(CH3), 21.9 (CH3), 34.9 (CHCN), 46.4 (bridgehead carbon
(CN side)), 47.2 (CH2), 48.8 (bridgehead carbon (COOiPr
side)), 49.0 (CHCOOiPr), 69.4 (OCH), 119.8 (CN), 121.2,
121.8, 126.8, 127.4, 144.5, 146.2, 171.1 (CO). MS (El, m/z
(relative intensity)): 255 (M+, 6), 213 (2), 196 (6), 168 (14),
153 (2), 140 (10), 128 (5), 116 (100), 98 (17), 89 (3), 80
(3), 63 (2). Anal. Calcd for C16H17NO2: C, 75.27; H, 6.71;
N, 5.49%. Found: C, 75.00; H, 6.73; N, 5.23%.
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4.4.11. (2R*,3S*)-n-Butyl 1,2,3,4-tetrahydro-3-cyano-
1,4-methanonaphthalene-2-carboxylate (5e). A colorless
oil. Rf¼0.71 (hexane/ethyl acetate¼7/3). GC yield was
87%. Isolated yield was 79%. IR (neat, cm�1): 2960 (s),
2936 (m), 2874 (s), 2238 (m, nCN), 1733 (s, nCO), 1470
(m), 1462 (m), 1390 (s), 1308 (s), 1265 (m), 1238
(m), 1194 (m), 1185 (m), 1109 (s), 1063 (m). 1H NMR
(CDCl3, 300 MHz, rt): d 0.94 (t, J¼8 Hz, 3H, CH3), 1.41
(sex, J¼8 Hz, 2H, CH2CH3), 1.67 (sex, J¼8 Hz, 2H,
CH2CH2CH3), 2.02 (dt, J¼10 Hz, 2 Hz, 1H, one of methyl-
ene (anti)), 2.36 (dt, J¼10 Hz, 1 Hz, 1H, one of methylene
(syn)), 2.71 (d, J¼10 Hz, 1H, CHCOOnBu), 2.85 (d,
J¼10 Hz, 1H, CHCN), 3.72 (d, J¼10 Hz, 2H, 2 bridgehead
methine protons), 4.22 (t, J¼8 Hz, 2H, OCH2), 7.10–7.26
(m, 4H, aromatics); 13C{1H} NMR (CDCl3, 75 MHz,
rt): d 13.7 (CH3), 19.1 (CH2CH3), 30.5 (CH2CH2CH3),
34.9 (CHCN), 46.3 (bridgehead carbon (CN side)), 47.2
(CH2), 48.9 (bridgehead carbon (COOnBu side)), 49.0
(CHCOOnBu), 65.6 (OCH2), 119.8 (CN), 121.3, 121.8,
126.8, 127.4, 144.5, 146.1, 171.6 (CO). MS (El, m/z (relative
intensity)): 269 (M+, 5), 213 (1), 196 (2), 168 (7), 154 (3), 141
(8), 128 (4), 116 (100), 98 (16), 89 (2), 80 (3), 63 (2). Anal.
Calcd for C17H19NO2: C, 75.81; H, 7.11; N, 5.20%. Found:
C, 75.51; H, 7.10; N, 5.07%.

4.4.12. (2R*,3S*)-Benzyl 1,2,3,4-tetrahydro-3-cyano-1,4-
methanonaphthalene-2-carboxylate (5g). White solid.
Rf¼0.67 (hexane/ethyl acetate¼7/3). Mp 102–103 �C. Iso-
lated yield was 22%. IR (KBr, cm�1): 2966 (s), 2950 (m),
2891 (s), 2238 (m, nCN), 1729 (s, nCO), 1454 (m), 1344
(m), 1307 (s), 1265 (m), 1238 (m), 1196 (m), 1187 (m),
1110 (s). 1H NMR (CDCl3, 300 MHz, rt): d 2.03 (dt,
J¼10 Hz, 2 Hz, 1H, one of methylene (anti)), 2.39 (dt,
J¼10 Hz, 2 Hz, 1H, one of methylene (syn)), 2.76 (d, J¼
10 Hz, 1H, CHCOOBn), 2.86 (d, J¼10 Hz, 1H, CHCN),
3.74 (d, J¼6 Hz, 2H, 2 bridgehead methine protons), 5.24
(q, J¼12 Hz, 2H, OCH2), 7.12–7.44 (m, 9H, aromatics);
13C{1H} NMR (CDCl3, 75 MHz, rt): d 34.9 (CHCN), 46.3
(bridgehead carbon (CN side)), 47.2 (bridgehead carbon
(COOBn side)), 48.9 (CHCOOBn), 49.1 (CH2), 67.6
(OCH2), 119.9 (CN), 121.3, 121.8, 126.8, 127.4, 128.5,
128.6, 128.8, 144.4, 145.9, 171.4 (CO). MS (El, m/z (relative
intensity)): 303 (M+, 5), 258 (2), 206 (2), 188 (27), 168 (6),
153 (2), 141 (8), 128 (5), 116 (69), 91 (100), 77 (4), 65 (9).
Anal. Calcd for C20H17NO2: C, 79.19; H, 5.65; N, 4.62%.
Found: C, 78.95; H, 5.65; N, 4.68%.

4.4.13. (2R*,3S*)-Ethyl 3-cyanobicyclo[2.2.1]hept-5-ene-
2-carboxylate (7a). A colorless liquid. Bp 135 �C/1.9 Torr.
GC yield was 97%. Isolated yield was 78%. IR (neat,
cm�1): 2986 (m), 2240 (m, nCN), 1736 (s, nCO), 1460 (m),
1373 (m), 1344 (m), 1265 (m), 1243 (m), 1189 (s), 1160
(m), 1112 (m), 1038 (m), 907 (w), 822 (w), 772 (w). 1H
NMR (CDCl3, 300 MHz, rt): d 1.31 (t, J¼7 Hz, 3H, CH3),
1.66 (dt, J¼10 Hz, 2 Hz, 1H, one of methylene (anti)), 2.00
(d, J¼10 Hz, 1H, one of methylene (syn)), 2.57 (dd,
J¼9 Hz, 2 Hz, 1H, CHCOOEt), 2.68 (dd, J¼9 Hz, 2 Hz,
1H, CHCN), 3.20 (br s, 1H, bridgehead methine proton
(CN side)), 3.26 (br s, 1H, bridgehead methine proton
(COOEt side)), 4.24 (m, 2H, OCH2), 6.15 (dd, J¼6 Hz,
3 Hz, 1H, ]CH), 6.24 (dd, J¼6 Hz, 3 Hz, 1H, ]CH);
13C{1H} NMR (CDCl3, 75 MHz, rt): d 14.3 (CH3), 33.1
(CHCN), 45.0 (bridgehead carbon (CN side)), 46.5 (CH2),
47.0 (CHCOOEt), 47.6 (bridgehead carbon (COOEt side)),
61.6 (OCH2), 120.2 (CN), 135.9 (]CH), 138.4 (]CH),
171.8 (CO). MS (El, m/z (relative intensity)): 191 (M+, 1),
146 (5), 126 (2), 118 (5), 98 (4), 90 (2), 80 (8), 66 (100), 52
(3). Anal. Calcd for C11H13NO2: C, 69.09; H, 6.85; N,
7.32%. Found: C, 69.07; H, 6.74; N, 7.13%.

4.4.14. (2R*,3S*)-Methyl 3-cyanobicyclo[2.2.1]hept-5-
ene-2-carboxylate (7b). A colorless oil. Bp 115–120 �C/
2.8 Torr. GC yield was 80%. Isolated yield was 76%. 1H
NMR (CDCl3, 300 MHz, rt): d 1.59 (d, J¼10 Hz, 1H, one
of methylene (anti)), 1.92 (d, J¼10 Hz, 1H, one of methyl-
ene (syn)), 2.54 (dd, J¼9 Hz, 2 Hz, 1H, CHCOOMe), 2.63
(dd, J¼9 Hz, 2 Hz, 1H, CHCN), 3.12 (br s, 1H, bridgehead
methine proton (CN side)), 3.18 (br s, 1H, bridgehead
methane proton (CHCOOMe side)), 3.70 (s, 3H, CH3),
6.10 (dd, J¼5 Hz, 3 Hz, 1H, ]CH), 6.18 (dd, J¼5 Hz,
3 Hz, 1H, ]CH); 13C{1H} NMR (CDCl3, 75 MHz, rt):
d 32.6 (CHCN), 44.7 (bridgehead carbon (CN side)), 46.0
(CH2), 46.8 (CHCOOMe), 47.3 (bridgehead carbon
(COOMe side)), 52.1 (OCH3), 120.1 (CN), 135.8 (]CH),
138.1 (]CH), 172.2 (CO). MS (El, m/z (relative intensity)):
177 (M+, 2), 146 (8), 118 (7), 112 (4), 91 (8), 80 (11), 66
(100). Anal. Calcd for C10H11NO2: C, 67.78; H, 6.26; N,
7.90%. Found: C, 67.55; H, 6.22; N, 7.74%.

4.4.15. (2R*,3S*)-n-Propyl 3-cyanobicyclo[2.2.1]hept-5-
ene-2-carboxylate (7c). A colorless oil. Bp 130–140 �C/
3.0 Torr. GC yield was 89%. Isolated yield was 76% yield.
1H NMR (CDCl3, 300 MHz, rt): d 0.96 (t, J¼7 Hz, 3H,
CH2CH2CH3), 1.66 (d, 1H, J¼7 Hz, one of methylene
(anti)), 1.72 (t, J¼7 Hz, 2H, CH2CH2CH3), 2.02 (d,
J¼9 Hz, 1H, one of methylene (syn)), 2.58 (dd, J¼9 Hz,
2 Hz, 1H, CHCOOnPr), 2.68 (dd, J¼9 Hz, 2 Hz, 1H,
CHCN), 3.19 (br s, 1H, bridgehead methine proton (CN
side)), 3.26 (br s, 1H, bridgehead methane proton
(CHCOOnPr side)), 4.14 (t, J¼7 Hz, 2H, OCH2), 6.15 (dd,
J¼6 Hz, 3 Hz, 1H, ]CH), 6.25 (dd, J¼6 Hz, 3 Hz, 1H,
]CH); 13C{1H} NMR (CDCl3, 75 MHz, rt): d 10.4
(CH2CH2CH3), 21.8 (CH2CH2CH3), 33.0 (CHCN), 45.0
(bridgehead carbon (CN side)), 46.4 (CH2), 47.1
(CHCOOnPr), 47.6 (bridgehead carbon (COOnPr side)),
67.1 (CH2CH2CH3), 120.3 (CN), 136.0 (]CH), 138.5
(]CH), 172.1 (CO). MS (El, m/z (relative intensity)): 205
(M+, 1), 163 (2), 146 (10), 118 (13), 98 (9), 91 (7), 80 (11),
66 (100). Anal. Calcd for C12H15NO2: C, 70.22; H, 7.37;
N, 6.82%. Found: C, 70.09; H, 7.45; N, 6.69%.

4.4.16. (2R*,3S*)-iso-Propyl 3-cyanobicyclo[2.2.1]hept-
5-ene-2-carboxylate (7d). A colorless oil. Bp 130–140 �C/
2.5 Torr. GC yield was 77%. Isolated yield was 62%. 1H
NMR (CDCl3, 300 MHz, rt): d 1.28 (d, J¼11 Hz, 1H,
CHCH3CH3), 1.30 (d, J¼11 Hz, 1H, CHCH3CH3), 1.64 (d,
1H, J¼9 Hz, one of methylene (anti)), 2.00 (d, J¼9 Hz,
one of methylene (syn)), 2.51 (dd, J¼9 Hz, 2 Hz, 1H,
CHCOOiPr), 2.66 (dd, J¼9 Hz, 2 Hz, 1H, CHCN), 3.18 (br
s, 1H, bridgehead methine proton (CN side)), 3.25 (br s,
1H, bridgehead methane proton (CHCOOiPr side)), 5.11 (t,
J¼7 Hz, sept, 1H, CHCH3CH3), 6.14 (dd, J¼6 Hz, 3 Hz,
1H, ]CH), 6.24 (dd, J¼6 Hz, 3 Hz, 1H, ]CH); 13C{1H}
NMR (CDCl3, 75 MHz, rt): d 21.7 (one of CHCH3CH3),
21.8 (one of CHCH3CH3), 32.8 (CHCN), 44.9 (bridgehead
carbon (CN side)), 46.3 (CH2), 46.7 (CHCOOiPr), 47.5
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(bridgehead carbon (COOiPr side)), 69.0 (CHCH3CH3),
120.1 (CN), 135.9 (]CH), 138.4 (]CH), 171.4 (CO).
Anal. Calcd for C12H15NO2: C, 70.22; H, 7.37; N, 6.82%.
Found: C, 70.20; H, 7.40; N, 6.85%.

4.4.17. (2R*,3S*)-n-Butyl 3-cyanobicyclo[2.2.1]hept-5-
ene-2-carboxylate (7e). A colorless oil. Bp 135–150 �C/
3.3 Torr. GC yield was 86%. Isolated yield was 74%.
1H NMR (CDCl3, 300 MHz, rt): d 0.92 (t, J¼7 Hz, 3H,
CH2CH2CH2CH3), 1.39 (sex, 2H, J¼7 Hz, CH2CH2CH2CH3),
1.60–1.70 (m, 3H, CH2CH2CH2CH3+one of methylene
(anti)), 2.02 (d, J¼9 Hz, 1H, one of methylene (syn)), 2.57
(dd, J¼10 Hz, 2 Hz, 1H, CHCOOnBu), 2.67 (dd, J¼9 Hz,
2 Hz, 1H, CHCN), 3.18 (br s, 1H, bridgehead methine proton
(CN side)), 3.24 (br s, 1H, bridgehead methane proton
(CHCOOnBu side)), 4.17 (t, J¼7 Hz, 2H, CH2CH2CH2CH3),
6.14 (dd, J¼6 Hz, 3 Hz, 1H, ]CH), 6.23 (dd, J¼6 Hz, 3 Hz,
1H, ]CH); 13C{1H} NMR (CDCl3, 75 MHz, rt): d 13.3
(CH2CH2CH2CH3), 18.8 (CH2CH2CH2CH3), 30.1
(CH2CH2CH2CH3), 32.6 (CHCN), 44.7 (bridgehead carbon
(CN side)), 46.0 (CH2), 46.7 (CHCOOnBu), 47.2 (bridge-
head carbon (COOnBu side)), 64.9 (CH2CH2CH2CH3),
120.0 (CN), 135.7 (]CH), 138.1 (]CH), 171.7 (CO). MS
(El, m/z (relative intensity)): 219 (M+, 1), 163 (4), 146 (5),
118 (13), 98 (9), 91 (6), 80 (10), 66 (100). Anal. Calcd for
C13H17NO2: C, 71.21; H, 7.81; N, 6.39%. Found: C, 71.20;
H, 7.88; N, 6.36%.

4.4.18. (2R*,3S*)-tert-Butyl 3-cyanobicyclo[2.2.1]hept-5-
ene-2-carboxylate (7f). White solid. Mp 47–48 �C. GC
yield was 13%. Isolated yield was 12%. 1H NMR (CDCl3,
300 MHz, rt): d 1.50 (s, 9H, CH3), 1.63 (dt, J¼10 Hz,
2 Hz, 1H, one of methylene (anti)), 1.97 (d, J¼10 Hz, 1H,
one of methylene (syn)), 2.45 (dd, J¼10 Hz, 2 Hz, 1H,
CHCOOtBu), 2.64 (dd, J¼10 Hz, 2 Hz, 1H, CHCN), 3.15
(br s, 1H, bridgehead methine proton (CN side)), 3.23 (br
s, 1H, bridgehead methane proton (CHCOOtBu side)),
6.13 (dd, J¼6 Hz, 3 Hz, 1H, ]CH), 6.23 (dd, J¼6 Hz,
3 Hz, 1H, ]CH); 13C{1H} NMR (CDCl3, 75 MHz, rt):
d 28.0 (Me), 32.8 (CHCN), 45.0 (bridgehead carbon (CN
side)), 46.4 (CH2), 47.3 (CHCOOtBu), 47.6 (bridgehead
carbon (COOtBu side)), 82.1 (C(CH3)3), 120.4 (CN),
135.9 (]CH), 138.6 (]CH), 171.0 (CO). MS (El, m/z (rel-
ative intensity)): 219 (M+, 1), 205 (4), 163 (22), 146 (62),
118 (38), 104 (5), 98 (5), 91 (12), 80 (31), 66 (100). Anal.
Calcd for C13H17NO2: C, 71.21; H, 7.81; N, 6.39%. Found:
C, 71.04; H, 7.80; N, 6.18%.

4.4.19. (2R*,3S*)-Benzyl 3-cyanobicyclo[2.2.1]hept-5-
ene-2-carboxylate (7g). White solid. Mp 81–82 �C. GC
yield was 84%. Isolated yield was 63%. 1H NMR (CDCl3,
300 MHz, rt): d 1.69 (dquin, 1H, J¼10 Hz, 2 Hz, one of
methylene (anti)), 2.05 (dt, J¼10 Hz, 2 Hz, one of methyl-
ene (syn)), 2.63 (dd, J¼10 Hz, 2 Hz, 1H, CHCOOMe),
2.69 (dd, J¼10 Hz, 2 Hz, 1H, CHCN), 3.23 (br s, 1H, bridge-
head methine proton (CN side)), 3.28 (br s, 1H, bridgehead
methane proton (CHCOOMe side)), 5.15 (d, J¼12 Hz, 1H,
one of CH2Ph), 5.27 (d, J¼12 Hz, 1H, one of CH2Ph),
6.16 (dd, J¼6 Hz, 3 Hz, 1H, ]CH), 6.24 (dd, J¼6 Hz,
3 Hz, 1H, ]CH), 7.34–7.44 (m, 5H, C6H5); 13C{1H}
NMR (CDCl3, 75 MHz, rt): d 33.0 (CHCN), 45.0 (bridge-
head carbon (CN side)), 46.4 (CH2), 47.1 (CHCOOEt),
47.6 (bridgehead carbon (COOEt side)), 67.5 (CH2Ph),
120.3 (CN), 128.4, 128.6, 128.8, 135.3, 136.1 (]CH),
138.4 (]CH), 171.9 (CO). MS (El, m/z (relative intensity)):
253 (M+, 8), 209 (2), 187 (4), 146 (3), 118 (5), 107 (14), 91
(100), 80 (6), 77 (7), 66 (39). Anal. Calcd for C16H15NO2: C,
75.87; H, 5.97; N, 5.53%. Found: C, 75.91; H, 5.92; N,
5.52%.

4.5. Reaction of norbornadiene (6) with phenyl cyano-
formate (1h) in the presence of a catalytic amount of
Pd(PPh3)4

To a solution of Pd(PPh3)4 (23 mg, 0.02 mmol, 10 mol %) in
toluene (2 mL), were added phenyl cyanoformate (1h)
(29.2 mg, 0.2 mmol) and norbornadiene (6) (21 mL,
0.2 mmol) at room temperature. The reaction mixture was
stirred for 24 h at 110 �C. GC yield was calculated using
commercially available 819 as an authentic sample to be quan-
titatively, based on Pd. 1H NMR (CDCl3, 300 MHz, rt):
d 7.25–7.32 (m, 3H, aromatic), 7.39–7.46 (m, 1H, aromatic).

4.5.1. Preparation of trans-Pd(PPh3)2(CN)(CO2Et) (9a).
To a toluene (20 mL) suspension of Pd(PPh3)4 (693 mg,
0.60 mmol) was added ethyl cyanoformate (142 mL,
1.44 mmol). The reaction mixture was stirred at room tem-
perature. The initially pale yellow suspension became white
suspension after 48 h. The solvents were evaporated under
vacuum. The resulting off-white solid was washed with
hexane (20 mL) two times. The product was extracted with
dichloromethane (10 mL). Removal of the solvent from the
extracts gave 9a (430 mg, 0.59 mmol, 98%). Recrystalliza-
tion from dichloromethane/hexane afforded colorless nee-
dles (308 mg, 0.42 mmol, 70%). Mp 131–132 �C (dec). IR
(KBr, cm�1): 2126 (w, nCN), 1638 (s, nCO). 1H NMR
(CD2Cl2, 300 MHz, rt): d 0.52 (t, J¼7 Hz, 3H, CH3), 2.73
(q, J¼7 Hz, 2H, CH2), 7.38–7.51 (m, 18H, Ph), 7.66–7.78
(m, 12H, Ph); 13C{1H} NMR (CD2Cl2, 75 MHz, rt): d 13.2
(s, CH3), 59.6 (s, OCH2), 127.8 (t, J¼5 Hz, ortho-PPh3),
130.1 (s, para-PPh3), 131.0 (t, J¼24 Hz, ipso-PPh3), 133.8
(t, J¼7 Hz, meta-PPh3), 137.2 (t, J¼20 Hz, Pd–CN), 192.6
(t, J¼3 Hz, Pd–CO); 31P{1H} NMR (CD2Cl2, 121 MHz,
rt): d 21.6 (s). Anal. Calcd for C40H35NO2P2Pd: C, 65.81;
H, 4.83; N, 1.92%. Found: C, 65.78; H, 4.75; N, 1.88%.

4.5.2. Preparation of trans-Pd(PPh3)2(CN)(CO2Me) (9b).
To a toluene (20 mL) suspension of Pd(PPh3)4 (693 mg,
0.60 mmol) was added methyl cyanoformate (114 mL,
1.44 mmol). The reaction mixture was stirred at room tem-
perature. The initially pale yellow suspension became white
suspension after 24 h. The solvents were evaporated under
vacuum. The resulting off-white solid was washed with hex-
ane (20 mL) two times. The product was extracted with
dichloromethane (10 mL). Removal of the solvent from
the extracts gave the titled compound (416 mg, 0.58 mmol,
97%). Recrystallization from dichloromethane/hexane af-
forded colorless crystals of 9b (364 mg, 0.51 mmol, 84%).
Mp 163–164 �C (dec). IR (KBr, cm�1): 2124 (w, nCN),
1663 (s, nCO). 1H NMR (CD2Cl2, 300 MHz, rt): d 2.44 (s,
3H, OCH3), 7.39–7.55 (m, 18H, Ph), 7.67–7.79 (m, 12H,
Ph); 13C{1H} NMR (CD2Cl2, 75 MHz, rt): d 50.0 (s,
OCH3), 127.8 (t, J¼5 Hz, ortho-PPh3), 130.2 (s, para-
PPh3), 130.9 (t, J¼24 Hz, ipso-PPh3), 133.8 (t, J¼7 Hz,
meta-PPh3), 136.8 (t, J¼20 Hz, Pd–CN), 192.9 (t, J¼2 Hz,
Pd–CO); 31P{1H} NMR (CD2Cl2, 121 MHz, rt): d 21.8 (s).
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Anal. Calcd for C39H33NO2P2Pd: C, 65.42; H, 4.65; N,
1.96%. Found: C, 65.46; H, 4.61; N, 1.84%.

4.5.3. Reaction of 1a with 2 in the presence of a catalytic
amount of 9a. To a solution of 9a (15 mg, 0.02 mmol,
10 mol %) in toluene (2 mL), were added 1a (20 mL,
0.2 mmol) and norbornadiene (6) (19 mg, 0.2 mmol), and
dodecane (46 mL, 0.2 mmol) as an internal standard. The
reaction mixture was heated at 110 �C for 24 h to afford 7a
in 85% GC yield.

4.6. X-ray crystallography

Single crystals of 5b were obtained by recrystallization from
chloroform and crystals of 7g were obtained by recrystalliza-
tion from CH2Cl2–hexane. Single crystals were mounted on
glass fibers. All the measurements were made on a Rigaku
AFC7S diffractometer with graphite-monochromated Cu
Ka radiation (l¼1.54178 Å). The unit cells were determined
and refined by a least-square method using the setting angles
of 25 carefully centered reflections in the range 50.3<
2q<57.7� for 5b and 50.2<2q<59.1� for 7g. The data were
collected at room temperature using the u�2q scan tech-
nique to a maximum 2q value of 140�. The structures were
solved by direct methods (SIR92) and expanded using Four-
ier techniques (DIRDIF99). The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were refined iso-
tropically. Crystal structure analysis of 5b: C14H13NO2,
FW¼227.26, colorless, prismatic, 0.40�0.40�0.30 mm.
Monoclinic, space group C2/c (no. 15). Cell parameters:
a¼22.208(2) Å, b¼11.1961(9) Å, c¼10.5569(5) Å, b¼
111.354(6)�, V¼2444.6(3) Å3; Z¼8, Dcalcd¼1.235 g cm�3,
R1¼0.060 (I>2s(I)), wR2¼0.176 (all reflections). Crystal
structure analysis of 7g: C16H15NO2, FW¼253.30, colorless,
prismatic, 0.40�0.40�0.20 mm. Orthorhombic, space group
P212121 (no. 19). Cell parameters: a¼10.4215(11) Å,
b¼14.858(2) Å, c¼8.7585(9) Å, V¼1356.2(3) Å3; Z¼4,
Dcalcd¼1.240 g cm�3, R1¼0.057 (I>2s(I)), wR2¼0.165
(all reflections). CCDC-611071 (5b) and CCDC-611072
(7g) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.
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Abstract—In contrast to peptide-based imidazolidin-4-ones, those synthesized from N-(a-aminoacyl) derivatives of the antimalarial drug,
primaquine and ketones are unexpectedly stable in pH 7.4 at 37 �C. The kinetics of hydrolysis of primaquine-based imidazolidin-4-ones
were investigated in the pH range 0.3–13.5 at 60 �C. The hydrolysis to the parent a-aminoacylprimaquine is characterized by sigmoidal-
shaped pH–rate profiles, reflecting the spontaneous decomposition of both unionized and protonated (at N-1) forms of the imidazolidin-4-
one. The kinetically determined pKa values are ca. 3.6–4.0, i.e., 4 pKa units lower than those of amino acid amides, thus implying that
hydrolysis of imidazolidin-4-ones at pH 7.4 involves the unionized form. Reactivity of this form decreases with the steric crowding of the
amino acid a-substituent. In contrast, the rate constant for the spontaneous decomposition of the unionized form increases sharply for
imidazolidin-4-ones derived from cyclic ketones, an observation that can be explained by the I-strain (internal strain) effect. These results
are consistent with a mechanism of hydrolysis involving an SN1-type unimolecular cleavage of the imidazolidin-4-one C2–N3 bond with
departure of an amide-leaving group. The mechanism for the decomposition of the protonated imidazolidin-4-one is likely to involve an
amide-carbonyl oxygen protonated species, followed by the C2–N3 bond scission, as supported by computational studies. The results herein
presented suggest that imidazolidin-4-ones derived from simple N-alkyl a-aminoamides are too stable and therefore, may be useful as slow
drug release prodrugs.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Compounds containing an a-aminoamide moiety, such as
peptides with a free N-terminal amino group, react with al-
dehydes and ketones to yield imidazolidin-4-ones, 1, as de-
picted in Scheme 1.1–4 In aqueous solutions, compounds 1
revert back to the parent a-aminoamide (peptide) and alde-
hyde or ketone at a rate that is dependent on pH, on the struc-
ture of the a-aminoamide substituents (R1 and R4), and on
the structure of the carbonyl component (R2 and R3).4,5 In
contrast to peptides, the hydrolysis of imidazolidin-4-ones
1 is not subjected to enzyme catalysis and thus imidazoli-
din-4-ones have been suggested as potentially useful pro-
drugs to protect the N-terminal amino acid residue of
peptides against aminopeptidase-catalyzed hydrolysis.6–8

Keywords: Imidazolidin-4-ones; Prodrugs; Primaquine; Kinetics; Substitu-
ent effects; Mechanism of hydrolysis.
* Corresponding author. Tel.: +351 217946477; fax: +351 217946470;

e-mail: rmoreira@ff.ul.pt
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.026
Peptide imidazolidin-4-one derivatives, 1, are readily hydro-
lyzed to the parent peptide in pH 7.4 buffer at 37 �C, usually
with half lives ranging from 1 to 30 h (Scheme 1).5–8 When
compared with the parent peptides several imidazolidin-4-
one prodrugs of Met-enkephalin and Leu-enkephalin, e.g.,
2, display improved stability in human plasma, rabbit liver
homogenate, and toward aminopeptidase.7 This prodrug
strategy has been extended to improve the bioavailability
of ampicillin, a b-lactam antibiotic that also contains a
a-aminoamide backbone; 2,4 the corresponding imidazolidin-
4-one, hetacillin (3), is rapidly hydrolyzed to ampicillin in
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aqueous solutions 4 and in vivo.9 More recently, the imidazo-
lidin-4-one approach has been proposed to develop oil-in-
jectable depots for the a-aminoanilide anesthetic agent
prilocaine.10

We have recently synthesized the imidazolidin-4-ones 4 as
potential pro-prodrugs of the antimalarial primaquine, 5
(PQ).11,12 Compounds 4 were designed with the aim of re-
ducing the metabolic inactivation pathway of primaquine
that involves oxidative deamination at the primary amino
group,13–16 as well as to reduce the blood toxicity induced
by primaquine, particularly its ability to induce oxidation
of oxyhemoglobin to methemoglobin.17 The proposed
activation pathway of imidazolin-4-ones 4 implies the spon-
taneous hydrolysis to the corresponding amino acid deriva-
tives 6, which in turn can be enzymatically hydrolyzed to
the parent drug by parasitic aminopeptidases. In order to cir-
cumvent hydrolysis by the GI tract peptidases, the imidazo-
lidin-4-one pro-prodrug should hydrolyze at a rate that
allows quantitative formation of 6 after oral absorption.
Quite surprisingly, our initial studies showed that prima-
quine derived imidazolidin-4-ones 4 are reasonably stable
compounds, hydrolyzing to the corresponding amino acid
derivatives, 6, in pH 7.4 buffer at 37 �C with half lives rang-
ing from 9 to 30 days,11,12 i.e., 50–100 times slower than
most of the imidazolidin-4-one counterparts derived from
di- and higher peptides. We were surprised by these large
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differences in reactivity, as previous authors had suggested
that substituents at the N-3 nitrogen atom in dipeptide and
tripeptide imidazolidin-4-ones exert a small effect on hydro-
lysis rates.7 Obviously, understanding the reason for such
large differences in reactivity is fundamental to being able
to extend the imidazolidin-4-one prodrug approach to a-
aminoamides other than peptides. In this context, we now
present a kinetic study of hydrolysis of imidazolidin-4-
ones 4 undertaken to elucidate the structural factors that
affect their reactivity and to assess the usefulness of this pro-
drug type to other a-aminoamide drug moieties.

2. Results and discussion

2.1. Kinetics and products of hydrolysis

As revealed by HPLC analysis, all compounds 4 hydrolyze
quantitatively at 60 �C to the corresponding amino acid de-
rivative 6 with first-order kinetics up to 4 half lives, over the
pH range 0.5–12. For the imidazolidin-4-one 4b it was also
possible to observe the hydrolysis of the corresponding ami-
no acid derivative 6 to primaquine at pH>10. An example of
product analysis is presented in Figure 1A for the hydrolysis
of compound 4b in pH 13.7, where the solid lines represent
the best computer fit to the experimental data of the consec-
utive first-order reactions model (i.e., 4/6/5) represented
by Eqs. 1–3.18

½4� ¼ ½4�0 e�k1t ð1Þ

½6� ¼ ½4�0k1

k2� k1

�
e�k1t � e�k2t

�
ð2Þ

½5� ¼ ½4�0
k2� k1

�
k2

�
1� e�k1t

�
� k1

�
1� e�k2t

��
ð3Þ

Here [4]0 is the concentration of the imidazolidin-4-one at
time zero, and k1 and k2 are the pseudo-first-order rate con-
stants for the hydrolysis of the starting material 4 and amino
acid derivative 6, respectively (data not shown). For 6b (pri-
maquine-Phe), values of k2 so-obtained can be plotted versus
[OH�] to obtain a value of kOH� ¼ 3:6� 10�2 M�1 h�1;
this compares favorably with the value of kOH� ¼ 2:2�
10�2 M�1 h�1 determined independently for the hydrolysis
of 6b in the same pH range (pH 11–13.7).

At pH values between 2 and 11 no formation of primaquine
was observed over the time-scale for the complete hydroly-
sis of 4b. However, formation of primaquine was observed in
the hydrolysis of 4b at pH<2. The species profile for the hy-
drolysis at low pH values also fits the model for two consec-
utive first-order reactions (Fig. 1B). From the derived plot of
k2 versus [H+], a value for kHþ of 1.5�10�1 M�1 h�1 was
determined for the acid-catalyzed hydrolysis of 6b to prima-
quine, which compares favorably with the value of 2.0�10�1

M�1 h�1 determined independently for the hydrolysis of 6b
over the same pH range (pH 0.3–2.0). The higher efficiency
of the acid-catalyzed hydrolysis of 6b when compared with
the alkaline hydrolysis can be ascribed to the stronger
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electron-withdrawing ability of the protonated amino group
(pKa ca. 8.0)19 over the corresponding neutral form
(s*NH3

+¼3.76; s*NH2¼0.62)20 that increases the reactivity
of the amide-carbonyl carbon atom toward nucleophiles.

The rates of hydrolyses of imidazolidin-4-ones 4 at a fixed
pH value were found to be independent of buffer concentra-
tion over a 10-fold buffer concentration range, indicating the
absence of general acid or base catalysis (Table 1). The in-
fluence of pH on the rate of hydrolysis of compounds 4 is
shown in Figure 2, where the logarithm of the observed
pseudo-first-order rate constant, k1, is plotted against pH.
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Figure 1. Time profile for the hydrolysis at 60 �C of 4b (-) into PhePQ
(C) and PQ (B) in (A) 0.1 M NaOH and (B) 0.5 M HCl solutions.

Table 1. First-order rate constants for the hydrolysis of 4b in acetate and
phosphate buffers at 60 �C, with ionic strength maintained at 0.5 mol dm�3

by addition of NaClO4

Buffer [Buffer]/mol dm�3 pH 102kobs/h
�1

CH3CO2H 0.005 3.99 2.01
0.01 3.99 1.53
0.05 3.98 1.66

H2PO4
� 0.002 6.01 1.75

0.005 6.05 1.65
0.01 5.95 1.72
All pH–rate profiles have a sigmoid shape, with two pH-in-
dependent regions. Such sigmoid pH–rate profiles have been
reported for other imidazolidin-4-ones4,5 as well as for
their acyclic counterparts, N-Mannich bases,21 and can be
accounted for by assuming that both the protonated, SH+,
and the unionized, S, forms of the substrate undergo sponta-
neous hydrolysis (Scheme 2). The best computer fit (solid
line) to the experimental data for 4 in Figure 2 was achieved
using Eq. 4:

k1 ¼ kneut

Ka

Kaþ
�
Hþ
�þ kprot

�
Hþ
�

Ka þ
�
Hþ
� ð4Þ

where kneut and kprot are the apparent first-order rate con-
stants for the decomposition of neutral and protonated forms
of 4, Ka is the acid dissociation constant of the protonated 4,
and [H+]/(Ka+[H+]) and Ka/(Ka+[H+]) represent, respec-
tively, the fractions of the protonated and neutral forms of
4 present in solution. The kneut and kprot values derived either
from the pH–rate profiles or determined at pH 11 (for kneut)
and pH 0.3 (for kprot) are presented in Table 2. Also included
in Table 2 are the pKa values for compounds 4, derived from
the pH–rate profiles. The good agreement between the
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Figure 2. The pH–rate profiles for the hydrolysis of the imidazolidin-4-ones
4b (-), 4c (B), 4d (C), and 4e (,) in aqueous solutions at 60 �C; the
insert is a plot of k1 versus pH for 4e.
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calculated and experimentally determined first-order rate
constants suggests that the degradation pathway presented
in Scheme 2 and Eq. 4 adequately describes the degradation
kinetics of compounds 4. The kinetically determined pKa

values are ca. 4 units lower than those of amino acid amides
(pKa ca. 7.5–8.0). A similar observation has been reported
for imidazolidin-4-ones derived from peptides6 and other
compounds containing an a-aminoamide moiety (e.g., prilo-
caine).10

2.2. Reactivity and mechanism of hydrolysis

A possible explanation for the unexpected chemical stability
of compounds 4 at physiological pH, when compared with
their peptide counterparts, may be found in their mechanism
of hydrolysis. According to Bundgaard and Rasmussen, imi-
dazolidin-4-ones hydrolyze at physiological pH, where the
kneut pathway is dominant, via an SN1-type mechanism
that involves C2–N3 bond cleavage and departure of an
amide anion leaving group (Scheme 3).6 Thus, the observed
differences in chemical stability may be ascribed to differ-
ences in the amide anion nucleofugacity. Indeed, amides re-
sulting from the rate-limiting ring opening of 4 are much
poorer leaving groups than those from dipeptide imidazoli-
din-4-ones, as suggested by the estimated difference of 3.3
pKa units between the two amide types.22 Thus, how can
an apparently small difference in pKas dramatically affect
the reactivity? Let us assume that the pH-independent hydro-
lysis of imidazolidin-4-ones has the same susceptibility to
the leaving group effect as the acyclic N-Mannich base coun-
terparts, which hydrolyze via the same unimolecular mech-
anism.21 Since the Br€onsted blg value for this reaction is ca.

Table 2. First-order rate constants for the hydrolysis of the neutral, kneut, and
protonated, kprot, forms of the imidazolidin-4-ones 4, determined at 60 �C,
with ionic strength maintained at 0.5 mol dm�3 with addition of NaClO4,
also included are the pKa values determined from the pH–rate profile

Compound 102kneut/h
�1 102kprot/h

�1 pKa

4a 1.80 nd nd
4b 1.90 3.05 3.95
4c 1.32 1.09 3.70
4d 35.2 14.7 3.61
4e 5.02 5.61 3.98
4f 4.61 nd nd
4g 18.0; 0.160;a 1.08;b 2.55c nd nd
4h 3.62 nd nd
4i 2.46 8.34 nd
4j 1.69 nd nd
4k 265 1.27 nd

Not determined, nd.
a Reaction temperature: 37 �C.
b Reaction temperature: 45 �C.
c Reaction temperature: 50 �C.
�1 (at 37 �C), and assuming that the equation log k¼
�pKa+C holds for compounds 4, then logðk1=k2Þ ¼
pK2

a � pK1
a and it would be expected that compounds 4 hy-

drolyze ca. 103 times slower than their counterparts derived
from dipeptides. The smaller differences reported previously
at 37 �C might be attributed to the fact that the amino acid
chain affects both the amide anion leaving group ability as
well as the ability of the imidazolidin-4-one N-1 amino
nitrogen atom to expel the amide. Further support for the
unimolecular mechanism of hydrolysis of neutral imidazoli-
din-4-ones comes from the temperature dependence of kneut

for 4g (Table 2), which yielded an entropy of activation, DS#,
value of 25 J K�1 mol�1. Positive DS# values are consistent
with unimolecular mechanisms.23

Despite the limited data for the pH-independent hydrolysis
of the protonated form of imidazolidin-4-ones 4, it is inter-
esting to observe that kprot values range from 1.3�10�2 to
1.5�10�1 h�1 at 60 �C (Table 2). In contrast, imidazoli-
din-4-ones derived from peptides present kprot values rang-
ing from 8.4�10�3 to 6.6�10�2 h�1 at 37 �C.4–8,10 Thus,
the protonated form of primaquine derivatives 4 is also sig-
nificantly less reactive than the corresponding ionized form
of imidazolidin-4-ones derived from peptides. These results
are not consistent with a mechanism of decomposition in-
volving the rate-determining C2–N1 bond cleavage of the
imidazolidin-4-one with departure of protonated amine leav-
ing group, i.e., 7. If this were the case, then dipeptide imida-
zolidin-4-ones would be predicted to be less reactive than 4
at low pH as a result of electron-withdrawing effect of the C-
terminal carboxyl group (7, R¼CO2H) on N-1 nitrogen atom
nucleophilicity. An alternative mechanism might involve the
less favorable protonation of the carbonyl oxygen atom (the
pKa for the O-protonated amides is ca. �1)24, followed by
the C2–N3 bond scission, e.g., 8, as suggested for the hydro-
lysis of acyclic N-Mannich bases in the acidic region of
pH.25
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2.3. Structure and energetics

Theoretical calculations involving two models have been
used to simulate the imidazolidin-4-one ring of 4, both re-
ducing the parent primaquine (5) building block to a single
methyl group, c.f. R4 in Scheme 3; the first and smaller
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Figure 3. Optimized structures for the neutral (A), N-protonated (B), and O-protonated (C) species of the M1 model.
second resembles the imidazolidin-4-one ring of compound
4b, i.e., with R1¼CH2Ph and R2¼R3¼R4¼CH3. These two
models are termed as M1 and M2 from now on. Selected
geometrical data for the neutral, N-protonated, and O-pro-
tonated M1 compounds are shown in Figure 3, while for
M2 compounds these parameters are given as Supplemen-
tary data.

The calculations performed on these models support the
hypothesis of alternative protonation sites, since the B3LYP/
6-31G* computed enthalpic difference between the most
stable N-protonated species and the O-protonated species
is only 7.0 and 31.0 kJ mol�1 for M1 and M2 models, re-
spectively. These values are equal to the differences between
the gas-phase acidities of the N-protonated and O-protonated
compounds.

Much more interesting information is retrieved from AM1
and DFT calculations on the reaction of ring opening for
the neutral, N-protonated, and O-protonated M1 and M2
species. The energetic barriers for the opening of the imida-
zolidin-4-one ring of the neutral M1 species are depicted in
Figure 4. These barriers are consistent with a unimolecular
pathway for the hydrolysis of neutral 4, since the energetic
barrier for the alternative pathway involving participation
of a water molecule is significantly higher than that com-
puted without water. For the neutral M2 species, AM1 and
B3LYP energetic barriers are 172 and 186 kJ mol�1, respec-
tively. The transition state structures have only one imagi-
nary AM1 or B3LYP calculated frequency with values 196
or 81 cm�1, respectively. Again, as found for the neutral
M1 species, the AM1 energetic barrier is in good agreement
with that computed at the B3LYP/6-31G* level of theory.

The computed energetic barriers are much lower for the N-
protonated and O-protonated species as reported in Table 3.
For the M1 model, the B3LYP/6-31G* computed barrier for
the ring opening in the N-protonated species is 74 kJ mol�1,
while for the O-protonated species, a smaller barrier is
found, c.f., 64 kJ mol�1. The order of the energetic barriers
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Figure 4. Energy profile for the imidazolidinone ring opening reaction, with and without a water molecule, computed at the AM1 and B3LYP/6-31G* levels of
theory. The zero of energy corresponds to the reactant with or without a water molecule. Full line: AM1 in the absence of water and numbers in italic; dashed
line: B3LYP in the absence of water with numbers underlined; dotted line: B3LYP in the presence of one water molecule with numbers in normal text.
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is reversed using the AM1 approach, being 58 kJ mol�1 for
the N-protonated species and 80 kJ mol�1 for the O-proton-
ated species. Nevertheless, the small difference between the
energetic barriers of these species gives further support to
the possibility of a reaction mechanism involving an O-pro-
tonated species, as suggested previously.25 Finally, for
the M2 model AM1 calculations reveal the energetic
barriers to be 32 and 42 kJ mol�1 for the N-protonated and
O-protonated compounds, respectively, suggesting that the
reaction is faster in the case of the model resembling com-
pound 4b.

At first glance, the differences between the computed energy
barriers for either the neutral or the protonated forms of sub-
strate indicate that protonated imidazolidinones would be
markedly less stable than their neutral forms. However,
ring opening of the neutral form leads to charge separation
in the gas-phase, i.e., to the formation of a highly disfavored
zwitterionic species in the gaseous state. Solvation effects in
aqueous media probably allow this species to be much more
stabilized, thus energetically closer to the cationic species
formed from the protonated substrate, which explains our
experimental observation of kneut and kprot of similar magni-
tude for imidazolidin-4-ones 4b,c,e.

2.4. Structural effects on chemical reactivity

Inspection of the kinetic data presented in Table 2 reveals
that the pH-independent pathway rate constant predominant
at physiological pH, kneut, decreases with the increasing size
of the amino acid substituent R1. This effect is more evident
for the cyclopentanone, 4d–f, and cyclohexanone, 4g–j,
derived series than for the corresponding acetone derived se-
ries, 4a–c. Indeed a good correlation was obtained between
log kneut for the cyclohexanone, 4g–j, series and Charton’s
steric parameter, n, for the amino acid substituent R1

(Fig. 5). A good correlation, with a slope of �1.2, was
also determined for the three cyclopentanone derivatives
4d–f. The negative sign of the steric term in the correlations
indicates that steric crowding of the amino acid substituent
retards the hydrolysis reaction of the neutral substrate. Al-
though this may seem unusual for an SN1-type reaction,
for which release of steric strain on going from reactant to
the transition state usually leads to rate enhancement, it
might be ascribed to unfavorable steric interactions between
the amino acid substituent and the R2 and R3 substituents in
the iminium ion 9 (Scheme 3). Interestingly, when we ana-
lyzed the published data on dipeptide imidazolidin-4-ones

Table 3. Computed free energy differences (kJ mol�1) of TS and final
product with respect to the initial (free energy¼0) neutral, N-protonated,
and O-protonated M1 and M2 imidazolidinone models, imaginary frequen-
cies (cm�1) of the TS are also given

Compound AM1 B3LYP

TS Product Frequency TS Product Frequency

M1 neutral+H2O — — — 304 4 �629
M1 neutral 220 209 �247 219 16 �164
M1 N-protonated 58 �7 �469 74 64 �186
M1 O-protonated 80 2 �465 64 33 �117
M2 neutral 172 151 �196 186 4 �81
M2 N-protonated 32 �30 �387 79 60 �85
M2 O-protonated 42 �77 �419 — — —
(1; R2¼R3¼Me; R1¼H, Me, CH2Ph; R4¼phenylalanine;
data determined at 37 �C6), we found a reasonable correla-
tion between log kneut and Charton’s steric parameter, n,
for the amino acid substituent:

log kneut ¼�0:74n� 2:27
�
r2 ¼ 0:958; n¼ 3

�
ð5Þ

The rate data presented in Table 2 show that the nature of the
substituents at C-2 of the imidazolidin-4-one moiety, and
thus the ketone starting material, affects the reactivity of
the neutral form of the imidazolidin-4-ones 4. Interestingly,
the order of reactivity for the glycine derivatives, according
to the ketone starting material, is: cycloheptanone>
cyclopentanone>cyclohexanone>acetone, the cyclohepta-
none compound 4k being ca. 150 times more reactive
than its acetone counterpart, 4a. A similar trend has
been reported for imidazolidin-4-ones derived from enkeph-
alins, where the order of reactivity is cyclopentanone>
cyclohexanone>acetone.7

The higher reactivity of the seven- and five-membered ring
derivatives, 4d,k, when compared with the six-membered
ring derivative 4g, finds parallel in the solvolysis of cyclo-
alkyl halides and sulfonates and can be explained by
Brown’s I-strain (internal strain) effect.26–28 Accordingly,
seven- and five-membered rings are strained, and reactions
involving a change in coordination number of one of the car-
bon atoms from four to three, as in SN1-type reactions, will
lead to a decrease in internal strain. In contrast, six-mem-
bered halides and sulfonates are perfectly staggered and
strain-free, and changes in coordination number from four
to three will lead to an increase in internal strain and to a
decrease in reactivity. Thus, the smaller kneut value for the
cyclohexanone derivative 4g, when compared with the five-
and seven-membered ring derivatives 4d,k, is also consistent
with an SN1-type unimolecular mechanism. The reactivity of
the acetone imidazolidin-4-one 4a can be ascribed to the
lower stability of the corresponding ion 9 when compared
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Figure 5. Plot of log kneut versus Charton’s steric parameter, n, for the R1

substituent in imidazolidin-4-ones 4g–j; the correlation equation for the
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to those derived from cyclic ketones. It has been reported
that the isopropyl cation is ca. 30–40 kcal mol�1 less stable
than methylcyclopentyl or methylcyclohexyl cation.29

Most of the kneut and kprot values for imidazolidin-4-ones 4
are of the same order of magnitude, with rate differences
less than two-fold for 4b,c,e (Table 2). In contrast, the
protonated form of the cycloheptanone derivative 4k is ca.
200 times less reactive than the corresponding neutral
form. Interestingly, the order of reactivity for the phenylala-
nine derivatives, according to the ketone starting material, is:
cyclohexanone>cyclopentanone>acetone, the cyclohexa-
none compound 4i being ca. 3 times more reactive than its
acetone counterpart, 4b. Although a similar order of reactiv-
ity has been reported for imidazolidin-4-ones derived from
enkephalins,7 we cannot find an obvious explanation for
these observations.

3. Implications in prodrug design

Imidazolidin-4-ones have been considered as useful chemi-
cally activated prodrugs for di- and larger peptides because
of their reasonably rapid hydrolysis to the parent peptides
in physiological conditions, i.e., pH 7.4 at 37 �C. Since the
mechanism of hydrolysis of imidazolidin-4-ones is likely
to involve the SN1-type unimolecular cleavage of the C2–
N3 bond with departure of an amide-leaving group, the
rate of hydrolysis of this class of prodrugs will be highly de-
pendent on the pKa of the amide, which, in turn, is largely
dependent on the nature of the amide nitrogen atom sub-
stituent (Scheme 3, 11, R4). The results herein presented
indicate that simple N-alkyl a-aminoamide drugs (11,
R4¼alkyl), in contrast to peptides, will lead to stable imida-
zolidin-4-ones, which may be useful as slow drug release
prodrugs. Increasing the size of the substituents at the a-car-
bon of the a-aminoamide parent drug will also decrease the
rate of hydrolysis of the corresponding imidazolidin-4-one
prodrug. In contrast, substitution at C-2 of the imidazoli-
din-4-one moiety will increase the rate of hydrolysis, partic-
ularly when imidazolidin-4-one prodrugs derived from
cyclopentanone and cycloheptanone. In summary, the scope
of imidazolidin-4-ones as prodrugs is now expanded and can
encompass a-aminoamide drugs other than peptides.

4. Experimental

4.1. General details

Na-Protected amino acids were purchased from Bachem
(Switzerland). Solvents were of p.a. quality and bought
from Merck (Germany). Both thin layer chromatography
(TLC) aluminum foil plates covered with silica 60 F254

(0.25 mm) and silica gel 60 (70–230 mesh ASTM) for pre-
parative column chromatography were also purchased
from Merck. When required, solvents were previously dried
with pre-activated molecular sieves (4 Å) (Merck). Other
chemicals were obtained from Sigma–Aldrich.

NMR spectra were recorded on a Br€uker AMX-300
spectrometer in deuterated chloroform (CDCl3) containing
tetramethylsilane (TMS) as an internal reference. Mass
spectrometry (MS) was performed by the matrix-assisted la-
ser desorption ionization-time-of-flight (MALDI-TOF)
technique on an Applied Biosystems Voyager STR-DE spec-
trometer, using either anthracene or 2,5-dihydroxybenzoic
acid (DHB) as adjuvant matrices.

4.2. Synthesis of imidazolidin-4-ones 4

The aminoacyl derivatives of primaquine 6 (2 mmol) were
mixed with an excess (4 mmol) of the appropriate ketone
(acetone, cyclopentanone, cyclohexanone, or cyclohepta-
none) and triethylamine (TEA, 2 mmol) in dry methanol
(10 ml) and the mixture was refluxed for 3 days in the pres-
ence of 4 Å molecular sieves (1 g). The reaction was moni-
tored by TLC and ketone was re-added (2 mmol) once per
day. The molecular sieves were removed by decantation
and the solution was evaporated to dryness. The oily residue
was submitted to column chromatography on silica gel,
eluted with DCM/THF (varying solvent proportions) or,
for compound 4a, DCM/ethanol 15:1 (v/v). Fractions
containing the chromatographically homogeneous product
were pooled and evaporated to dryness, yielding 4a–k as
yellow-orange oils (44 to 81%) that were analyzed
by high-resolution MS and NMR. Spectroscopic and analyt-
ical data for compounds 4a–k have been presented in
Ref. 11.

4.3. Kinetics of hydrolysis

The kinetics of hydrolysis of imidazolidin-4-ones 4 were
studied by HPLC using a Waters� assembly equipped with a
model 600 controlled pump and a model 991 photodiode-
array detector set at 265 nm. The separation was performed
on a Purospher�, 250�4.0-mm i.d. 5 mm analytical column.
The mobile phase consisted of a mixture of acetonitrile and
sodium acetate buffer (pH 4.75, 0.05 M) containing 10�3 M
triethylamine. Two gradients were developed: one for the
imidazolidin-4-one derivatives of phenylalanine and the
other for the derivatives of valine. A linear gradient method
using 50–90% (v/v) acetonitrile over 20 min was used for
compounds 4b,e,i, while a linear gradient using 60–90%
(v/v) acetonitrile over 20 min was used for compounds
4c,f,j. For the remaining compounds, an isocratic method
was developed using a mixture of acetonitrile and pH 4.75
acetate buffer (50:50 to 60:40%) containing 10�3 M triethyl-
amine.

The kinetics of hydrolysis of imidazolin-4-ones 4 were stud-
ied at 60�0.1 �C, in aqueous buffers with ionic strength kept
at 0.5 M by the addition of NaClO4. The buffers used were
acetate (pH 4.0–5.0), phosphate (pH 6.0–7.5), and borate
(pH 8.0–11.5). For acetate and phosphate buffers the effect
of buffer concentration was studied in the range 0.01–
0.20 M. Sodium hydroxide and hydrochloric acid pseudo-
buffers were used at pH higher than 12.0 and lower
than 2.5, respectively. Typically, reactions were initiated
by injecting a 10 ml aliquot of a 10�2 M stock solution of
substrate in acetonitrile to 10 ml of the appropriate thermo-
stated buffer solution. At regular intervals, samples of
the reaction mixture were analyzed by HPLC. All reactions
followed first-order kinetics over four half lives.
Rate constants derived using this method were reproducible
to �6%.
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4.4. Computational details

The semiempirical Austin Model 1, AM1,30 and the density-
functional theory, DFT, based B3LYP 31–33 methods have
been used as included in the Gaussian 98 computer code.34

These two methods have been parameterized in order to re-
produce experimentally measured molecular properties. The
simplest AM1 method is based on the neglect of differential
diatomic overlap formalism in which various Fock matrix el-
ements are set to zero or use parameters optimized to repro-
duce various properties such as molecular geometries and
standard gas-phase enthalpies of formation. This approach
is an evolution of the older Modified Neglect of Differential
Overlap, MNDO, method where some deficiencies, such as
poor reproduction of hydrogen bonds and too high reaction
activation energies, have been corrected. In the hybrid
B3LYP method, three parameters of the exchange functional
were optimized empirically in order to reproduce experi-
mental thermochemical data. The optimum mixing was
found forw20% Fock exchange in the exchange functional.
In the B3LYP calculations reported here, the atomic elec-
tronic density has been described by the standard 6-31G(d)
basis set.

Transition states were localized using the STQN method,
QST3 and IRC calculations were performed in order to be
certain that these TS structures yield the closed-ring (reac-
tants) and open-ring (products) structures. Further, reactants
and products did not present any imaginary frequency while
only a single imaginary frequency was calculated for transi-
tion states. All figures with molecular structures have been
obtained with the XCrysDen35 and Molden36 programs.
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Abstract—An asymmetric total synthesis of the novel and structurally complex epoxyquinol natural product (+)-panepophenanthrin has been
accomplished, in which a biomimetic Diels–Alder dimerisation is a key step. The key monomeric precursor was assembled by an efficient
Stille cross coupling of two readily available building blocks that upon standing underwent a diastereospecific dimerisation cascade in excel-
lent yield.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In 2002 Sekizawa et al. reported the isolation of (+)-panepo-
phenanthrin (1), from the culture broth of the mushroom
strain Panus rudis IF08994.1 Until the recent isolation of
Himeic acid A, by Tsukamoto et al. in 2005 from Aspergillus
sp.,2 (+)-(1) was the only known natural product inhibitor of
the ubiquitin activating enzyme E1.3 The fascinating molec-
ular architecture assigned to (+)-1 was fully elucidated by
complementary spectroscopic and X-ray crystallographic
techniques, revealing a complex, densely functionalised
core consisting of a highly oxygenated tricyclic ABC ring
system, containing 11 contiguous stereocentres and a trans-
fused lactol functionality (Fig. 1). Although (+)-1 displayed
no significant inhibitory effect in whole cells, the in vitro
activity alone make 1 a promising tool for investigating
ubiquitin functions linked to serious disease and serve as
a platform for future drug development.4

Structurally, (+)-1 belongs to a family of related epoxy-
quinoid natural products, which have been isolated from

Keywords: Total synthesis; Biomimetic synthesis; Stille coupling; Dimer-
isation cascade; Epoxyquinol; Ubiquitin activating enzyme E1.
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0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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terrestrial and marine systems as phylogenetically diverse
as fungi, bacteria and worms. The degree of structural com-
plexity displayed by this family ranges from the lower order
epoxyquinols, including (+)-epiepoformin (2), (+)-isoepoxy-
don (3)5 and (+)-bromoxone (4) and its acetylated derivative
(+)-5.6 Increasing in structural complexity belong the natu-
ral products (�)-jesterone (6), a biologically active antifun-
gal isolated from Panus jesteri,7 and (�)-manumycin A (7),
isolated from Streptomyces sp.,8 and identified as a novel
Ras farnesyltransferase inhibitor.9 Structurally higher order
members of the epoxyquinoid family include (+)-torreyanic
acid (8), a metabolite isolated from the endophytic fungus
Pestalotiopsis microspora,10 and epoxyquinols (+)-A (9)
and (+)-B (10), metabolites isolated from an uncharacterised
fungus (Fig. 1).11 Biosynthetically, compounds 8, 9 and 10
are believed to arise from Diels–Alder pseudo-dimerisation
pathways of monomeric epoxyquinol units. Experimental
evidence to support the proposed biosynthetic dimerisations
has been provided through several elegant synthetic stud-
ies.12,13 Related prenylated epoxyquinols are also known,
including enantiomers (+)-harveynone (11) and (�)-harvey-
none (12), isolated from Pestalotiopsis thea14 and Curvu-
laria harveyi,15 respectively.

In a previous report,16 we described a highly efficient syn-
thesis of racemic (�)-panepophenanthrin (1), demonstrating
the feasibility of a key biomimetic Diels–Alder dimerisation
cascade. Herein, we report a full account of our studies on
the total synthesis of (+)-1 and provide a discussion sup-
ported by molecular modelling to explain the mechanisms
controlling the biomimetic reaction.

mailto:john.moses@pharmacy.ac.uk


9893L. Comm�eiras et al. / Tetrahedron 62 (2006) 9892–9901
O

OH

O
X

O

OX

O
Br

O

HO
O

OH

O

HO

HN

O

O

O

OH

H
N

O

nBu

HO2C
O O

Bun

H nBu

H
H

OO

O

O

O
O

HO2C

O

O

O

CH3

CH3H

OH

O

O

HO

O

O

OH

O

OH

OH

HH

O

OH
OH

O

O

O

O

OH

O
O

O

O

CH3

CH3H

OH

O

O

HO

O

A

B
C

X = CH3, (+)-Epiepoformin (2)
X = CH2OH, (+)-Isoepoxydon (3)

X = H, (+)-Bromoxone (4)
X = Ac, (5)

2

3

(–)-Jesterone (6)

(+)-Torreyanic acid (8) (+)-Epoxyquinol A (9)

(+)-Epoxyquinol B (10) (+)-Harveynone (11) (–)-Harveynone (12)

(+)-Panepophenanthrin (1)

(–)-Manumycin A (7)

21

3a
10c

10a

11 12

14 15

7

13

3

10b

5

6a
6

5a

16
17

8
9

10

Figure 1. Members of the epoxyquinoid family of natural products.
1.1. Synthetic plan

As part of our ongoing studies towards the biomimetic syn-
thesis of complex natural products, we became interested in
(+)-1 for its unique molecular architecture and biological
profile. Our biomimetic-retrosynthesis towards the target
compound is depicted in Scheme 1. Dimer (+)-1 was thought
as arising through an unusual exo-[4+2] Diels–Alder cyclo-
addition of two monomeric counterparts 15 (the carbonyl
group of the dienophile is used to define exo/endo).

A key assumption in this biomimetic approach was that the
molecular framework of 1 arises in nature, through an intrin-
sically favourable chemical pathway.17 Thus, if monomer 15
could be realised, then a ‘pre-disposed’ dimerisation might
proceed unaided to yield the target dimer. Thus, (+)-1 may
be thought of having occurred through hemiketal formation
of the corresponding hydroxy ketone dimer 14. It is known
that epoxyquinoid derivatives form both hydrates and hemi-
ketals by reaction of water and alcohols with the electro-
philic carbonyl group.18 The open-form precursor of 14
may be derived from an exo-Diels–Alder dimerisation of
the epoxyquinol monomer 15.19 Alternatively, hemiketal
formation followed by Diels–Alder cycloaddition was
considered as another possibility.16 The endo-Diels–Alder
is thought to be disfavoured due to steric factors.

The complexity of the primary synthetic target, although re-
duced to that of the lower order epoxyquinol monomer 15,
itself posed a relatively complex challenge. Compound 15
belongs to the prenylated epoxyquinol family of natural
products, which include the afore mentioned compounds
11 and 12 (Fig. 1). Biosynthetically, monomer 15 can
be thought of as arising through a biochemical reduction
of epoxyquinone 16, itself derived from a facially selective
enzyme catalysed epoxidation of prenylated hydroxyqui-
none 18, through intermediate 17.20 Compound 18, itself
having been isolated along with its oxidised counterpart 21
from the fungus Acremoniu,21 may arise from the coupling
of 4-hydroxybenzoate (19) and DMAPP (dimethylallyl
pyrophosphate) (20).

Monomer 15 had been reported by Wood and co-workers, as
an undesirable side product isolated during their synthetic
studies towards (+)-panepoxydone (22). Compound 15 was
formed through an acid catalysed rearrangement, during
the attempted desilylation of TBS-protected panepoxydone
(23) (Scheme 2).22 However, no comment regarding the sta-
bility of 15 or any noted dimerisation/decomposition path-
ways was reported. Interestingly, both (+)-11 and (+)-2223

have been isolated from the common producing fungal
species P. rudis indicating a probable common biosynthetic
pathway.

Synthetic approaches towards such prenylated epoxyqui-
noids often involve late stage pseudo-prenylation of a fully
elaborated epoxyquinoid nucleus. For example, Taylor
et al. have reported an efficient synthesis of racemic harvey-
none, employing a palladium/copper catalysed coupling of
an alkynylstannane and fully elaborated epoxyiodoenone.24

Attracted by this logical strategy, and based upon analogous
studies,25–27 we chose to adopt a Stille cross coupling



9894 L. Comm�eiras et al. / Tetrahedron 62 (2006) 9892–9901
exo -Diels-AlderO

OH
O

HO
O

HO

O

OH

HH

OH

OH

H

HO

OH
OH

O

O

O

OH
OH

O
O
OH

OH
OH

OH

OPP

O
OH

O

CO2
-

OH

O
OH

OH

O

O
OH

O

O

+

(19) (20)

(15)

(16)(17)(18)

(21)

2 x

(1)

Hemiketal

(14)

Scheme 1. Proposed biosynthesis of (+)-panepophenanthrin (1).
approach towards 15. Thus, further retrosynthetic planning
led us to the known building blocks (�)-bromoxone 428

and vinylstannane 24,29 as suitable coupling partners
(Scheme 3).

2. Results and discussion

2.1. Feasibility study for exo-Diels–Alder dimerisation

Racemic bromoxone (�)-(4) was chosen in order to inves-
tigate optimum coupling conditions and to evaluate the
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Scheme 3. Retrosynthetic analysis of epoxyquinol monomer 15.
validity of the proposed dimerisation. A previously reported
synthesis of 4 by Altenbach et al. was conveniently chosen,
since this was amenable to large scale production.30 The
synthesis began with the bromination of p-benzoquinone
to (�)-bromoquinone (25) in near quantitative yield,
followed by reduction with NaBH4 to (�)-diol (26) as the
only isolated diastereoisomer. Internal substitution (SNi) of
a single bromo group gave (�)-epoxide (27), followed by
directed epoxidation with m-CPBA to give (�)-bis-epoxide
(28). The synthesis was completed upon oxidation with
DMP and subsequent basic workup to give (�)-bromoxone
(4) in good overall yield (Scheme 4). Synthesis of the corre-
sponding vinylstannane fragment 24 was achieved following
the protocol of Guib�e et al. with efficient hydrostannation
of commercially available 2-methylbut-3-yn-1-ol with
nBu3SnH and a catalytic quantity of PdCl2(PPh3)2 in
THF.29 This afforded the desired (E)-vinylstannane (24) in
good yield and as the only observed diastereoisomer
(Scheme 4).

Our initial attempt at the Stille cross coupling of (�)-4 and
vinylstannane 24 was performed using 7 mol % of Pd2dba3

and 22 mol % of AsPh3 in toluene at 110 �C. The reaction
was monitored by TLC analysis, which indicated rapid con-
sumption of the (�)-bromoxone (4) starting material and
formation of several new products. Purification of the crude
reaction mixture by flash silica gel chromatography yielded
a small quantity (6%) of the desired epoxyquinol monomer
(�)-15, along with approximately 10% of the reduced side
product (�)-29 (Scheme 5). Upon standing at room temper-
ature overnight, monomer (�)-15 was completely trans-
formed into racemic (�)-panepophenanthrin (1) as the
only observable product. The spontaneous conversion of
(�)-15 into target (�)-panepophenanthrin (1) provided solid
evidence to support our biosynthetic proposal and completed
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the target synthesis, albeit in low overall yield (Scheme 5).
Although such complexity generating cascade reactions
are often a signature of biomimetic strategies,17 the remark-
able diasterospecific nature of the dimerisation cascade was
somewhat unexpected.12c Improved yields in coupling reac-
tions with protected epoxyquinols had been reported, thus
offering a potential solution towards monomer synthesis
15.26 Triethyl silane (�)-30 was chosen as a suitable sub-
strate, since desilylation could be facilitated under mild
conditions, without detriment to the sensitive epoxyquinol.31

Compound (�)-30 was obtained in 93% yield by action of
chlorotriethylsilane and 2,6-lutidine in CH2Cl2 at 0 �C,
followed by purification of the delicate substrate by flash-
Florisil mediated chromatography. Gratifyingly, coupling
of the TES-protected bromoxone (�)-30 with vinylstannane
24 proved successful, furnishing the TES-protected mono-
mer (�)-31 along with a small quantity of TES-
protected dimer (�)-32, in a combined yield of 75%. As
with the unprotected monomer, compound (�)-31 dimerised
completely upon standing to yield (�)-32 as a single
diastereoisomer. Smooth deprotection of silyl protected
(�)-32 by NH4F in methanol cleanly generated racemic
(�)-1 in good yield (85%) (Scheme 6). The remarkable
diastereospecificity observed in the reaction sequence re-
sulted from an exclusive homochiral dimerisation process.
The absence of any observable diastereoisomeric products
was suprising and indicative of some important stereochem-
ical control elements in the reaction cascade.
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Scheme 6. (i) SiEt3Cl, 2,6-lutidine, CH2Cl2, 0 �C; (ii) 10 mol % Pd2dba3, 30 mol % AsPh3, toluene, 110 �C, 1 h; (iii) neat, rt, overnight; (iv) NH4F, MeOH, rt.
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2.2. Asymmetric synthesis of (D)-panepophenanthrin (1)

Our racemic synthesis was shortly complemented by an
asymmetric synthesis of (+)-1 by Porco et al.32 and more re-
cently by Mehta et al.33

From the outset of our studies, we had appreciated that enan-
tiomerically pure bromoxone (�)-(4) was readily accessible,
prepared in an analogous manner to the racemic counterpart
with the addition of a kinetic resolution of (�)-diacetate
33.30 Thus, upon enzyme catalysed hydrolysis of (�)-33
by pig pancreas lipase (PPL), (+)-diacetate 33 and (+)-diol
26 were recovered, after recrystallisation in 35% yield
[>99% ee (by HPLC)] and 39% yield [>99% ee (by
HPLC)], respectively. Furnishing the total synthesis of
(+)-1 with enantiomerically pure building blocks yielded
1.73 g of the target compound (Scheme 7). All spectral
data (1H and 13C NMR) and specific rotation ([a]D

25 +146.0
(c 1.0, MeOH), lit.1 [a]D

26 +149.8 (c 1.0, MeOH)) for syn-
thetic (+)-1 were found to be in good agreement with natu-
rally occurring (+)-1. Furthermore, slow crystallisation of
compound (+)-1 from a mixture of dichloromethane and
methanol (1:1) resulted in the X-ray crystal structure, thus
corroborating our success (Fig. 2).34

The pre-disposed nature of the dimerisation sequence
enabled the formation of an extremely complex structure
from relatively simple building blocks. Moreover, the
observed diastereospecificity of the reaction indicated that
there were some very important stereocontrol elements in-
herent in the process. Intrigued by these results, we sought
to develop a greater understanding of the dynamics of the
dimerisation cascade.

Our initial rationalisation for the dimerisation evolved
because it provided an explanation for the high degree of
diastereospecificity observed in the racemic synthesis. Orig-
inally, we had considered that initial, reversible hemiketal
formation between two monomer units to give complex
34, followed by an intramolecular inverse electron demand
Diels–Alder reaction may lead to compound (+)-1.16 It
was reasoned that such reversible tethering would result in
a highly organised transition state favouring homochiral
dimerisation (Scheme 8, Path A). An alternative suggested
mechanism32,33 involves normal mode Diels–Alder cyclo-
addition to give intermediate 14, followed by subsequent
ring closure to form the five-membered ring hemiketal lead-
ing to (+)-(1) (Scheme 8, Path B). The latter pathway is
supported by dimerisation studies with monomers lacking
tertiary hydroxyl residues.32

The dimerisation cascade was also found to be sensitive to
the stereochemistry of the peripheral functional groups.
For example, the presence of the TES-protecting group
attached to the hydroxyl moiety of the epoxyquinoid nucleus
had no influence on the dimerisation process. This was
further demonstrated by synthesising the bulky TBS-
protected analogue (�)-35, which underwent dimerisation
in an identical diastereospecific fashion to yield (�)-36
(Scheme 9).

These observations ruled out any hydrogen bonding effects,
which may have arisen from the free secondary hydroxyl. On
the other hand, it had been demonstrated that the relative
stereochemistry of the secondary hydroxyl group to be a very
important factor in the dimerisation process.32 Preparation
of the related syn-epoxyquinol monomer 37 yielded no
dimerisation product under the same conditions as those
applied to the corresponding anti-isomer. The epoxide motif
itself was also found to be essential for dimerisation, since
reduced diol side product 29 did not undergo any observable

Figure 2. Stereo-representation of the crystal structure of synthetic (+)-pan-
epophenanthrin (1).
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reaction under similar conditions. These results clearly
indicate that both steric and stereoelectronic effects are
controlling factors in the dimerisation process.

2.3. Transition state analysis of dimerisation cascade

To further understand the biomimetic dimerisation and
explain the observed diastereospecificity of the reaction,
a series of theoretical calculations were undertaken. These
simulations were performed by disconnecting (+)-1 in
a retro-[4+2] fashion. Each of the structures on the proposed
reaction pathways were minimised at the B3LYP/6-31+G*
level of theory.35 Transition state searches were performed
by moving the molecules along the reaction co-ordinate, at
the HF/STO-3G level of theory, until an energy maximum
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Scheme 9. Factors affecting the biomimetic dimerisation.
was identified. All stationary points were characterised via
analysis of vibrational modes. For all pathways except
(+)–(+) the stationary points were minimised at the HF/
6-31+G* level of theory before single point energy calcula-
tions were performed at the B3LYP/6-31+G* level.36

The results of our simulations are broadly in agreement with
those of Lei et al.32 favouring the reaction pathway that pro-
ceeds by a Diels–Alder reaction followed by cyclisation to
form the five-membered hemiketal ring (Fig. 3). In the pro-
posed alternative mechanism, the intermediate that would
result from initial hemiketal formation (34, Scheme 8) is
found to have an energy of 11.92 kcal mol�1 relative to the
energy of the starting materials, whereas that of intermediate
14 is �4.99 kcal mol�1. The transition state search that was
performed for both possible pathways also supports the pro-
posal of an initial Diels–Alder reaction followed by an intra-
molecular hemiketal formation. In the alternative pathway
proceeding via initial hemiketal formation, no transition
state could be identified.

These results provide some explanation for the observed
diastereospecificity resulting from the cascade reaction. It
is considered that the second-stage hemiketal formation is
essentially irreversible under the given conditions, which
would then effectively render the (potentially reversible)
first-stage Diels–Alder cycloaddition irreversible, by ‘lock-
ing’ the core structure in place. The alignment required to
facilitate such hemi-ketal bridging is provided by intermedi-
ate 14, itself resulting from a homochiral exo-Diels–Alder
cycloaddition (Scheme 8). The crystal structure of (+)-11

reveals the close proximity of the tertiary hydroxyl group
and ketone, which should substantially favour the formation
of the hemiketal bridge (Fig. 2). Whether diastereoisomers
resulting from endo-heterochiral, endo-homochiral or from
exo-heterochiral Diels–Alder cycloadditions are feasible re-
action products is uncertain. However, steric or conforma-
tional constraints would seem to disfavour their hemiketal
formation, thereby driving the overall equilibrium in favour
of conformationally ‘locked’ 1.
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Figure 3. Reaction profile for formation of (+)-panepophenanthrin (1).
3. Conclusion

We have achieved a concise and efficient asymmetric syn-
thesis of (+)-panepophenanthrin (1) employing a biomimetic
dimerisation of an epoxyquinol monomer (+)-15. A key
feature of our racemic synthesis was the observed diastereo-
specificity of the reaction sequence, which resulted from
exclusive homochiral dimerisation. Our choice of building
blocks allowed ready access to enantiomerically pure (+)-
(1), through an enzyme mediated kinetic resolution of di-
acetate (�)-33, which is amenable to large-scale synthesis.
Computational analysis assisted our interpretation of the
dimerisation process.

4. Experimental

4.1. General experimental

All reagents were used as obtained from commercial sources
unless otherwise stated. Measurement of pH was carried out
using Prolabo Rota� pH 1–10 paper. Infrared (IR) spectra
were recorded on Perkin–Elmer Paragon Fourier Transform
spectrometer. Proton magnetic resonance spectra (1H NMR)
were recorded on Br€uker DPX400 (400 MHz), Br€uker
DRX500 (500 MHz) and Br€uker AMX500 (500 MHz) spec-
trometers at ambient temperatures. Chemical shifts (dH)
are quoted in parts per million (ppm) and are referenced
to the residual solvent peak. J values are given in hertz.
Carbon magnetic resonance spectra (13C NMR) were re-
corded on Br€uker DPX400 (100.6 MHz), Br€uker DRX500
(125.8 MHz) and Br€uker AMX500 (125.8 MHz) spectrome-
ters at ambient temperature. Chemical shifts (dC) are quoted
in parts per million (ppm) and are referenced to CDCl3
unless otherwise stated. Carbon spectral assignments are
supported by DEPT analysis and 1H–13C correlations where
necessary. HMQC analysis was used in selected cases to aid
assignment. Low-resolution mass spectra (m/z) were re-
corded using a V.G.TRIO (GC/MS) spectrometer, a Micro-
mass Platform (APCI) spectrometer, Micromass Autospec
spectrometer (CI+) and a Micromass ZAB spectrometer
(CI+, ESI). Only molecular ions (M+) and other major frag-
ments are reported, with intensities quoted as percentages of
the base peak. High resolution mass spectra were recorded
on a VG Autospec spectrometer by chemical ionisation or
on a Micromass LCT electro spray ionisation mass spec-
trometer operating at a resolution of 5000 full width half
height. The quoted masses are accurate to �5 ppm. All
reagents were used as obtained from commercial sources
unless otherwise stated. Melting points (mp) were obtained
using a Buchi 510 Cambridge instruments Gallen� III hot
stage melting point apparatus.

4.1.1. Additional supporting data for known compounds.
Compounds (�)-27, mp 81–82 �C (lit.30c mp 79 �C); (+)-27
mp 113–115 �C (from CHCl3/hexane) (lit.37 mp 114–
115 �C), [a]D

22 +168 (c 1.0, CHCl3) (lit.37 [a]D
25 +174 (c 1.0,

CHCl3)); (�)-28 mp 92–94 �C; (+)-28 mp 137–138 �C
(from CCl4/CHCl3), [a]D

22 +198 (c 1.0, acetone); (�)-bro-
moxone (4) mp 95–97 �C (from CCl4); (�)-bromoxone (4)
mp 135–136 �C (from CCl4/CHCl3) (lit.28 mp 137–
139 �C), [a]D

22 �189 (c 1.0, acetone) (lit.28 [a]D
22 �188

(c 1.85, acetone)); (+)-33 mp 108–109 �C (lit.30a mp 107–
109 �C), [a]D

25 +12.6 (c 1.00, CH2Cl2) (lit.30a [a]D
25 +11.3

(c 5.1, CH2Cl2)), ee >99% (chiral HPLC: heptane/2-propa-
nol (90:10), flow 0.8 mL min�1) t¼9.06 min and (+)-26 mp
164–165 �C (lit.30a mp 164–165 �C), [a]D

25 +51.3 (c 1.00,
acetone) (lit.30a [a]D

25 +49.5 (c 1.22, acetone)), ee>99% (chi-
ral HPLC: heptane/2-propanol (90:10), flow 0.8 mL min�1)
t¼10.15 min were prepared according to the procedure of
Altenbach et al.30a The spectral data (1H and 13C NMR) for
these compounds were in agreement with those reported.30
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4.1.2. (±)-(1S*,5R*,6R*)-5-Hydroxy-3-(3-hydroxy-3-
methylbut-1-enyl)-7-oxa-bicyclo[4.1.0]hept-3-en-2-one
(15), (±)-(4R*,5S*)-4,5-dihydroxy-2-(3-hydroxy-3-meth-
ylbut-1-enyl)cyclohex-2-enone (29) and (±)-panepophe-
nanthrin (1). (�)-Bromoxone (4) (0.50 g, 2.44 mmol) was
dissolved in degassed toluene (10 cm3) with stirring. Vinyl-
stannane 24 (1.13 g, 3.01 mmol) was added and the mixture
heated to 110 �C. In a separate flask, Pd2dba3 (160 mg,
0.17 mmol) and AsPh3 (165 mg, 0.54 mmol) were stirred
in degassed toluene (5 cm3) for 20 min. The catalyst solution
was added to the above reaction drop-wise over 10 min and
the reaction mixture was stirred for an additional 1 h at
110 �C. The solvent was removed under reduced pressure.
TLC analysis of the crude mixture indicated several minor
products, which upon silica gel chromatography (1:99,
MeOH/CHCl3) yielded two clear oils: monomer (�)-15
(31.00 mg, 6%) and diol (�)-29 (51.0 mg, 10%). Compound
(�)-15 was found to be unstable and dimerised completely
to give (�)-panepophenanthrin (1) (30.7 mg, 6%). Com-
pound (�)-29: nmax/cm�1 (film) 3435 (br, OH), 3100,
2980, 1690 (s, CO), 1600; dH (500 MHz, MeOD) 1.30
(6H, s, 2�CH3), 2.47 (1H, dd, J 16.0 and 11.5, CH2 (HA)),
2.74 (1H, dd, J 16.0 and 4.5, CH2 (HB)), 3.83 (1H, ddd, J
11.5, 7.5 and 4.5, CH2CHOH), 4.30 (1H, dd, J 7.5 and 2.5,
CHOH), 6.34 (1H, d, J 16.0, C]CHC(CH3)2OH), 6.40
(1H, d, J 16.0, HC]CHC(CH3)2OH), 6.83 (1H, br d, J
2.5, ]CHCHOH)); dC (125.7 MHz, MeOD) 29.7 (2�CH3),
46.1 (CH2), 71.4 (C(CH3)2OH), 73.2 (CH2CHOH), 73.6
(CHOH), 120.3 (]CHC(CH3)2OH), 136.6 (C(O)C]),
142.3 (C]CHC(CH3)2OH), 146.5 (]CHCHOH), 198.5
(C]O); HRMS (ESI) m/e calcd for C11H15O4 (M�H�):
211.0970. Found: 211.0969; compound (�)-15: nmax/cm�1

(film) 3435 (br, OH), 3105, 2982, 1685 (s, CO), 1602; dH

(400 MHz, MeOD) 1.32 (6H, s, 2�CH3), 3.48 (1H, br dd,
J 3.5 and 1.0, C(O)CH), 3.75–3.77 (1H, m, J 3.5 and 2.5,
–OCHCHOH), 4.64 (1H, br d, J 5.0, CHOH), 6.31 (1H, d,
J 16.0, C]CHC(CH3)2OH), 6.45 (1H, d, J 16.0, HC]
CHC(CH3)2OH), 6.66 (1H, dd, J 5.0 and 2.5, ]CH); dC

(100.6 MHz, MeOD) 29.7 (2�CH3), 55.2 (C(O)CH), 58.7
(–OCHCHOH), 64.1 (CHOH), 71.4 (C(CH3)2OH), 120.7
(]CHC(CH3)2OH)), 134.3 (C(O)C]), 139.7 (]CH),
143.4 (C]CHC(CH3)2OH), 195.2 (CO); compound (�)-1:
experimental data given below.

4.1.3. (±)-(1S*,5R*,6R*)-3-Bromo-5-triethylsilanyloxy-7-
oxabicyclo[4.1.0]hept-3-en-2-one (30).16 To a solution of
(�)-bromoxone (4) (200 mg, 0.98 mmol) in CH2Cl2
(10 cm3) at 0 �C was added 2,6-lutidine (170 mL,
1.46 mmol) with stirring. After 5 min chlorotriethylsilane
(220 mg, 1.46 mmol) was added and the mixture was
allowed to stir for 30 min. EtOAc was added (20 cm3) and
the mixture was washed with NH4Cl (30 cm3) and brine
(30 cm3). Drying of the mixture followed by removal of
the solvent under reduced pressure gave a crude brown solid,
which could be purified by flash chromatography on Florisil
(60–100 mesh) (4:1, 30–40 PE/EtOAc), to give compound
(�)-30 as a pale yellow oil (290 mg, 93%); nmax/cm�1

(film) 2957, 2878 (s, C–H), 1705 (s, C]O), 1611 (m,
C]C); dH (400 MHz, CDCl3) 0.69 (6H, q, J 8.0, Si–CH2),
0.99 (9H, t, J 8.0, Si–CH2CH3), 3.65 (1H, dd, J 3.5 and
1.0, C(O)CH), 3.68–3.70 (1H, m, –OCHCHOH), 4.70
(1H, br d, J 5.0, CH–OSiEt3), 6.96 (1H, dd, J 5.0 and
2.5, ]CH); dC (101.6 MHz, CDCl3) 4.9 (Si–CH2), 6.8
(SiCH2CH3), 53.6 (C(O)CH), 58.3 (–OCHCHOH), 65.4
(CH–OSiEt3), 123.0 (]CBr), 144.7 (]CH), 186.5 (CO);
MS (ESI) m/z¼338/336 (MNH4)+, (100), 210 (50), 91 (19).

4.1.4. (±)-(1S*,5R*,6R*)-3-(3-Hydroxy-3-methylbut-1-
enyl)-5-triethylsilanyloxy-7-oxabicyclo[4.1.0]hept-3-en-
one (31) and (±)-TES-protected panepophenanthrin
(32).16 TES-protected bromoxone (�)-30 (1.10 g,
3.40 mmol) was dissolved in degassed toluene (20 cm3)
with stirring. Vinylstannane 24 (1.65 g, 4.40 mmol) was
added and the mixture was heated to 110 �C. In a separate
flask, Pd2dba3 (320 mg, 0.35 mmol) and AsPh3 (330 mg,
1.08 mmol) were stirred in degassed toluene (10 cm3) for
20 min. The catalyst solution was then added to the above
reaction drop-wise over 10 min and the reaction mixture
stirred for an additional 1 h at 110 �C. The solvent was
removed by rotary evaporation and the crude mixture sub-
jected to flash silica gel chromatography (1:99, MeOH/
CHCl3) to afford two products: monomer (�)-31 and dimer
(�)-32. Overnight, (�)-31 was completely transformed into
(�)-32. Finally (�)-32 was obtained as a white powder
(827 mg, 75%). Compound (�)-31: dH (MeOD, 400 MHz)
0.63 (6H, q, J 8.0, SiCH2), 0.98 (9H, t, J 8.0, SiCH2CH3),
1.30 (3H, br s, CH3), 1.31 (3H, br s, CH3), 3.49 (1H, br
dd, J 4.0 and 1.0, C(O)CH), 3.74 (1H, m, –OCHCHOH),
4.62 (1H, br d, J 5.0, CH–OSiEt3), 6.32 (1H, d,
J 16.0, C]CHC(CH3)2OH), 6.44 (1H, d, J 16.0,
HC]CHC(CH3)2OH), 6.63 (1H, br dd, J 5.0 and 2.5,
]CH); dC (100.6 MHz, MeOD) 4.8 (SiCH2), 6.9
(SiCH2CH3), 29.7 (2�CH3), 55.2 (C(O)CH), 58.7 (–OCH-
CHOH), 64.1 (CH–OSiEt3), 71.4 (C(CH3)2OH), 120.7
(C]CHC(CH3)2OH), 134.3 (C(O)C]), 139.7 (]CH),
143.4 (C]CHC(CH3)2OH), 195.2 (C-2); compound (�)-
(32) (see Fig. 1 for numbering): mp 89–91 �C; nmax/cm�1

(KBr) 3435, 1691 (s, C]O), 1599; dH (500 MHz, CDCl3)
0.68 (12H, q, J 8.0, Si–CH2CH3), 1.0 (18H, m, J 8.0 and
8.0, Si–CH2CH3), 1.21 (3H, s, H-14), 1.24 (3H, s, H-15),
1.39 (3H, s, H-17), 1.46 (3H, s, H-16), 2.11 (1H, d, J 11.5,
H-10b), 2.54 (1H, br d, J 11.5, H-10a), 3.42–3.47 (3H, m,
H-2, 3, 5a), 3.49 (1H, d, J 4.5, H-8), 3.74 (1H, br t, J 4.5,
H-9), 4.53 (1H, d, J 3.5, H-1), 4.59 (1H, d, J 3.5, H-10),
5.69 (1H, d, J 16.5, H-12), 6.14 (1H, d, J 16.5, H-11), 6.82
(1H, dd, J 5.5 and 2.5, H-6); dC (125.7 MHz, CDCl3) 4.7
(Si–CH2CH3), 6.6 (Si–CH2CH3), 25.2 (C-16), 29.3 (C-14),
29.9 (C-15), 31.9 (C-17), 48.0 (C-10b), 49.4 (C-10a), 54.2
(C-8), 55.0 (C-10c), 55.2 (C-2), 55.7 (C-3), 55.9 (C-5a),
59.3 (C-9), 65.4 (C-10), 68.4 (C-1), 71.1 (C-13), 78.4
(C-5), 101.1 (C-3a), 129.3 (C-11), 138.2 (C-6a), 138.5
(C-6), 141.6 (C-12), 194.6 (CO); HRMS (ESI) calcd for
C34H55O8Si2 (M�H�): 647.3436. Found: 647.3457.

4.1.5. (±)-Panepophenanthrin (1).16 To a round-bottomed
flask containing methanol (5 cm3) was added (�)-32
(199 mg, 0.31 mmol) followed by stirring for 5 min. NH4F
(45.5 mg, 1.23 mmol) was then added and the mixture was
allowed to stir until the reaction had completed as indicated
by TLC analysis (approx 2 h). The solvent was removed
under reduced pressure and the crude mixture subjected to
silica gel chromatography (97:3, CHCl3/MeOH) to give the
title compound as a white solid (110 mg, 85%) (see Fig. 1
for numbering);1 Rf¼0.3 (9:1, CHCl3/MeOH); mp 81 �C
(from CH3Cl); nmax/cm�1 (KBr) 3435, 1672 (s, CO), 1600
(m, C]C); dH (500 MHz, MeOH) 1.23 (3H, s, H-14), 1.26
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(3H, s, H-15), 1.41 (3H, s, H-17), 1.51 (3H, s, H-16), 2.10
(1H, br d, J 10.0, H-10b), 2.40 (1H, br d, J 10.0, H-10a),
3.39 (1H, d, J 4.0, H-3), 3.41 (1H, dd, J 5.0 and 2.0, H-
5a), 3.49 (1H, d, J 4.0, H-8), 3.56 (1H, br t, J 3.5, H-2),
3.90 (1H, br t, J 3.5, H-9), 4.41 (1H, br t, J 2.0, H-1), 4.61
(1H, br t, J 2.0, H-10), 5.75 (1H, d, J 16.0, H-12), 6.05
(1H, d, J 16.0, H-11), 6.88 (1H, dd, J 5.0 and 3.0, H-6); dC

(125.7 MHz, MeOD) 26.3 (C-16), 29.6 (C-14), 30.5
(C-15), 32.5 (C-17), 50.2 (C-10b), 51.3 (C-10a), 55.2
(C-8), 55.8 (C-10c), 57.3 (C-2), 57.4 (C-3), 57.5 (C-5a),
60.8 (C-9), 66.4 (C-10), 69.2 (C-1), 71.9 (C-13), 79.3
(C-5), 102.8 (C-3a), 129.4 (C-11), 138.9 (C-6a), 140.1
(C-6), 143.2 (C-12), 196.4 (C-7); HRMS (ESI) calcd for
C22H27O8 (M�H�): 419.1704. Found: 419.1706.

4.1.6. (±)-5-(1S*,5R*,6R*)-(tert-Butyldimethylsilanoxy)-
3-(3-hydroxy-3-methylbut-1-enyl)-7-oxabicyclo[4.1.0]-
hept-3-en-2-one (35) and (±)-TBS-protected panepophe-
nanthrin (36). To a round-bottomed flask was added
TBS-protected bromoxone (1.08 g, 3.38 mmol) and was
dissolved in degassed toluene (20 cm3). Vinylstannane 24
(1.65 g, 4.39 mmol) was added and the mixture was heated
to 110 �C. In a separate flask, Pd2dba3 (320 mg,
0.35 mmol) and AsPh3 (330 mg, 1.07 mmol) were stirred
in degassed toluene (10 cm3) for 20 min. The catalyst solu-
tion was then added to the above reaction drop-wise over
10 min and the reaction mixture was stirred for an additional
1 h at 110 �C. The solvent was removed by rotary evapora-
tion and the crude product subjected to silica gel chromato-
graphy (1:99, MeOH/CH2Cl2) to afford two products:
monomer (�)-35 and dimer (�)-36. Upon standing over-
night monomer (�)-35 was completely transformed into
the dimer. Finally (�)-36 was obtained in 66% yield
(728 mg) as an off yellow powder. Compound (�)-35: dH

(CDCl3, 400 MHz) 0.65 (6H, q, J 8.0, SiCH2), 0.13 (3H, s,
SiCH3), 0.16 (3H, s, SiCH3), 0.90 (9H, s, SiC(CH3)3),
1.33 (3H, s, CH3), 1.35 (3H, s, CH3), 3.51 (1H, br d,
J 4.0 and 1.0, C(O)CH), 3.63 (1H, m, J 4.0 and 2.5,
–OCHCHOH), 4.71 (1H, br d, J 5.0, CH–OTBS), 6.27
(1H, d, J 16.0, C]CHC(CH3)2OH), 6.36–6.40 (1H, m,
]CH), 6.41 (1H, d, J 16.0, HC]CHC(CH3)2OH); dC

(CDCl3, 100.6 MHz) �4.7, �4.5 (SiCH3), 18.0 (Si–C),
25.6 (SiC–(CH3)3), 29.6 (2�CH3), 54.1 (C(O)CH), 57.9
(–OCHCHOH), 64.1 (CH–OTBS), 70.9 (C(CH3)2OH),
119.7 (]CHC(CH3)2OH), 132.8 (C(O)C]), 137.9 (]CH),
142.3 (C]CHC(CH3)2OH), 193.2 (CO); compound (�)-36:
mp 169–170 �C (from CH2Cl2); nmax/cm�1 (KBr) 3454 (br,
OH), 2930, 2858, 1687 (s, C]O); dH (400 MHz, MeOD)
0.18 (12H, br s, Si–CH3), 0.87 (18H, br s, Si–C(CH3)3),
1.09 (3H, s, H-14), 1.16 (3H, s, H-15), 1.31 (3H, s, H-17),
1.43 (3H, s, H-16), 2.09 (1H, d, J 11.5, H-10b), 2.37 (1H,
br d, J 11.5, H-10a), 3.29–3.48 (4H, m, H-2, 3, 5a, 8), 3.87
(1H, br t, J 3.5, H-9), 4.52 (1H, d, J 3.5, H-1), 4.66 (1H, d,
J 3.5, H-10), 5.64 (1H, d, J 16.0, H-12), 6.01 (1H, d,
J 16.0, H-11), 6.73 (1H, dd, J 5.5 and 3.0, H-6); dC (CDCl3,
125.7 MHz) �4.7, �4.5 (SiCH3), 17.9 (Si–C), 24.9 (C-16),
25.1 (Si–C), 28.9 (C-14), 29.2 (C-15), 31.5 (C-17), 48.5
(C-10b), 48.6 (C-10a), 49.0 (C-8), 49.4 (C-10c), 54.3
(C-2), 55.6 (C-3), 56.0 (C-5a), 59.5 (C-9), 66.4 (C-10),
68.8 (C-1), 70.8 (C-13), 77.8 (C-5), 102.1 (C-3a), 128.6
(C-11), 138.2 (C-6a), 138.5 (C-6–C), 141.9 (C-12), 194.6
(CO); HRMS (ESI) calcd for C34H55O8Si2 (M�H�):
647.3436. Found: 647.3448.
4.1.7. (L)-(4R,5S,6S)-2-Bromo-4-triethylsilanoxy-5,6-
epoxy-2-cyclohexen-1-one (30). To a solution of (�)-bro-
moxone (4) (4.00 g, 19.51 mmol) in CH2Cl2 (100 cm3)
at 0 �C was added 2,6-lutidine (3.40 cm3, 29.26 mmol)
with stirring. After 5 min chlorotriethylsilane (4.40 g,
29.26 mmol) was added and the mixture was allowed to
stir for 30 min. EtOAc was added (100 cm3) and the mixture
was washed with NH4Cl (2�100 cm3) and brine
(2�100 cm3). Drying of the mixture followed by removal
of the solvent under reduced pressure gave a crude brown
solid, which could be purified by flash chromatography on
Florisil (60–100 mesh) (4:1, 30–40 PE/EtOAc) to give com-
pound (�)-30 as a clear oil (5.61 g, 90%); [a]D

22�145 (c 1.0,
acetone). The spectral data (1H and 13C NMR) for (�)-30
were in agreement with racemic (�)-30.

4.1.8. (D)-TES-protected panepophenanthrin (32). TES-
protected bromoxone (�)-30 (3.50 g, 10.96 mmol) was
dissolved in degassed toluene (60 cm3) with stirring. Vinyl-
stannane 24 (5.32 g, 14.17 mmol) was added and the mixture
was heated to 110 �C. In a separate flask, Pd2dba3 (1.03 g,
1.13 mmol) and AsPh3 (1.06 mg, 3.48 mmol) were stirred
in degassed toluene (30 cm3) for 20 min. The catalyst solu-
tion was then added to the above reaction drop-wise over
10 min and the reaction mixture stirred for an additional
1 h at 110 �C. The solvent was removed by rotary evapora-
tion and the crude mixture left to stand overnight. Purifica-
tion of the crude oil by flash silica gel chromatography
(1:99, MeOH/CHCl3) afforded compound (+)-32 as an off-
white powder (3.27 g, 92%); [a]D

22 +182 (c 1.0, CHCl3).
The spectral data (1H and 13C NMR) for (+)-32 were in
agreement with racemic (�)-32.

4.1.9. (D)-Panepophenanthrin (1). To a round-bottomed
flask containing methanol (100 cm3) was added (+)-32
(3.00 g, 4.63 mmol) followed by stirring for 5 min. NH4F
(685 mg, 18.50 mmol) was then added and the mixture
was allowed to stir until the reaction had gone to completion
as indicated by TLC analysis (approx 2–3 h). The solvent
was removed under reduced pressure and the crude mixture
subjected to silica gel chromatography (97:3, CHCl3/
MeOH) to give the title compound as a white solid (1.73 g,
89%); mp 145–148 �C (CHCl3) (lit.1 mp 144–146 �C);
[a]D

22 +146 (c 1.0, MeOH) (lit.1 [a]D
26 +149.8 (c 1.0,

MeOH); nmax/cm�1 (KBr) 2988, 1672 (s, CO), 1600 (m,
C]C); dH (500 MHz, MeOH) (see Fig. 1 for numbering)1

1.17 (3H, s, H-14), 1.21 (3H, s, H-15), 1.36 (3H, s, H-17),
1.45 (3H, s, H-16), 2.04 (1H, br d, J 10.0, H-10b), 2.32
(1H, br d, J 10.0, H-10a), 3.31 (1H, d, J 4.0, H-3), 3.35
(1H, dd, J 5.0 and 2.0, H-5a), 3.42 (1H, d, J 4.0, H-8),
3.50 (1H, br t, J 3.5, H-2), 3.84 (1H, br t, J 3.5, H-9), 4.35
(1H, br t, J 2.0, H-1), 4.55 (1H, br t, J 2.0, H-10), 5.69
(1H, d, J 16.0, H-12), 5.99 (1H, d, J 16.0, H-11), 6.81 (1H,
dd, J 5.0 and 3.0, H-6); dC (125.7 MHz, MeOD) 26.1 (C-
16), 29.4 (C-14), 30.4 (C-15), 32.3 (C-17), 50.1 (C-10b),
51.2 (C-10a), 55.2 (C-8), 55.6 (C-10c), 57.1 (C-2), 57.2
(C-3), 57.5 (C-5a), 60.8 (C-9), 66.2 (C-10), 69.0 (C-1),
71.9 (C-13), 79.2 (C-5), 102.6 (C-3a), 129.2 (C-11), 138.9
(C-6a), 139.9 (C-6), 143.1 (C-12), 196.2 (C-7); HRMS
[(EI)�] calcd for C22H27O8 [(M�H)�]: 419.1704. Found:
419.1706. Crystal Data for 1: C22H30O9, M¼438.47,
monoclinic, a¼8.9012(2), b¼22.7413(5), c¼10.3797(3) Å,
U¼2100.82(9) Å3, T¼150 K, space group P21, Z¼2,
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m(Mo Ka)¼0.107 mm�1, 17,072 reflections measured, 4871
unique (Rint¼0.053), which were used in calculations. The
final wR was 0.0442. CCDC no. 247818.
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Abstract—Addition of diethyl lithiodifluoromethylphosphonate to enantiomerically pure aromatic, heteroaromatic, and aliphatic aldehyde-
derived sulfinimines afforded N-sulfinyl a,a-difluoro-b-aminophosphonates with generally good enantioselectivity and in high yield. The
reaction with acetophenone-derived sulfinimine resulted in the formation of the addition product with high diastereoselectivity and in only
moderate yield. A two-step deprotection involving treatment of diastereomerically pure N-sulfinyl a,a-difluoro-b-aminophosphonates
with trifluoroacetic acid in EtOH followed by refluxing with 10 N HCl provided enantiopure a,a-difluoro-b-aminophosphonates and
a,a-difluoro-b-aminophosphonic acids. The N-Cbz derivative of (R)-2-amino-1,1-difluoro-2-phenylethylphosphonate was a convenient
starting point for the preparation of corresponding difluorophosphonate monoester, difluorophosphonic acid, and difluorophosphonamidic
acid. At 21 �C difluorophosphonamidic acid was stable in aqueous solution at pH above 5.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of the aminophosphonic acids as structural
analogs of amino carboxylic acids is well recognized.1

Replacement of hydrogen atoms by fluorine atoms in amino
carboxylic acids has been found to provide increased lipo-
philicity, resistance to oxidative and proteolytic degradation,
changes in basicity or acidity of neighboring groups, confor-
mational restrictions on the peptide chain, and modification
of enzyme/substrate interaction,2 therefore fluorinated
aminophosphonic acids are of interest as biologically active
compounds as well as building blocks for the preparation
of peptidic materials with unique structural properties. Par-
ticular attention is devoted to aminophosphonic acids that
contain a difluoromethylene group connected to a phospho-
rus atom in their role as hydrolytically stable phosphoamino
acid mimetics in terms of both steric factors and pKa value
(Fig. 1).3 Such mimetics have found application in the
design of protein phosphatases, glycosyltransferases, and
L-aspartate-b-semialdehyde dehydrogenase inhibitors.4

Keywords: Asymmetric synthesis; Aminophosphonic acids and derivatives;
a,a-Difluoroalkylphosphonates; Sulfinimines; Diethyl difluoromethyl-
phosphonate.
* Corresponding author. Tel.: +380 44 5732531; fax: +380 44 5732552;

e-mail: sorochinsky@bpci.kiev.ua
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.017
Current approaches to nonracemic difluoromethylene con-
taining aminophosphonic acids have been largely based on
the coupling of phosphonodifluoromethyl organometallic
reagents with electrophilic substrates for the preparation of
chain-extended adducts. The difluoromethylene analog of
phosphoserine 1 was obtained in a multistep pathway using
the reaction of dialkyl lithiodifluoromethylphosphonate with
a primary triflate derived from (R)-isopropylideneglycerol as
source of chirality.5a Owing to the inertness of dialkyl lithio-
difluoromethylphosphonate toward secondary triflates, the
condensation of dialkyl lithiodifluoromethylphosphonates
with an ester, methyl Grignard addition, and radical deoxy-
genation of an intermediate tertiary alcohol sequence has
been applied for the synthesis of difluoromethylene analogs
of phosphothreonine 2 and allo-phosphothreonine 3 from
L-glycerate and D-serine, respectively.5b Stereoselective
synthesis of phosphothreonine 2 and allo-phosphothreonine
3 mimetics as well as their enantiomers was also achieved by
applying a Cu(I)-mediated coupling reaction of [(diethoxy-
phosphinyl)difluoromethyl]zinc bromide and b-iodo-a,b-
unsaturated ester followed by diastereoselective hydrogenation
and amination using bornane-10,2-sultam as a chiral
auxiliary.5c Nucleophilic opening of furanosylamines with
diethyl lithiodifluoromethylphosphonate led to the forma-
tion of diastereomeric mixture of acyclic aminophos-
phonates with moderate diastereoselectivity. Separation of

mailto:sorochinsky@bpci.kiev.ua
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aminophosphonates followed by cyclization afforded
azasugars 4 and 5 bearing difluoromethylenephosphonate
group in good yields.6

Preparation of the difluoromethylene analog of b-aspartyl
phosphate 6 was reported through addition of trimethylsilyl-
difluoromethylphosphonate in the presence of a catalytic
amount of TBAF to protected L-aspartate semialdehyde,7a,b

or directly by Cu(I)-mediated coupling reaction of [(diethoxy-
phosphinyl)difluoromethyl]zinc bromide and protected
aspartic acid chloride.7c Another methodology involving
the use of benzylic a,a-difluorophosphonates in transition
metal-catalyzed cross-coupling and alkylation reactions
with L-alanine8a and glycine8b derivatives has been applied
for the preparation of the difluoromethylene analog of phos-
photyrosine 7.

The nucleophilic addition of methyl- and chloromethyl-
phosphonate carbanions to the C]N bond of enantiopure
sulfinimines was found to be effective in the asymmetric
syntheses of b-aminophosphonates and b-aminophosphonic
acids due to exceptional characteristics of the chiral sulfinyl
group.9 The N-p-toluenesulfinyl substituent in imines pro-
vides high diastereofacial selectivity and activates the
C]N bond for addition of different classes of nucleo-
philes.10 Moreover a wide range of N-p-toluenesulfinyl-
imines can be easily prepared by condensation of
p-toluenesulfinamide, which is readily available in either
configuration, with appropriate aldehydes and ketones
according to the procedures reported by Davis et al.11 Addi-
tion of a methylphosphonate carbanion to aldehyde-derived
(S)-sulfinimines afforded N-sulfinyl b-aminophosphonates
with the (R)-absolute configuration at the newly generated
stereocenter of the major diastereomers. Stereoselectivity
ranged between 66 and 82% de depending on the nature
of the imine and the reaction conditions.9a,b The highest
de was observed in the addition of dimethyl lithiomethyl-
phosphonate to a benzaldehyde-derived sulfinimine in
THF. In the analogous reactions of aldehyde-derived (S)-
sulfinimines with chloromethylphosphonate carbanions,
the corresponding a-chloro-b-amino adducts were isolated
with the exclusive (R)-absolute configuration at the b-carbon
atom.9c The induced configuration at the b-carbon atom in
both cases was the opposite to that obtained in reaction of
sulfinimines with organometallic reagents including eno-
lates, Grignard reagents, metallo phosphite, and ethylalumi-
num cyanoisopropoxide.10 Recently, in our preliminary
communication, we reported that sulfinimines are also effec-
tive substrates for the addition of a difluoromethylphospho-
nate carbanion.12 In this paper, we wish to report in full our
studies concerning the addition reactions of difluoromethyl-
phosphonate carbanion to sulfinimines with diverse steric
and electronic properties. The effect of different methods
for the preparation of the difluoromethylphosphonate carb-
anion on stereoselectivity is also discussed.

2. Results and discussion

Initially, we have found that addition of the phosphono-
difluoromethyl carbanion, prepared by deprotonation of
diethyl difluoromethylphosphonate 8 with LDA in THF at
�78 �C, to enantiomerically pure sulfinimine (S)-9a pro-
ceeded smoothly within 1 h to afford, after mild acidic
work-up, the corresponding N-sulfinyl a,a-difluoro-b-
aminophosphonate 10a with 90% de (Scheme 1, Table 1,
entry 1). In spite of the relatively weak nucleophilicity and
thermal instability of diethyl lithiodifluoromethylphospho-
nate,13 N-sulfinyl a,a-difluoro-b-aminophosphonate 10a
was obtained in high combined yield. Direct crystallization
of the crude reaction mixture from ether afforded the pure
major diastereoisomer. Variation of the base (Table 1, entry
2) and the solvent (Table 1, entries 3 and 4) did not improve
the selectivity of addition and resulted in incomplete con-
version of the starting sulfinimine (S)-9a, as indicated by
1H NMR and TLC analysis of crude products.
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Table 1. Reaction of the diethyl lithiodifluoromethylphosphonate with sulfinimines (S)-9a–ha

Entry Sulfinimine (S)-9 Conditions Product (Ss,R)-10

R1 R2 de (%)b Yield (%)c

1 9a Ph H LDA, THF, �78 �C, 1 h 10a 90 74
2 9a Ph H t-BuLi, THF, �78 �C, 1 h 10a 90 69
3 9a Ph H LDA, Et2O, �78 �C, 1 h 10a 70 d

4 9a Ph H LDA, DME, �60 �C, 1 h 10a 82 d

5 9b p-MeO–C6H4 H LDA, THF, �78 �C, 1 h 10b 88 92e

6 9c p-CF3–C6H4 H LDA, THF, �78 �C, 1 h 10c 88 70
7 9d 2-Thienyl H LDA, THF, �78 �C, 1 h 10d 84 67
8 9e n-C5H11 H LDA, THF, �78 �C, 1 h 10e 84 72
9 9f i-Pr H LDA, THF, �78 �C, 1 h 10f 82 75
10 9g E-PhCH]CH H LDA, THF, �78 �C, 1 h 10g 88 76
11 9h Ph CH3 LDA, THF, �78 �C, 1 h 10h 92 40 (51)f

12 9h Ph CH3 LDA, THF, �78 �C, 5 h 10h 92 42 (49)f

13 9h Ph CH3 LDA, CeCl3, THF, �78 �C, 1 h 10h 92 36 (45)f

a Reactions were performed using 1 equiv of sulfinimine (S)-9 and 1.3 equiv of diethyl difluoromethylphosphonate 8.
b Determined by 1H and 19F NMR analyses of the crude reaction mixtures.
c Isolated yield of major diastereoisomer.
d Not determined.
e Combined yield of diastereoisomers.
f Yield of the recovered starting sulfinimine (S)-9h.
The base and solvent optimizations outlined above permitted
the use of LDA in THF for addition of diethyl difluoro-
methylphosphonate 8 to other sulfinimines. In the cases of
4-substituted benzaldehyde-derived sulfinimines (S)-9b,c
with either electron-withdrawing or electron-donating
groups, the corresponding adducts 10b,c were obtained
with the stereochemical outcome compared to that observed
for N-benzylidene derivative (S)-9a (Table 1, entries 5 and
6). However, the use of heteroaromatic and alkyl-substituted
sulfinimines (S)-9d–f as substrates provided lower stereo-
selectivity (Table 1, entries 7–9). The size of the alkyl group
has no effect on the diastereoselectivity of addition as illus-
trated by sulfinimines (S)-9e,f where R¼n-pentyl and iso-
propyl. When trans-cinnamaldehyde-derived sulfinimine
(S)-9g was subjected to our reaction conditions, the 1,2-
addition product 10g was obtained exclusively in good yield
and with high stereocontrol (Table 1, entry 10).

Attempts to expand the scope of the reaction by employing
imines derived from ketones have met with limited success.
Deprotonation of 8 with LDA in THF at �78 �C, followed
by addition of acetophenone-derived sulfinimine (S)-9h led
to the formation of adduct 10h with a 92% de and in only
moderate yield after 1 h (Table 1, entry 11). Purification
by chromatography allowed the isolation of major diastereo-
mer 10h in 40% yield as well as unreacted starting sulfini-
mine (S)-9h in 51% yield. The diastereoselectivity and
yield remained essentially unchanged with a longer reaction
time (Table 1, entry 12). Competitive deprotonation of the
sulfinimine (S)-9h was likely responsible for the moderate
yield observed in the addition reaction. It was anticipated
that the effect of a cerium salt on the reactivity of dialkyl
lithiodifluoromethylphosphonate14 might favor addition to
acetophenone-derived sulfinimine (S)-9h over deprotona-
tion. However, running the reaction in the presence of 1 M
equiv of cerium(III) chloride did not significantly change
both the yield and selectivity in this case (Table 1, entry 13).

The N-sulfinyl a,a-difluoro-b-aminophosphonate dia-
stereomers 10c–h were separated by chromatography or
crystallization to give the pure major diastereomers. At the
same time all attempts to separate the diastereomeric
mixture of 10b, which exists as an oil, by flash chromato-
graphy were unsuccessful. The stereochemistry of the major
diastereomer of 10a was determined to be (Ss,R) by X-ray
analysis.15 The stereochemistry of the remaining products
(Ss,R)-10b–h have been assigned by analogy.

The (R)-absolute configuration of the newly formed stereo-
center in the major diastereomers 10 corresponds to that
observed for the addition of methylphosphonate carbanions
to sulfinimines (S)-9. Thus, the stereochemical outcome is
consistent with the transition state TS proposed in the
nonfluorinated series by Mikolajczyk et al.:9a,b the lithium
cation coordinates to both the phosphonate oxygen of 8
and the sulfinyl oxygen of the substrate (S)-9 in an s-cis
conformation, and addition to the C]N bond occurs on
the side that is opposite to the p-tolyl group (Fig. 2).

With a high-yielding synthesis of N-sulfinyl a,a-difluoro-
b-aminophosphonates (Ss,R)-10 in hand, we proceeded to
investigate its reactivity. A significant advantage of sulfinyl
methodology is that N-sulfinyl b-aminophosphonates have
the potential to undergo further synthetic manipulations.9

The diastereomerically pure (Ss,R)-10a,d–f,h were N-desul-
finylated by treatment with trifluoroacetic acid in EtOH at
room temperature (Scheme 2). Under these conditions, the
phosphonate group remained intact, and the a,a-difluoro-
b-aminophosphonates (R)-11a,d–f,h were isolated by flash
chromatography in good yields. Hydrolysis of (R)-11a,d–
f,h in refluxing 10 N HCl provided, after treatment with pro-
pylene oxide, crystalline a,a-difluoro-b-aminophosphonic
acids (R)-12a,d–f,h in good to excellent isolated yields.
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The enantiomeric purity of a,a-difluoro-b-aminophos-
phonic acids (R)-12a,d–f,h so obtained was >98% ee.
Consequently deprotection of N-sulfinyl a,a-difluoro-b-
aminophosphonates (Ss,R)-10a,d–f,h occurred under
the conditions described above without epimerization at
the b-position. For the determination of enantiomeric purity
of a,a-difluoro-b-aminophosphonic acids, we adopted
previously developed method16 of chiral precolumn deriva-
tization followed by chromatographic separation of dia-
stereomeric OPA/NAC derivatives. Racemic samples of
a,a-difluoro-b-aminophosphonic acids 12a,d–f,h were pre-
pared according to the described method using racemic
9a,d–f,h as starting compounds. The a,a-difluoro-b-
aminophosphonate (R)-11a was further elaborated to the
N-carbobenzyloxy derivative (R)-13 by treatment with
benzyloxycarbonyl chloride/potassium carbonate in 91%
yield. Transformation of (R)-13 into N-Cbz-protected a,a-
difluoro-b-aminophosphonic acid (R)-14 was achieved
with bromotrimethylsilane and subsequent addition of water.
The difluorophosphonic acid (R)-14 was obtained after
crystallization from acetone as solvate with 1 M equiv of
acetone, which could not be completely removed from
solvate by heating at 60 �C for 4 h under reduced pressure.
Selective hydrolysis of difluorophosphonate diester (R)-13
using sodium iodide in acetone afforded difluorophos-
phonate monoester (R)-15. The structural assignment for
difluorophosphonate monoester (R)-15 was based on 1H
NMR, which confirmed the loss of one ethyl group. The
N-Cbz-protected difluorophosphonate monoester (R)-15
was converted by treatment of the corresponding sodium
salt with oxalyl chloride followed by triethylamine to give
an intermediate phosphonyltriethylammonium salt.17 The
obtained reaction mixture was then treated with benzyl-
amine to produce difluorophosphonamide 16. Difluorophos-
phonamide 16 was purified chromatographically after
standard work-up. The overall yield of the procedure was
61%. As the reaction generated a new stereogenic center at
phosphorus, the product was obtained as mixture of
diastereomers in ratio 1:1 according to 1H, 19F, and 31P
NMR analyses. Purification of difluorophosphonamide 16
by chromatography on silica gel did not alter the diastereo-
meric ratio. After repeated deprotection of difluorophos-
phonamide 16 with sodium iodide under more vigorous
conditions in methyl ethyl ketone, the sodium salt of
difluorophosphonamidic acid (R)-17 was isolated in 73%
yield as a nonhygroscopic yellow powder. The 1H, 19F, and
31P NMR spectra are consistent with the assigned structure
and have confirmed the absence of impurities in the product.
Further characterization of sodium salt (R)-17 involved the
examination of the hydrolytic stability of the phosphon-
amide linkage. Previously it has been found that phosphon-
amides serve as analogs of the transition state of the
enzyme-catalyzed amide bond hydrolysis owing to the tetra-
hedral configuration around the phosphorus, and therefore,
act as inhibitors of zinc metalloproteases.18 However,
several publications have reported instability of phosphon-
amides at acidic pH.18e,19 For example, the half-life of
N-[[(benzyloxycarbonyl)amino]hydroxyphosphinyl]-L-phenyl-
alanine at pH 7.5 is more than eight days, but at pH 6.2 it is
4 h; it is hydrolyzed in minutes at pH 2.3.19a The stability of
phosphonamides can be increased by reducing the basicity
of the nitrogen, as has been shown in the case of b-fluoro-
a-amino phosphonamidic acids.20 In our study sodium salt of
difluorophosphonamidic acid (R)-17 was stable at pH above
5.0 for two weeks at 21 �C. Only slow hydrolysis was
observed at pH 2.18 (half-life was 36 h). Thus, introduction
of fluorine atoms in the a-position relative to phosphorus
increased the hydrolytic stability of phosphonamides.

3. Conclusion

In summary, we have described an efficient route to
diastereomerically pure N-sulfinyl a,a-difluoro-b-amino-
phosphonates via addition of diethyl difluoromethyl-
phosphonate to enantiopure sulfinimines. The usefulness
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of N-sulfinyl a,a-difluoro-b-aminophosphonates has been
demonstrated in its application to a concise synthesis of
enantiomerically pure a,a-difluoro-b-aminophosphonates
and a,a-difluoro-b-aminophosphonic acids. N-Cbz-pro-
tected (R)-2-amino-1,1-difluoro-2-phenylethylphosphonate
was employed for the synthesis of the corresponding
difluorophosphonate monoester, difluorophosphonic acid,
and difluorophosphonoamidic acid. At 21 �C difluorophos-
phonoamidic acid was stable at pH above 5. Only slow
hydrolysis was observed at pH 2.18 (half-life was 36 h).
Hydrolytically stable at physiological pH, difluorophosphon-
amides may find applications as inhibitors in biochemical
processes.

4. Experimental

4.1. General

All reagents were obtained from commercial suppliers and
were used without further purification. THF and ether
were distilled from sodium/benzophenone immediately
before use. Reactions requiring anhydrous conditions were
run under an atmosphere of dry argon. 1H, 19F, and 31P
NMR spectra were determined in the indicated solvent and
referenced to TMS and CFCl3 as internal standard and
85% H3PO4 as external standard, respectively. IR spectra
were recorded on Specord M-80 spectrometer. Optical rota-
tions were measured on a Perkin–Elmer 243 polarimeter.
Column chromatography was carried out with Merck silica
gel 60 (230–400 mesh) and Woelm Pharma neutral alumi-
num oxide activity grade Super I (type W 200). Thin-layer
chromatography was performed on Merck TLC plates pre-
coated with silica gel 60 F254 and aluminum oxide 60 F254

neutral of 0.25 mm thickness. TLC plates were visualized
with ultraviolet light (254 nm) and/or in an iodine chamber.
The sulfinimines were prepared by condensation of commer-
cially available (S)-(+)-toluenesulfinamide with appropriate
aldehyde or ketone as previously described.11a

4.1.1. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-2-phenylethylphosphonate (10a). Typical proce-
dure: to a solution of diethyl difluoromethylphosphonate 8
(245 mg, 1.30 mmol) in THF (3 mL) at �78 �C was added
LDA (1.8 M solution, 0.72 mL, 1.30 mmol). After 0.5 h
sulfinimine (S)-9a (243 mg, 1.00 mmol) in THF (1 mL)
was added dropwise and the solution was stirred at
�78 �C for 1 h. At this time the reaction was quenched by
addition of saturated aqueous NH4Cl (5 mL) and the solution
was warmed to room temperature. After dilution with H2O
(2 mL) the solution was extracted with EtOAc (2�5 mL).
The combined organic layers were washed with brine
(5 mL) and dried (MgSO4). Concentration under reduced
pressure gave the crude phosphonate 10a with 90% de. Crys-
tallization from ether afforded 320 mg (74%) of (Ss,R)-10a
as a white solid; mp 95–97 �C; [a]D

20 +53.7 (c 1.08,
CHCl3); 1H NMR (300 MHz, CDCl3): d 1.15 (t, J 7.1 Hz,
3H), 1.26 (t, J 7.1 Hz, 3H), 2.32 (s, 3H), 3.97–4.21 (m,
4H), 4.87–5.02 (m, 1H), 5.43 (d, J 7.6 Hz, 1H), 7.12 (d, J
8.1 Hz, 2H), 7.24 (s, 5H), 7.51 (d, J 8.1 Hz, 2H); 19F NMR
(282 MHz, CDCl3): d �114.01 (ddd, J 302.2, 101.2, and
13.4 Hz, 1F), �115.58 (ddd, J 302.2, 103.6, and 15.0 Hz,
1F); 31P NMR (121 MHz, CDCl3): d 5.9 (dd, J 103.6 and
101.2 Hz); IR (CH2Cl2): n 3482, 2982, 1259, 1022 cm�1.
Anal. Calcd for C19H24F2NO4PS: C, 52.90; H, 5.61; N,
3.25. Found: C, 53.14; H, 5.68; N, 3.30.

4.1.2. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-2-(p-methoxyphenyl)ethylphosphonate (10b).
Chromatography on silica gel (hexane/ethyl acetate 1:1);
yield 92% (oil); 88% de; [a]D

20 +39.8 (c 1.17, CHCl3); 1H
NMR (200 MHz, CDCl3): d 1.19 (t, J 7.0 Hz, 3H), 1.28 (t,
J 7.0 Hz, 3H), 2.34 (s, 3H), 3.76 (s, 3H), 3.99–4.24 (m,
4H), 4.81–5.03 (m, 1H), 5.29 (d, J 7.6 Hz, 1H), 6.76 (d, J
8.2 Hz, 2H), 7.12–7.20 (m, 4H), 7.53 (d, J 8.2 Hz, 2H);
19F NMR (188 MHz, CDCl3): d �114.73 (ddd, J 301.2,
101.5, and 14.0 Hz, 1F), �116.60 (ddd, J 301.2, 103.4,
and 15.1 Hz, 1F); 31P NMR (81 MHz, CDCl3): d 6.79 (dd,
J 103.4 and 101.5 Hz); IR (CH2Cl2): n 3159, 1512, 1253,
1052 cm�1. Anal. Calcd for C20H26F2NO5PS: C, 52.06; H,
5.68; N, 3.04. Found: C, 52.21; H, 5.78; N, 3.09.

4.1.3. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-2-(p-trifluoromethylphenyl)ethylphosphonate
(10c). Chromatography on neutral aluminum oxide
(CH2Cl2/ethyl acetate 2:1); yield 70% (oil); [a]D

20 +25.38
(c 1.32, CHCl3); 1H NMR (200 MHz, CDCl3): d 1.09 (t, J
7.0 Hz, 3H), 1.24 (t, J 7.0 Hz, 3H), 2.19 (s, 3H), 3.93–4.24
(m, 4H), 4.84–5.05 (m, 1H), 5.70 (d, J 6.0 Hz, 1H), 6.94
(d, J 8.0 Hz, 2H), 7.22 (d, J 8.0 Hz, 2H), 7.30–7.36 (m,
4H); 19F NMR (188 MHz, CDCl3): d �63.30 (s, 3F),
�113.12 (ddd, J 304.0, 99.2, and 12.1 Hz, 1F), �117.19
(ddd, J 304.0, 104.0, and 16.8 Hz, 1F); 31P NMR
(81 MHz, CDCl3): d 6.17 (dd, J 104.0 and 99.2 Hz); IR
(CH2Cl2): n 3149, 1249, 1019 cm�1. Anal. Calcd for
C20H23F5NO4PS: C, 48.10; H, 4.64; N, 2.80. Found: C,
48.30; H, 4.74; N, 3.08.

4.1.4. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-2-(2-thienyl)ethylphosphonate (10d). Crystalli-
zation from hexane/ether; yield 67%; mp 70–71 �C; [a]D

20

+58.7 (c 1.07, CHCl3); 1H NMR (200 MHz, CDCl3):
d 1.15 (t, J 7.2 Hz, 3H), 1.24 (t, J 7.2 Hz, 3H), 2.29 (s,
3H), 3.86–4.26 (m, 4H), 5.07–5.29 (m, 2H), 6.82 (dd,
J 5.0 and 3.6 Hz, 1H), 6.95 (d, J 3.6 Hz, 1H), 7.13 (d,
J 8.0 Hz, 2H), 7.17–7.20 (m, 1H), 7.52 (d, J 8.0 Hz, 2H);
19F NMR (188 MHz, CDCl3): d �114.21 (ddd, J 300.4,
100.8, and 11.2 Hz, 1F), �116.63 (ddd, J 300.4, 102.2,
and 12.4 Hz, 1F); 31P NMR (81 MHz, CDCl3): d 6.50 (dd,
J 102.2 and 100.8 Hz); IR (CH2Cl2): n 3457, 3137, 1260,
1018 cm�1. Anal. Calcd for C17H22F2NO4PS2: C, 46.68;
H, 5.07; N, 3.20. Found: C, 47.01; H, 5.17; N, 3.21.

4.1.5. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoroheptylphosphonate (10e). Chromatography on
silica gel (hexane/ethyl acetate 3:2); yield 72% (oil); [a]D

25

+68.38 (c 2.34, CHCl3); 1H NMR (300 MHz, CDCl3):
d 0.89 (t, J 7.0 Hz, 3H), 1.25–1.71 (m, 7H), 1.37 (t,
J 7.0 Hz, 3H), 1.39 (t, J 7.0 Hz, 3H), 1.88–1.99 (m, 1H),
2.40 (s, 3H), 3.78–3.94 (m, 1H), 4.12 (d, J 8.8 Hz, 1H),
4.23–4.34 (m, 4H), 7.29 (d, J 8.0 Hz, 2H), 7.71 (d,
J 8.0 Hz, 2H); 19F NMR (282 MHz, CDCl3): d �115.22
(m, 1F), �115.61 (m, 1F); 31P NMR (121 MHz, CDCl3):
d 4.5 (t, J 100.2 Hz); IR (CH2Cl2): n 3481, 3157, 1239,
1091 cm�1. Anal. Calcd for C18H30F2NO4PS: C, 50.81; H,
7.11; N, 3.29. Found: C, 50.54; H, 7.32; N, 3.51.
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4.1.6. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-3-methylbutylphosphonate (10f). Chromato-
graphy on silica gel (CH2Cl2/MeOH 10:0.2); yield 71%;
mp 87–88 �C; [a]D

20 +51.34 (c 2.24, CHCl3); 1H NMR
(300 MHz, CDCl3): d 0.95 (d, J 6.8 Hz, 3H), 1.16 (d,
J 6.8 Hz, 3H), 1.38 (t, J 6.9 Hz, 3H), 1.40 (t, J 6.9 Hz,
3H), 2.41 (s, 4H), 3.76–3.90 (m, 1H), 4.22 (d, J 10.6 Hz,
1H), 4.26–4.35 (m, 4H), 7.31 (d, J 7.8 Hz, 2H), 7.76 (d,
J 7.8 Hz, 2H); 19F NMR (282 MHz, CDCl3): d �112.72
(ddd, J 305.2, 104.8, and 14.6 Hz, 1F), �115.35 (ddd,
J 305.2, 104.8, and 12.8 Hz, 1F); 31P NMR (121 MHz,
CDCl3): d 7.00 (t, J 104.8 Hz); IR (CH2Cl2): n 3484, 2978,
1240, 1068 cm�1. Anal. Calcd for C16H26F2NO4PS: C,
48.36; H, 6.59; N, 3.52. Found: C, 48.11; H, 6.57; N, 3.92.

4.1.7. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-4-phenyl-3E-butenylphosphonate (10g). Chro-
matography on silica gel (hexane/ethyl acetate 2:1); yield
76% (oil); [a]D

20 +38.5 (c 1.25, CHCl3); 1H NMR (300 MHz,
CDCl3): d 1.28 (t, J 7.1 Hz, 3H), 1.35 (t, J 7.1 Hz, 3H),
2.32 (s, 3H), 4.15–4.34 (m, 4H), 4.52–4.70 (m, 1H), 5.05
(d, J 8.2 Hz, 1H), 6.08 (dd, J 16.0 and 7.2 Hz, 1H), 6.58
(dd, J 16.0 and 1.0 Hz, 1H), 7.23 (d, J 8.2 Hz, 2H), 7.28–
7.29 (m, 5H), 7.66 (d, J 8.2 Hz, 2H); 19F NMR (282 MHz,
CDCl3): d �114.52 (ddd, J 300.0, 103.4, and 12.2 Hz, 1F),
�116.60 (ddd, J 300.0, 103.4, and 12.2 Hz, 1F); 31P NMR
(121 MHz, CDCl3): d 6.30 (t, J 103.4 Hz); IR (CH2Cl2):
n 3159, 1581, 1240, 1059 cm�1. Anal. Calcd for
C21H26F2NO4PS: C, 55.14; H, 5.73; N, 3.06. Found: C,
55.29; H, 5.61; N, 3.31.

4.1.8. (Ss,R)-Diethyl N-(p-toluenesulfinyl)-2-amino-1,1-
difluoro-2-phenylpropylphosphonate (10h). Chromato-
graphy on silica gel (hexane/ethyl acetate 1:1); yield 40%
(oil); [a]D

20 +19.6 (c 0.98, CHCl3); 1H NMR (300 MHz,
CDCl3): d 1.08 (t, J 7.2 Hz, 3H), 1.26 (t, J 7.2 Hz, 3H),
2.16 (s, 3H), 2.42 (s, 3H), 3.69–3.82 (m, 1H), 3.85–3.98
(m, 1H), 4.07–4.20 (m, 2H), 5.91 (s, 1H), 7.31–7.41 (m,
5H), 7.63–7.69 (m, 4H); 19F NMR (282 MHz, CDCl3):
d �115.21 (dd, J 299.6 and 103.8 Hz, 1F), �116.75 (dd,
J 299.6 and 103.8 Hz, 1F); 31P NMR (121 MHz, CDCl3):
d 7.08 (t, J 103.8 Hz); IR (CH2Cl2): n 3457, 3137, 1238,
1067 cm�1. Anal. Calcd for C20H26F2NO4PS: C, 53.93; H,
5.88; N, 3.14. Found: C, 53.72; H, 6.22; N 3.23.

4.1.9. (R)-Diethyl 2-amino-1,1-difluoro-2-phenylethyl-
phosphonate (11a). Typical procedure: trifluoroacetic acid
(0.38 mL, 4.93 mmol) was added to the solution of (Ss,R)-
10a (425 mg, 0.99 mmol) in dry EtOH (30 mL) at 0 �C
and the reaction mixture was stirred at room temperature
for 4 h. The solution was concentrated, residue was dis-
solved in CH2Cl2 (30 mL), and neutralized to pH 7.5 with
saturated NaHCO3. The organic layer was separated and
the aqueous layer was extracted with CH2Cl2 (2�5 mL).
The combined organic layers were washed with water
(10 mL), dried (Na2SO4), and concentrated. Purification by
chromatography on silica gel (CH2Cl2/EtOH 10:0.4)
afforded 0.266 g (92%) of (R)-11a as a white solid;
mp 63–64 �C; [a]D

20 �13.1 (c 0.98, CHCl3); 1H NMR
(200 MHz, CDCl3): d 1.18 (t, J 6.9 Hz, 3H), 1.21 (t,
J 6.9 Hz, 3H), 1.85 (s, 2H), 3.91–4.21 (m, 4H), 4.29–4.46
(m, 1H), 7.27–7.32 (m, 5H); 19F NMR (188 MHz, CDCl3):
d �116.13 (ddd, J 299.0, 103.5, and 11.4 Hz, 1F),
�121.26 (ddd, J 299.0, 106.0, and 17.5 Hz, 1F); 31P NMR
(81 MHz, CDCl3): d 7.95 (dd, J 106.0 and 103.5 Hz); IR
(CH2Cl2): n 3294, 2979, 1236, 1026 cm�1. Anal. Calcd for
C12H18F2NO3P: C, 49.15; H, 6.19; N, 4.78. Found: C,
49.37; H, 6.13; N, 4.87.

4.1.10. (R)-Diethyl 2-amino-1,1-difluoro-2-(2-thienyl)-
ethylphosphonate (11d). Chromatography on silica gel
(CH2Cl2/EtOH 10:0.4); yield 97%; mp 69–70 �C; [a]D

20

�2.6 (c 0.96, CHCl3); 1H NMR (200 MHz, CDCl3): d 1.24
(t, J 7.1 Hz, 6H), 1.92 (br s, 2H), 3.96–4.27 (m, 4H), 4.59–
4.75 (m, 1H), 6.94 (dd, J 5.0 and 3.4 Hz, 1H), 7.07 (d, J
3.4 Hz, 1H), 7.23 (dd, J 5.0 and 1.0 Hz, 1H); 19F NMR
(188 MHz, CDCl3): d �115.17 (ddd, J 298.5, 103.0, and
10.0 Hz, 1F), �122.03 (ddd, J 298.5, 104.4, and 17.4 Hz,
1F); 31P NMR (81 MHz, CDCl3): d 7.76 (dd, J 104.4 and
103.0 Hz); IR (CH2Cl2): n 3360, 2986, 1232, 1015 cm�1.
Anal. Calcd for C10H16F2NO3PS: C, 40.13; H, 5.39; N,
4.68. Found: C, 40.22; H, 5.01; N, 4.31.

4.1.11. (R)-Diethyl 2-amino-1,1-difluoroheptylphospho-
nate (11e). Chromatography on silica gel (CH2Cl2/EtOH
10:0.2); yield 77% (oil); [a]D

20 +14.08 (c 1.42, CHCl3); 1H
NMR (300 MHz, CDCl3): d 0.90 (t, J 6.7 Hz, 3H), 1.30–
1.49 (m, 14H), 1.55–1.67 (m 1H), 1.74–1.83 (m, 1H),
3.07–3.23 (m, 1H), 4.24–4.34 (m, 4H); 19F NMR
(282 MHz, CDCl3): d �117.74 (ddd, J 299.2, 108.2, and
11.0 Hz, 1F), �121.33 (ddd, J 299.2, 109.4, and 17.9 Hz,
1F); 31P NMR (121 MHz, CDCl3): d 4.5 (dd, J 109.4 and
108.2 Hz); IR (CH2Cl2): n 3482, 2982, 1236, 1090 cm�1.
Anal. Calcd for C11H24F2NO3P: C, 45.99; H, 8.42; N,
4.88. Found: C, 46.30; H, 8.36; N, 4.57.

4.1.12. (R)-Diethyl 2-amino-1,1-difluoro-3-methylbutyl-
phosphonate (11f). Chromatography on silica gel
(CH2Cl2/EtOH 10:0.2); yield 87% (oil); [a]D

25 +12.04
(c 1.57, CHCl3); 1H NMR (300 MHz, CDCl3): d 0.95 (d,
J 6.8 Hz, 3H), 1.06 (d, J 6.8 Hz, 3H), 1.39 (t, J 7.0 Hz,
6H), 1.46 (br s, 2H), 2.20–2.30 (m, 1H), 3.11 (ddt, J 21.2,
11.0, and 3.0 Hz, 1H), 4.27 (q, J 7.0 Hz, 2H), 4.32 (q,
J 7.0 Hz, 2H); 19F NMR (282 MHz, CDCl3): d �116.28
(ddd, J 298.4, 110.4, and 11.0 Hz, 1F), �120.09 (ddd,
J 298.4, 110.4, and 21.2 Hz, 1F); 31P NMR (121 MHz,
CDCl3): d 8.30 (t, J 110.4 Hz); IR (CH2Cl2): n 3394, 2950,
1257, 1013 cm�1. Anal. Calcd for C9H20F2NO3P: C,
41.70; H, 7.78; N, 5.40. Found: C, 41.78; H, 7.74; N, 5.15.

4.1.13. (R)-Diethyl 2-amino-1,1-difluoro-2-phenylpropyl-
phosphonate (11h). Chromatography on silica gel (CH2Cl2/
EtOH 10:0.4); yield 84% (oil); [a]D

20 +1.22 (c 1.47, CHCl3);
1H NMR (200 MHz, CDCl3): d 0.94 (t, J 7.0 Hz, 3H), 1.23 (t,
J 7.0 Hz, 3H), 1.56 (m, 3H), 2.26 (br s, 2H), 3.33–3.53 (m,
1H), 3.62–3.81 (m, 1H), 4.00–4.19 (m, 2H), 7.21–7.33 (m,
3H), 7.51–7.55 (m, 2H); 19F NMR (188 MHz, CDCl3):
d �114.65 (dd, J 297.4 and 101.8 Hz, 1F), �116.94 (dd,
J 297.4 and 109.2 Hz, 1F); 31P NMR (81 MHz, CDCl3):
d 7.63 (dd, J 109.2 and 101.8 Hz); IR (CH2Cl2): n 3432,
3060, 1236, 1026 cm�1. Anal. Calcd for C13H20F2NO3P:
C, 50.82; H, 6.56; N, 4.56. Found: C, 51.02; H, 6.70; N, 4.69.

4.1.14. (R)-2-Amino-1,1-difluoro-2-phenylethylphos-
phonic acid (12a). Typical procedure: a solution of (R)-
11a (850 mg, 2.90 mmol) in 10 N HCl (20 mL) was refluxed
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for 8 h. The solution was concentrated under reduce pressure
to dryness. The resulting solid was treated with EtOH
(15 mL) and propylene oxide (0.61 mL, 8.7 mmol) and the
reaction mixture was stirred for 3 h. Precipitate was filtered
off and washed with ether to provide 580 mg (84%) of (R)-
12a as a white solid; mp 286–288 �C (decomp.); [a]D

20�11.9
(c 1.01, H2O); 1H NMR (200 MHz, D2O): d 4.75 (dd, J 19.4
and 9.4 Hz, 1H), 7.32 (s, 5H); 19F NMR (188 MHz, D2O):
d �114.45 (ddd, J 295.9, 85.0, and 9.4 Hz, 1F), �123.13
(ddd, J 295.9, 85.0, and 19.4 Hz, 1F); 31P NMR (81 MHz,
D2O): d 1.84 (t, J 85.0 Hz); IR (KBr): n 3040, 1200, 1088,
1048 cm�1. Anal. Calcd for C8H10F2NO3P: C, 40.52; H,
4.25; N, 5.91. Found: C, 40.62; H, 4.40; N, 5.92.

4.1.15. (R)-2-Amino-1,1-difluoro-2-(2-thienyl)ethylphos-
phonic acid (12d). Yield 86%; mp 265–266 �C (decomp.);
[a]D

20 �1.9 (c 0.96, H2O); 1H NMR (200 MHz, D2O):
d 5.18 (dd, J 20.3 and 8.2 Hz, 1H), 6.98 (dd J 5.0 and
3.4 Hz, 1H), 7.23 (d, J 3.4 Hz, 1H), 7.45 (d, J 5.0 Hz, 1H);
19F NMR (188 MHz, D2O): d �115.26 (ddd, J 294.4, 84.9,
and 8.2 Hz, 1F), �124.18 (ddd, J 294.4, 83.7, and 20.3 Hz,
1F); 31P NMR (81 MHz, D2O): d 1.59 (dd, J 84.9 and
83.7 Hz); IR (KBr): n 3144, 2857, 1208, 1100 cm�1. Anal.
Calcd for C6H8F2NO3PS: C, 29.64; H, 3.32; N, 5.76. Found:
C, 29.70; H, 3.35; N, 5.80.

4.1.16. (R)-2-Amino-1,1-difluoroheptylphosphonic acid
(12e). Yield 70%; mp 280–282 �C (decomp.); [a]D

20 +9.9 (c
1.01, 0.5 N NaOH); 1H NMR (300 MHz, DMSO-d6):
d 0.87 (t, J 6.3 Hz, 3H), 1.17–1.51 (m, 6H), 1.53–1.67 (m,
1H), 1.72–1.87 (m, 1H), 3.41 (d, J 21.6 Hz, 1H); 19F NMR
(282 MHz, DMSO-d6): d �118.95 (dd, J 292.4 and
79.6 Hz, 1F), �125.28 (ddd, J 292.4, 79.6, and 21.6 Hz,
1F); 31P NMR (121 MHz, DMSO-d6): d 4.60 (t, J
79.6 Hz); IR (KBr): n 3248, 2956, 1229, 1084, 1029 cm�1.
Anal. Calcd for C7H16F2NO3P: C, 36.37; H, 6.96; N, 6.06.
Found: C, 36.48; H, 7.20; N, 6.19.

4.1.17. (R)-2-Amino-1,1-difluoro-3-methylbutylphos-
phonic acid (12f). Yield 75%; mp 264–266 �C (decomp.);
[a]D

20 �5.9 (c 0.81, H2O); 1H NMR (300 MHz, D2O):
d 1.04 (d, J 7.0 Hz, 3H), 1.13 (d, J 7.0 Hz, 3H), 2.56–
2.66 (m, 1H), 3.74 (dd, J 20.6 and 9.8 Hz, 1H); 19F NMR
(282 MHz, D2O): d �110.27 (dd, J 299.2 and 86.4 Hz,
1F), (ddd, J 299.2, 86.4, and 20.6 Hz, 1F); 31P NMR
(121 MHz, D2O): d 1.90 (t, J 86.4 Hz); IR (KBr): n
3144, 2976, 1208, 1100, 1028 cm�1. Anal. Calcd for
C5H12F2NO3P: C, 29.57; H, 5.95; N, 6.90. Found: C,
29.60; H, 5.85; N, 6.71.

4.1.18. (R)-2-Amino-1,1-difluoro-2-phenylpropylphos-
phonic acid (12h). Yield 90%; mp 284–286 �C (decomp.);
[a]D

20 �4.0 (c 0.75, H2O); 1H NMR (300 MHz, D2O):
d 1.97 (s, 3H), 7.48–7.54 (m, 5H); 19F NMR (282 MHz,
D2O): d �117.03 (dd, J 300.6 and 88.2 Hz, 1F), �118.13
(dd, J 300.6 and 88.2 Hz, 1F); 31P NMR (121 MHz, D2O):
d 2.50 (t, J 88.2 Hz); IR (KBr): n 3100, 2930, 1150,
1075 cm�1. Anal. Calcd for C9H12F2NO3P: C, 43.04; H,
4.82; N, 5.58. Found: C, 42.95; H, 4.73; N, 5.67.

4.1.19. (R)-Diethyl N-benzyloxycarbonyl-2-amino-1,1-
difluoro-2-phenylethylphosphonate (13). To solution of
(R)-11a (140 mg, 0.48 mmol) in THF (6 mL) and H2O
(0.5 mL) was added K2CO3 (95 mg, 0.69 mmol), followed
by benzyl chloroformate (0.097 mL, 0.69 mmol) at 0 �C.
The reaction mixture was stirred for 1 h at room temperature
and then diluted with ethyl acetate (5 mL) and water (5 mL).
The organic phase was separated and the aqueous layer was
extracted with ethyl acetate (5 mL). The combined organic
layers were washed with 1 N HCl (4 mL), saturated aqueous
NaHCO3 (4 mL), water (4 mL), dried (Na2SO4), and con-
centrated. Purification by chromatography on silica gel
(hexane/ethyl acetate 2:1) afforded 186 mg (91%) of (R)-
13 as a white solid; mp 104–105 �C; [a]D

20 +10.3 (c 1.07,
CHCl3); 1H NMR (300 MHz, (CD3)2CO): d 1.21 (t,
J 7.0 Hz, 3H), 1.22 (t, J 7.0 Hz, 3H), 3.96–4.21 (m, 4H),
5.04 (d, J 12.5 Hz, 1H), 5.14 (d, J 12.5 Hz, 1H), 5.36–5.51
(m, 1H), 7.30–7.43 (m, 8H), 7.54–7.56 (m, 2H); 19F NMR
(282 MHz, (CD3)2CO): d �112.90 (ddd, J 303.2, 99.2, and
11.8 Hz, 1F), �117.44 (ddd, J 303.2, 103.0, and 19.1 Hz,
1F); 31P NMR (121 MHz, (CD3)2CO): d 7.00 (dd, J 103.0
and 99.2 Hz); IR (CH2Cl2): n 3432, 3060, 1730, 1248,
1222, 1027 cm�1. Anal. Calcd for C20H24F2NO5P: C,
56.21; H, 5.66; N, 3.28. Found: C, 56.18; H, 5.67; N, 3.22.

4.1.20. (R)-N-Benzyloxycarbonyl-2-amino-1,1-difluoro-
2-phenylethylphosphonic acid (14). Bromotrimethylsilane
(0.55 mL, 4.2 mmol) was added dropwise to a solution of
(R)-13 (300 mg, 0.70 mmol) in CH2Cl2 (3 mL). The reaction
mixture was stirred for six days at room temperature and
then evaporated under reduced pressure. The residue was
treated with water (3 mL) and the mixture was stirred for
2 h. After the water was removed under reduced pressure
the residue was crystallized from acetone. The precipitate
was filtered, washed with acetone to give 209 mg (69%) of
(R)-14$(CH3)2CO as white crystals; mp 144–146 �C; [a]D

20

�24.96 (c 1.21, DMSO); 1H NMR (500 MHz, DMSO-d6):
d 5.04 (s, 2H), 5.21–5.29 (m, 1H), 7.30–7.36 (m, 8H),
7.43–7.45 (m, 2H), 8.23 (d, J 9.8 Hz, 1H); 19F NMR
(470 MHz, DMSO-d6): d �115.09 (ddd, J 295.6, 95.9, and
11.3 Hz, 1F), �120.20 (ddd, J 295.6, 95.9, and 19.2 Hz,
1F); 31P NMR (202 MHz, DMSO-d6): d 7.70 (t, J 95.9);
IR (KBr): n 3293, 2982, 1710, 1259, 1022 cm�1. Anal. Calcd
for C16H16F2NO5P$C3H6O: C, 53.15; H, 5.16; N, 3.26.
Found: C, 53.11; H, 5.12; N, 2.86.

4.1.21. (R)-Monoethyl N-benzyloxycarbonyl-2-amino-
1,1-difluoro-2-phenylethylphosphonate (15). A solution
of diester (R)-13 (850 mg, 1.99 mmol) and sodium iodide
(328 mg, 2.19 mmol) in acetone (4 mL) was heated at reflux
for 6 h. After cooling the reaction mixture was evaporated
to dryness and residue was dissolved in water (3 mL). The
aqueous solution was acidified with 1 N HCl until pH
reaches 1 and extracted with EtOAc (2�30 mL). The
combined organic layers were washed with water, dried
(Na2SO4), and concentrated. Crystallization from acetone
gave 596 mg (75%) of (R)-15 as white solid; mp 186–
187 �C; [a]D

20 �9.8 (c 0.81, (CH3)2CO). 1H NMR
(300 MHz, (CD3)2CO): d 1.20 (t, J 7.2 Hz, 3H), 4.02–4.12
(m, 2H), 5.09 (d, J 12.6 Hz, 1H), 5.15 (d, J 12.6 Hz, 1H),
5.41–5.53 (m, 1H), 5.64 (br s, 1H), 7.34–7.44 (m, 8H),
7.57–7.60 (m, 2H); 19F NMR (282 MHz, (CD3)2CO):
d �113.46 (dd, J 302.2 and 100.8 Hz, 1F), �118.88
(ddd, J 302.2, 100.8, and 19.0 Hz, 1F); 31P NMR
(121 MHz, (CD3)2CO): d 5.80 (t, J 100.8 Hz); IR (KBr): n
3310, 2528, 1692, 1235, 1051 cm�1. Anal. Calcd for
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C18H20F2NO5P: C, 54.14; H, 5.05; N, 3.51. Found: C, 54.36;
H, 5.09; N, 3.53.

4.1.22. (Rp,R) and (Sp,R)-Ethyl N-benzyl-2-(N0-benzyl-
oxycarbonylamino)-1,1-difluoro-2-phenylethylphospho-
noamidate (16). Sodium ethoxide (48 mg, 0.71 mmol) was
added to suspension of (R)-15 (282 mg, 0.71 mmol) in dry
ethanol (6 mL). The resulting solution was stirred at room
temperature for 2 h and concentrated. The residue was dis-
solved in CH2Cl2 (5 mL) and DMF (two drops) was added.
The solution was cooled to 0 �C and treated with oxalyl
chloride (180 mg, 1.42 mmol). After stirring at 0 �C for
0.5 h the reaction mixture was concentrated to dryness, the
residue was dissolved in CH2Cl2 (5 mL), and Et3N (79 mg,
0.78 mmol) and then benzylamine (380 mg, 3.55 mmol)
were added at 0 �C. The reaction mixture was stirred for
1 h at room temperature and then treated with cold water
(5 mL). The organic phase was separated and the aqueous
layer was extracted with CH2Cl2 (5 mL). The combined
organic layers were washed with 1 N HCl (10 mL), saturated
aqueous NaHCO3 (10 mL), water (10 mL), and dried
(Na2SO4). Concentration afforded crude 16 as mixture of
(Rp,R) and (Sp,R) diastereomers in ratio 1:1. Chromato-
graphy purification (CH2Cl2/Et2O 10:1) gave 209 mg
(61%) of 16 as white solid and did not alter the ratio of dia-
stereomers. 1H NMR (500 MHz, CDCl3): d 1.08 (t, J 6.8 Hz,
1.5H), 1.26 (t, J 6.8 Hz, 1.5H), 2.59–2.64 (m, 0.5H), 3.06–
3.11 (m, 0.5H), 3.88–3.96 (m, 2H), 4.04–4.19 (m, 2H),
5.12 (s, 2H), 5.36–5.48 (m, 1H), 6.34–6.42 (m, 1H), 7.12–
7.14 (m, 1H), 7.25–7.38 (m, 12H), 7.42–7.45 (m, 2H); 19F
NMR (470 MHz, CDCl3): d �112.17 (ddd, J 301.2, 94.2,
and 8.6 Hz, 1F), �117.66 (ddd, J 301.2, 101.2, and
18.3 Hz, 1F) (first diastereomer); �113.17 (ddd, J 300.0,
106.0, and 10.2 Hz, 1F), �115.62 (ddd, J 300.0, 90.6, and
16.0 Hz, 1F) (second diastereomer); 31P NMR (202 MHz,
CDCl3): d 16.61 (dd, J 101.2 and 94.2 Hz) (first diastereo-
mer); 17.14 (dd, J 106.0 and 90.6 Hz) (second diastereo-
mer); IR (KBr): n 3352, 3211, 1700, 1248, 1044 cm�1.
Anal. Calcd for C25H27F2N2O4P: C, 61.47; H, 5.57; N,
5.73. Found: C, 61.62; H, 5.67; N, 5.70.

4.1.23. Sodium (R)-N-benzyl-(2-N0-benzyloxycarbonyl-
amino)-1,1-difluoro-2-phenylethylphosphonoamidate
(17). A solution of 16 (167 mg, 0.34 mmol) and sodium
iodide (56 mg, 0.37 mmol) in methyl ethyl ketone (3 mL)
was heated at reflux for 5 h. The reaction mixture was then
cooled to room temperature, the precipitate was filtered,
washed with cooled acetone, and dried to give 120 mg
(73%) of (R)-17; mp 234–236 �C; [a]D

20 �11.55 (c 1.10,
20 mM H3PO4/NaOH pH 6.82); 1H NMR (500 MHz,
DMSO-d6): d 3.11 (br s, 1H), 3.76–3.92 (m, 2H), 4.85–
4.94 (m, 1H), 4.98 (s, 2H), 7.12–7.40 (m, 15H), 8.58 (br s,
1H); 19F NMR (470 MHz, DMSO-d6): d �108.46 (dd, J
282.5 and 76.4 Hz, 1F), �115.75 (ddd, J 282.5, 76.4, and
16.0 Hz, 1F); 31P NMR (202 MHz, DMSO-d6): d 9.16 (t, J
76.4 Hz); IR (KBr): n 3383, 3288, 1706, 1230, 1067 cm�1.
Anal. Calcd for C23H22F2N2NaO4P: C, 57.27; H, 4.60; N,
5.81. Found: C, 57.13; H, 4.67; N, 5.88.

4.1.24. Hydrolytic stability of sodium (R)-N-benzyl-(2-N0-
benzyloxycarbonylamino)-1,1-difluoro-2-phenylethyl-
phosphonoamidate (17). The hydrolytic stability of sodium
salt (R)-17 was studied chromatographically. The following
buffering systems were employed: 20 mM phosphoric acid,
pH 2.18; 20 mM phosphoric acid adjusted to pH 5.20 and
6.82 with concentrated sodium hydroxide. The stock solu-
tion of (R)-17 (6 mM) was prepared by dissolving (R)-17
in buffer at pH 6.82. Reactions were initiated by addition
of aliquots of stock solution to 5 mL of buffers. The concen-
tration of substrate ranged from 0.09 to 0.4 mM. At appro-
priate intervals three consecutive within 10-min samples
were collected and injected onto C18 chromatographic
column equipped with UV-detector monitoring at 220 nm.
The absolute calibration method gave us acceptable level
of quantitation accuracy. The sodium salt (R)-17 was stable
at pH above 5.00 for two weeks at 21 �C; the half-life of
(R)-17 at pH 2.18 was 36�1 h.
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Abstract—Clay-anchored iron[N,N0-ethylenebis(salicylideneaminato)] complex, synthesized by direct exchange, oxidizes various olefins
and chalcones in aqueous acetonitrile using hydrogen peroxide as terminal oxidant. Aldehyde and its derivatives are obtained as oxidation
products by the cleavage of C]C double bond. In comparison with the catalysis by iron–salen complex in solution, the clay catalyzed path-
way not only increases the rate of reaction significantly, but also provides selective oxidation toward the aldehyde. Some chalcones also give
very good yield in water, compared to the solution and clay catalyzed pathways.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, methods available for high-yielding, selec-
tive transformations of organic compounds have increased
tremendously. Most of these reactions also lay emphasis
on catalysis and ‘atom-economy’.1 Iron–salen complexes
are used as catalysts in allylic oxidation of olefins,2 epoxida-
tion of unfunctionalized olefins with iodosylbenzene,3 and
oxidation of adamantane in the presence of oxygen.4 Fur-
thermore, m-oxo-bisiron–salen complexes are also used in
the cyclopropanation of olefins.5 Iron-catalyzed asymmetric
oxidation of sulfides to sulfoxides has been achieved with
high enantioselectivity using hydrogen peroxide as terminal
oxidant.6

The progress in heterogeneous asymmetric synthesis, partic-
ularly in the asymmetric synthesis on chiral catalysts immo-
bilized in porous materials by various approaches such as
chemical grafting, encapsulation, organic–inorganic hybrid
synthesis, intercalation in layered materials, ionic interac-
tion for asymmetric reactions like epoxidation, hydrogena-
tion, hydroformylation, carbon–carbon bond formation,
ring opening of epoxides, and cyanohydrin synthesis was
recently reviewed by Li.7

Immobilization of homogeneous catalysts has attracted sig-
nificant interest because it could combine the advantages
of both homogeneous and heterogeneous catalysis.8 The

Keywords: Iron–salen complex; K10-montmorillonite; Aldehyde; Aqueous
medium; Cleavage of C]C bond.
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various approaches include covalent binding to organic
polymers,9 layered double hydroxides,8–10 ion exchange
into the intracrystalline space of zeolite Y, Al-MCM-41,11

and encapsulation in zeolite using ship in a bottle method-
ology.12 Although immobilization shows increase in the
catalytic activity of homogeneous catalysts,13 it is often
accompanied by a decrease in enantioselectivity. Although
a few reports are available on immobilization of both achiral
and chiral manganese–salen complexes onto the interlayers
of montmorillonite clays14 for enantioselective epoxidation
of nonfunctionalized olefins using NaOCl as oxidant,
attempts have not been made to oxidize olefins to the
corresponding aldehydes. To achieve this objective, clay-
supported iron–salen complexes are prepared and used in
the present study.

Oxidative cleavage of olefins is one of the often used reac-
tions in organic chemistry. The various reagents used for
the cleavage of C]C bond are cobalt(II)–Schiff base com-
plexes,15 KMnO4 under acidic conditions,16 thiyl radical,17

OsO4–oxone,18 OsO4–NaIO4,19 Ru(II),20 and Au(I).21 Al-
though good results are obtained, the high cost of many of
these catalysts is a drawback. An alternative and under-
explored option is the use of iron catalysts, which possess
many advantages over traditional catalysts due to their non-
toxic and inexpensive nature.

2. Results and discussion

In the present work, the catalytic activity of the clay-
supported iron–salen complexes is studied in the oxidative
cleavage of olefins and chalcones (Scheme 1) using hydrogen

mailto:pit12399@yahoo.com
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peroxide as oxidant. To study the influence of ligand, ferric
chloride, iron–salen complex, and oxidant in the oxidation
of C]C bond, control experiments are carried out with
styrene using hydrogen peroxide in the presence of oxygen
(air). The results show that the oxidation is very slow when
only the ligand/FeCl3/complex is present.

C C
R1

R2
H
R3

+ H2O2
clay catalyst

C O
R1

R2 OC
H

R3

+
RT, MeCN/H2O

Where, R1= Ph
R2 = H, CH3, Ph
R3 = H, NO2, CHO, COOH, COOCH3

Scheme 1.

Cleavage of C]C double bond was studied with olefins such
as styrene, a-methylstyrene, b-nitrostyrene, 1,1-diphenyl-
ethylene, cinnamic acid derivatives, and chalcones. In Table 1
the results of the oxidation of these olefins by 30% hydrogen
peroxide as oxidant in the presence of iron–salen complex
and clay-supported iron–salen complex are presented and
a significant increase in yield of aldehydes is noticed in the
clay-supported iron–salen complex oxidations. Oxidation
by iron–salen complex is monitored by three ways. In method
A, only iron–salen complex, without any clay support, is
used. Methods B and C employ clay-supported iron–salen
complex in acetonitrile and in acetonitrile–water mixture
(0.5:2.5 mL), respectively. Method C is adopted to explore
the potential utility of this novel oxidant in an ecofriendly
solvent (water). The observed results provide very interesting
features. For example, when the reaction is performed in ace-
tonitrile at room temperature with 30% hydrogen peroxide in
the presence of molecular oxygen and iron–salen complex,
the conversion of styrene to benzaldehyde is only 14% (in-
complete even after 48 h and which also furnishes benzoic
acid). Under these conditions, no epoxide and diol are ob-
served. The same reaction also fails to furnish aldehyde
with nonpolar solvents such as diethyl ether and hexane.

When clay iron–salen complex (heterogenized onto the
layers of clay) is used as catalyst, with the objective of im-
proving the stability of the metal complex under the reaction
conditions by preventing the catalytic active species from
aggregating and also to fine-tune the selectivity of the reac-
tion on the interlayers of clay solid via steric constraints, the
reaction proceeds more rapidly, affording benzaldehyde and
substituted benzaldehydes in moderate to good yield. Other
advantages are the absence of over oxidized product (benz-
oic acid) and a typical GC and GC–MS analysis shows the
absence of epoxide and phenylacetaldehyde also. Reactions
of various olefins with heterogeneous catalysts by method B
are examined and the results are shown in Table 1. Two
different pathways are likely in the oxidation of styrene.22

First pathway (a) leads to epoxidation of styrene to form
styrene oxide and is not dependent on oxygen, whereas the
second (b) leads to the formation of benzaldehyde and is
dependent on oxygen (Scheme 2). When the oxidation is
performed in air under the reaction conditions, benzalde-
hyde is obtained as the sole product.

In an analogous manner, other olefins such as 1,1-diphenyl-
ethylene and a-methylstyrene are also oxidized by method
B and the yields are 98 and 76%, respectively. When the oxi-
dation is extended to b-nitrostyrene, the yield of benzaldehyde
decreases marginally when method B is employed in contrast
to method A. All other olefins (namely trans-cinnamalde-
hyde, trans-cinnamic acid, and trans-methyl cinnamate)
give a much better yield by method B. These results amply
demonstrate that this method for C]C double bond cleavage
is also effective with unsaturated compounds bearing elec-
tron-withdrawing substituents. Furthermore, the competing
allylic oxidation of the methyl group in a-methylstyrene (by
a radical route) is not observed under the present conditions.
In addition, this efficient and mild oxidizing system does
not disturb the functionalities such as aldehyde and esters.

Organometallic catalysts in aqueous systems offer exciting
prospects, both from academic and industrial points of
view. The use of transition metal catalysts in water or in
a two-phase system offers the same advantages as in an
organic medium. However, they simplify the separation of
the catalyst from the products, eventually for its recycling
and this is significant in large scale chemical processes.
The use of water as solvent can also exhibit different selec-
tivities to those shown in organic medium. Wacker oxidation
of olefins to ketones catalyzed by palladium complexes is
a well known process, which has been applied to numerous
olefins.23 However, selective oxidation of C8–C16 a-olefins
remains a challenge. Mortreux et al. have developed a new
catalytic system for the quantitative and selective oxidation
of higher a-olefins in aqueous medium.24–26

These exciting results of organic reactions in water have
prompted us to study the oxidation of olefins, using hydrogen
peroxide as oxidant in acetonitrile–water mixture with a het-
erogeneous catalyst (method C). As anticipated, selective
oxidation of olefin is achieved to yield aldehyde or ketone
as the sole products as indicated by GC and GC–MS. The
ratio of acetonitrile–water is fixed in such a way that the
substrate dissolves completely. It is also observed that the
oxidation is slowed down when 100% water is used as sol-
vent. a-Methylstyrene, 1,1-diphenylethylene, and cinnamic
acid are also oxidized by method C in a moderate yield.
On the other hand, excellent yields of 94 and 92% are
observed in the oxidation of dibenzylidenecyclohexanone
and 4,40-dimethoxydibenzylideneacetone, respectively. For
these two substrates the rate of the reaction is accelerated
when compared to methods A and B. The lower reactivity
of methyl cinnamate, benzylideneacetone, and 4-methyl-
chalcone is probably due to their poor solubility in water.

These interesting results have prompted an extension of the
study to chalcones and its derivatives for oxidative cleavage

+ H O O H

O

O

H

(a)

(b)
O2

Scheme 2.
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Table 1. Oxidation of C]C double bond in olefins and chalcones by hydrogen peroxide, catalyzed by iron–salen complex under various reaction conditions

Entry Substrate Methoda Product Yield (%)b TONc

1 A

H

O
14 09

2 B 30 20
3 C 10 07

4 A
CH3

O 27 18
5 B 76 51
6 C 43 26

7 NO2 A

H

O
34 23

8 B 32 22
9 C 23 15

10 Ph

Ph
CH2

A Ph
Ph

O
68 27

11 B 98, 86d 38
12 C 41 16

13 CHO A

H

O
32 22

14 B 53 36
15 C 16 11

16 COOH A

H

O
50 34

17 B 65, 58d 44
18 C 53 36

19 COOCH3 A

H

O
23 15

20 B 65 44
21 C 09 06

22

CH CH C
O A

H

O
34 23

23 B 70 47
24 C 45 30

25

CH CH C
O

Cl
A

ClOHC
27 14

26 B 82 42
27 C 60 31

28

CH CH C
O

CH3

A

H

O
44 30

29 B 22 15
30 C 06 04

31
O

A
H

O
— —

32 B 87 59
33 C 100, 91,e 96d 67

34 CH CH

CHCHH3C

H3C
O

A
OHC CH3

32 19
35 B 92 55
36 C 68 40

37 CH CH

CHCH

O
H3CO

H3CO

A
OCH3OHC

38 20
38 B 85 45
39 C 100, 94,e 97d 53

40

CH CH C
O

H3C
A

OHC CH3

47 28
41 B 45 27
42 C 05 03

a Method A: olefin (50 mg), iron–salen complex (10 mg), 30% H2O2 (0.6 mL), MeCN (3 mL); method B: olefin (50 mg), clay-anchored iron–salen complex
(30 mg), 30% H2O2 (0.6 mL), MeCN (3 mL); method C: olefin (50 mg), clay-anchored iron–salen complex (30 mg), 30% H2O2 (0.6 mL), MeCN (0.5 mL)–
H2O (2.5 mL). All reactions are carried out in the presence of oxygen.

b Determined by GC; error limit �3%.
c Turnover number (TON): millimole of product/millimole of catalyst.
d Catalyst reused.
e Isolated yield.
in solution as well as on clay-supported iron–salen complex.
As expected, chalcones also undergo oxidative cleavage to
corresponding aldehydes by method A (Table 1). Oxidations
of chalcones are also extended to method B using 30% hy-
drogen peroxide as oxidant in presence of molecular oxygen.
The yield has increased in a heterogeneous medium when
compared to solution reaction except in the case of benzyl-
ideneacetone. It is likely that the interaction of hydrogen
peroxide with the heterogeneous catalyst in the presence
of oxygen has prompted the formation of active oxygenating
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species. Also the clay interlayer localizes the substrate and
the active oxo complex in close proximity, which is not
the case in solution reaction. Increased steric hindrance to
oxidation in the case of chalcone may also have contributed
to the lower reactivity. In some cases, it is very interesting to
note that oxidation of chalcone by clay-supported iron–salen
complex is even faster in aqueous acetonitrile (entries 33 and
39, method C) than with only acetonitrile (method B). More-
over, various functional groups such as alkyl, alkoxy, and
halide groups on phenyl rings are well tolerated under this
oxidizing system. With methyl group at para position of
chalcone, potential byproducts from the radical oxidation
of the methyl group are not observed (entries 34–36 and
40–42, Table 1).

The catalyst turnover number (TON, the ratio between num-
ber of millimoles of product formed and number of milli-
moles of catalyst used), increases for methods B and C in
contrast to method A (Figs. 1 and 2). The most important ad-
vantages of heterogeneous catalysis over the homogeneous
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Figure 1. Oxidation of C]C double bond in olefins with molecular oxygen
in various reaction conditions as a function of turnover number (TON).
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Figure 2. Oxidation of C]C double bond in chalcones with molecular
oxygen in various reaction conditions as a function of turnover number
(TON).
counterpart are the increase in complex stability in reaction
media and the possibility of reusing the catalyst by simple
filtration, without neither loss of selectivity nor activity. In
some cases, the catalyst is reused in the oxidation of olefins
and chalcones (by methods B and C) and the results are given
in Table 1. It is also observed that this oxidation is inhibited
to a greater extent by the addition of sodium azide, which
suggests a radical pathway. It is relevant to note that in the
presence of hydrogen peroxide, azide ion interacts with fer-
ric native state of catalase to generate azidyl radical, which
in turn reacts with the heme group of catalase thus inactivat-
ing the enzyme.27

Complete mechanistic interpretation of these results requires
consideration of two main pathways in which the O–O bond
of hydrogen peroxide can be cleaved upon reaction with the
catalyst (Scheme 3). Hydrogen peroxide typically reacts
with a metal complex to form an initial metal–allylperoxo
intermediate (a). The O–O bond of the coordinated peroxide
can then cleave heterolytically to form high-valent metal oxo
complex and water (b) or homolytically to form OH radicals
and a metal hydroxide complex (c).

+ H O O H

M
O

+ H2O

M
OH

+ OH

(a)
(b)

(c)

M M
HO

OH (n+2)+

++

+(n+1)

n n

Scheme 3. Possible pathways of O–O bond cleavage in hydrogen peroxide.

In the proposed mechanism (Scheme 4), the active oxidizing
species (formed upon reaction of hydrogen peroxide with
the catalyst) is described as high-valent Fe(V)]O.28 It
can add onto the double bond leading to a carbon radical
intermediate (proposed by Tuynman et al.).29 This carbon
radical intermediate is trapped by molecular oxygen fol-
lowed by the abstraction of hydrogen or by the reaction
between the carbon radical and activated hydrogen per-
oxide, which finally rearranges to give benzaldehyde as the
sole product.

O2/H2O

H2O2

H2O2
O

FeIV

O

Fe

O
O H

IV

FeIII

Fe

O
IV

or

CHO

Scheme 4. Possible mechanism for the oxidative cleavage of C]C double
bond in presence of molecular oxygen.



9915A. Dhakshinamoorthy, K. Pitchumani / Tetrahedron 62 (2006) 9911–9918
3. Conclusion

In summary, we have developed a novel method to oxidize
olefins and chalcones to ketones/aldehydes in aqueous
medium using hydrogen peroxide as oxidant within the mi-
croenvironment of clay interlayer wherein the local concen-
tration of active oxygenating species and substrate are more
localized. In almost all the cases where selective catalytic
oxidations of olefin are carried out, second- or third-row
transition metal complexes are involved. This is the first
report wherein the first-row transition metal is utilized for
oxidation of olefin to carbonyl compounds in aqueous
medium. In addition, the present study highlights the activa-
tion of oxygen and its subsequent transfer to the substrate. A
range of functional groups, which includes electron-with-
drawing groups can be tolerated and this oxidation proceeds
under mild conditions in water. Turnover number has in-
creased from method A to B for most of the substrates and
method B to C for 4,40-dimethoxydibenzylideneacetone
and dibenzylidenecyclohexanone. As the polarity of the
reaction medium is increased by water–acetonitrile mixture,
more substrates may be intercalated into the layers of clay to
increase their local concentration in a heterogenous medium
with faster reaction rate. The catalyst can also be reused
without any loss in the selectivity and activity.

4. Experimental

4.1. General methods

All reagents were obtained commercially and used without
further purification unless otherwise noted. The starting ma-
terials (chalcones and its derivatives) were synthesized by
following previous procedures.30 Proton nuclear magnetic
resonance (1H NMR) spectra were recorded on Bruker
300 MHz and carbon nuclear magnetic resonance (13C
NMR) were recorded on 75 MHz Bruker instrument using
TMS as an internal standard. UV–visible spectra for com-
plexes were recorded using Jasco V-550 instrument. IR spec-
tra for neat and immobilized complexes were recorded as
KBr pellet in a Shimadzu FT-IR (8400 S) instrument. TGA
analyses were carried out using Netzsch STA 409 PC model
instrument. The percentage conversion, purity, and relative
yields of the final products were confirmed and their charac-
terization were carried out using gas chromatograph (Shi-
madzu GC-17A model, ZB-5 (10%) capillary column with
FID detector and high purity nitrogen as carrier gas). The
products were identified by comparing with authentic sam-
ples and the retention time of the starting material was taken
as internal reference. In most cases the mass balance is
>80%. GC–MS analyses were also carried out in a Finnigan
GC–MS with RTX5-MS capillary column and high purity
helium as the carrier gas.

4.1.1. Procedure for C]C bond cleavage in homoge-
neous medium (method A). To a solution of olefin
(50 mg) in 3 mL acetonitrile iron–salen complex (10 mg),
30% hydrogen peroxide (0.6 mL) was added. The reaction
mixture was stirred for 24 h at room temperature. The prog-
ress of the reaction was monitored by the color change from
dark pink to pale pink as the reaction time increased. Then
the reaction mixture was quenched with water, extracted
with diethyl ether, and the organic layer dried over anhy-
drous sodium sulfate.

4.1.2. Heterogeneous oxidation of olefin (method B or C).
To a solution of olefin (50 mg) in 3 mL of acetonitrile, the
heterogeneous catalyst was added followed by the addition
of 30% hydrogen peroxide as terminal oxidant. Then the re-
action mixture was stirred for 24 h at room temperature. The
reactants were extracted from the heterogeneous catalyst,
upon stirring with diethyl ether for 8 h and filtered. The fil-
trate was washed with water and the organic layer was dried
over anhydrous sodium sulfate.

4.1.3. Synthesis of iron(III)–salen complex. The Schiff
base salen ligand was prepared according to the established
procedure.31 To an ethanolic (15 mL) solution of salicylalde-
hyde (2.40 g) was added an ethanolic (15 mL) solution of
ethylenediamine (0.67 g) and the resulting mixture was
allowed to reflux for 1 h. The progress of the reaction was
monitored by TLC. This mixture was allowed to cool at
about 10 �C. The yellow crystalline product was filtered
and dried and the formation of the ligand was confirmed
by FTIR analysis.

An ethanolic (15 mL) solution of anhydrous iron(III) chlo-
ride (0.8 g) was added to a solution of salen ligand
(1.34 g) in absolute ethanol (25 mL). The resulting dark
brown suspension was refluxed for 1 h and allowed to cool
to room temperature. Then it was filtered, washed with
ethanol, and dried at 50–60 �C for 1 h.

4.1.4. Preparation of heterogeneous Fe(salen) catalyst.
To a solution of iron(III)–salen complex in acetonitrile
(250 mg), 500 mg of K10-montmorillonite was added and
the resulting suspension was stirred for 30 h at room temper-
ature. This heterogeneous catalyst was filtered, washed with
acetonitrile, and dried at 60 �C prior to use. The filtrate was
concentrated and it was found that around 95–98% of the
complexes were anchored onto the interlayer of the clay as
shown in Scheme 5.

4.1.5. Characterization. The UV–visible spectra of salen
ligand recorded in acetonitrile medium show two character-
istic absorptions at 253 and 326 nm, which are attributed
to ligand n/p* and p/p* charge transfer bands,
respectively. Iron–salen complex exhibits a broad band
around 473 nm and the absence of 253 and 326 nm bands
confirm the absence of ligand in the complex (Fig. 3a).
The diffuse reflectance spectra of clay-anchored iron–salen
complex too exhibit a band at 473 nm, which confirms the
presence of iron–salen complex onto the layers of clay
(Fig. 3b).

IR spectra were recorded for salen ligand, iron–salen
complex, and heterogeneous catalyst using preactivated
KBr as standard. As seen from Figure 4, the spectrum
of the salen–Fe(III) clay complex coincided with that of
the chloride salt of the same complex, thus establishing the
purity and identity of salen–Fe(III) clay. In addition, the
most characteristic band associated with the salen ligand
appearing at 1500 cm�1 was absent for clay sample, indicat-
ing that all the ligands had reacted with metal to form
complex.
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OH
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T = Tetrahedral layer
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Scheme 5. Reagents and conditions: (a) salicylaldehyde (2 equiv), ethylenediamine (1 equiv), ethanol, reflux 1 h, 90–93%; (b) anhydrous ferric chloride
(1 mol), salen ligand (1 mol), ethanol, 85–90%; (c) K10-montmorillonite, iron–salen complex, acetonitrile, 30 h.
Thermogravimetric analysis (TGA) in air profile showed the
decomposition of iron–salen complex and iron–salen clay
complex with residues amounting iron oxide. As seen
from Figure 5a, the decomposition was complete for iron–
salen complex at 610 �C. However on immobilization,
the final decomposition temperature was shifted to 720 �C

Figure 3. (a) UV–visible spectrum of iron–salen complex in acetonitrile and
(b) diffused reflectance spectra of clay-supported iron–salen complex.
(Fig. 5b). The increase in temperature observed for immobi-
lized sample is due to stabilization of the complex inside the
interlayer of clays.

Direct evidence for the +3 oxidation state of iron–salen
complex was obtained by cyclic voltammetry technique.

Figure 4. FTIR spectra of (a) iron–salen complex and (b) iron–salen com-
plex immobilized on clay matrix.

Figure 5. Thermogravimetric analysis (TGA) of (a) iron–salen complex and
(b) iron–salen complex immobilized in the clay matrix.
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The electrochemical behavior of the iron–salen complex
in acetonitrile showed reduction potential of �0.360 V vs
Ag/AgCl (Fig. 6a). Also, cyclic voltammogram was re-
corded for iron–salen complex immobilized onto the inter-
layer of clay by mixing equal amount (w/w) of iron–salen
immobilized complex and graphite with a small amount of
paraffin liquid as binder, which shows a quasi reversible be-
havior with single reduction potential at �0.75 V (Fig. 6b).
The existence of single redox process for the salen complex
immobilized in clay implies that the complex exist as mono-
meric species in the clay microenvironment.
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Abstract—A highly efficient synthesis of the potent CDKs (cyclin-dependent kinases) inhibitors, aloisines (substituted 5H-pyrrolo[2,3-
b]pyrazines) is presented. The method is based on highly selective monosubstitution of a single chlorine atom in 2,3-dichloropyrazine
with lithiated ketones, esters, and nitriles followed by co-cyclization of the resulting intermediates with primary amines or hydrazines.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The family of compounds 1 bearing 5H-pyrrolo[2,3-b]pyra-
zine fragment has recently attracted a great interest since
they have been shown to inhibit cyclin-dependent kinases
(CDKs).1,2 Due to potential applications of CDK inhibitors
as novel agents for a variety of neurodegenerative disorders
such as Alzheimer’s disease, the authors named this family
of compounds as ‘aloisines’, following the first name (Aloiz)
of Dr. Alzheimer.1 Up to now, the two general approaches to
aloisines have been developed, one using the reaction of
methylpyrazines with aromatic nitriles1,3 and the other based
on a cyclization of 2-chloro-3-(methanesulfonamido)pyra-
zine with substituted alkynes under thermal4 or microwave
assisted conditions.5 However, both these methods have lim-
itations concerning yields, variety of R1–R3 substituents, and
utilizing a microwave technology that is rather effective but
still not widely available method. Thus, a more general and
practical approach to the compounds of general formula 1
seemed to be needed.

In this paper we describe a new general method for the syn-
thesis of aloisines 1 where the substituents R1, R2, and R3

can be varied independently. Our strategy is based on highly
selective substitution of a single chlorine atom in commer-
cially available 2,3-dichloropyrazine (2) with a-lithiated
ketones, esters, and nitriles followed by cyclization with pri-
mary amines or hydrazines (Scheme 1).

Keywords: 2,3-Dichloropyrazine; Aloisines; Substituted 5H-pyrrolo[2,3-
b]pyrazines; a-Arylation; Cross-coupling reactions; Cyclization.
* Corresponding author. Tel.: +7 495 775 0654; fax: +7 495 956 4948;

e-mail: kasatkin@chembridge.ru
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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2. Results and discussion

As it can be seen from our results represented by Table 1, the
reactions of 2,3-dichloropyrazine (2) with 1.1 equiv of vari-
ous ketones, esters, and nitriles and 2.2 equiv of LiHMDS6

led to highly selective formation of the monosubstitution
products 3, 4, and 5, respectively (Scheme 2).

The reactions of 2 with n-alkyl phenyl and n-alkyl hetaryl
ketones provided the corresponding monoketones 3a–g in
moderate to high yields (entries 1–10) although increasing
the temperature from 20 to 60 �C was required in most cases.
Only traces of the disubstitution product were detected by
LC/MS in the reaction with 2.2 equiv of n-PrC(O)Ph and
4.4 equiv of LiHMDS (entry 4). It is noteworthy that the
use of 1.1 equiv of the base decreased conversion of the start-
ing materials, thus, indicating that the Li-enolates of 3 were
the reaction products before hydrolysis. Compared to the
n-alkyl ketones, Li-enolate of i-PrC(O)Ph proved to be much
less reactive presumably owing to steric reasons (entries 11
and 12). Although Pd-complexes are known to be effective
catalysts for arylations of ketone or ester enolates,6–9 the
presence of the catalyst (Pd2dba3+Xantphos)9 did not im-
prove the yield of the desired monoketone 3h (entry 13).
The reaction of 2 with acetone was accompanied by the
formation of aldol type condensation products (entry 14),

mailto:kasatkin@chembridge.ru
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Table 1. Reactions of 2,3-dichloropyrazine (2) with lithiated ketones, esters, and nitrilesa

Entry Substrate Product Temp (�C) Yieldb (%) Entry Substrate Product Temp (�C) Yieldb (%)

1
O

Ph N

N Cl
O

Ph
3a 20 62c 14

O
N

N Cl
O

3i 20 21g

2
O

Ph
N

N Cl
O

Ph 3b

20 54 15
O

OR

R = Me
R = Et
R = t-Bu

N

N Cl
O

OR

4a

4b

4c

20 42

3 60 96 16 20 50

4 60 81d 17 20 92

5

N

O

N
N

N Cl
O

3c

20 34
c

18
O

OR
R = Me
R = t-Bu N

N Cl
O

OR
4d

4e

20 26
6 60 51c 19 20 82

7
N

O

N

N

N Cl
O

3d 60 53c 20
O

OBu-tPh N

N Cl
O

OBu-t
Ph

4f

20 86

8 O

O N

N
O

O
Cl

3e 20 50c 21

O

OBu-t
N

N Cl
O

OBu-t
4g 20 26

e

22 60 17e

9
S

O

S

N

N Cl
O

3f 60 61c 23 N N

N Cl
N 5a

20 95

10 S

O N

N
S

O
Cl

3g

60 85 24 N N

N Cl
N

5b 20 98

11 O

Ph
N

N Cl
O

Ph
3h

20 <5e

25 N
N

N Cl
N

5c 20 9812 60 8e

13 60 <5e,f

a Reaction conditions: 1 equiv of 2, 1.1 equiv of ketone, ester or nitrile, 2.2 equiv of LiHMDS, toluene, 24 h, under Ar.
b Isolated yields (average of two runs).
c The products were isolated as ketone and enol mixtures according to 1H NMR data.
d The ketone (2.2 equiv) and LiHMDS (4.4 equiv) were used.
e More than 70% of the starting material 2 was recovered.
f Pd(dba)2 (2.5 mol %) and Xantphos (3 mol %) were added.
g The aldol type condensation product of 3i with acetone was isolated in 25% yield.
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Scheme 2.
which limits generality of the method; the use of dialkyl
ketones (excluding ones having a trisubstituted a-carbon)
seems to be more problematic.

The reactions of 2 with a-unbranched tert-butyl esters and
nitriles smoothly afforded the monoesters 4c,e,f (entries
17, 19, and 20) and mononitriles 5a,b (entries 23 and 24)
at room temperature. Although the maximal yield of 26%
was obtained for the a,a-disubstituted ester 4g (entry 21),
the corresponding nitrile (i-PrCN) gave the desired mono-
substitution product 5c in high yield (entry 25). Regarding
variation of the ester group, the yields of the monosubstitu-
tion products decreased in the following order: 4c (R¼
t-Bu)>4b (R¼Et)>4a (R¼Me) (entries 15–17) as well as 4e
(R¼t-Bu)>4d (R¼Me) (entries 18 and 19). Thus, tert-butyl
esters represented most appropriate substrates (probably due
to their low tendency to Claisen type condensations).10

It should be pointed out that nucleophilic (SNAr) substitu-
tions of a single chlorine atom in 2 were reported for a variety
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of N-, O-, and S-nucleophiles (including ammonia,5,11

amines12 and aminoalcohols,13 sulfamides,4,5 thiols,14,15

and alcohols15,16). However, the selective monosubstitution
with C-nucleophiles has been studied to a much lesser ex-
tent. To our knowledge, the only known examples included
the use of anions generated from methyl tert-butyl ketone17

and a-stabilized nitriles.18

Being succeeded in the synthesis of the monosubstitution
products 3–5 (Table 1), we turned our attention to the second
(co-cyclization) step to afford the target aloisines 1. The
chloroketone 3b was chosen as a model representative com-
pound. We found that the reactions of 3b with primary
amines and hydrazines in xylene at 145–170 �C in the pres-
ence of PTSA provided the co-cyclization products 1 and 6
in high yields (Scheme 3; Table 2).

As it can be seen from Table 2, the treatment of 3b with am-
monia (entry 1), alkylamines (entries 2–4), benzylamine (en-
tries 5–7), ethanolamine (entry 8), and 4-methoxyaniline
(entries 9 and 10) provided the expected trisubstituted 5H-
pyrrolo[2,3-b]pyrazines 1a–f. The use of microwave irradi-
ation in the reaction with 4-MeOC6H4NH2 gave moderate
advantage, shorting the reaction time (entry 10). By the
treatment of 3b with hydrazine hydrate, realization of both
the cyclization pathways of the intermediate 7 (R¼H) took
place, thus, affording the mixture of 5H-pyrrolo[2,3-b]pyra-
zine 1g and 1,4-dihydropyrazino[2,3-c]pyridazine 6a (entry
11). However, when phenyl- and methylhydrazines were
introduced into the reaction, only the corresponding 1,4-di-
hydropyrazino[2,3-c]pyridazines 6b,c were isolated (entries
12–14). The role of PTSA is crucial for the reactions to be
completed: the yields of both 1g and 6a decreased dramati-
cally (entry 11) and the hydrazone 7 (R¼Ph) was obtained as
a main product instead of 6b (entry 13) in the absence of
PTSA. It should be noted that although the imine intermedi-
ates 8 were postulated in the reactions of 3b with primary
amines, we could not isolate or detect them at lower temper-
atures (entries 2, 5, and 6) or in the absence of PTSA. There-
fore for 5H-pyrrolo[2,3-b]pyrazines 1, the alternative
mechanism including Cl-substitution with the amines12,13

followed by cyclization could be suggested.

It should be pointed out that the similar co-cyclizations of
2-chloro-3-(2-thienoylmethyl)-quinoxaline with carboxylic
acid hydrazides exhibited different regiochemistry,19 giving
(in contrast to 6b,c) 2-substituted 1,2-dihydropyridazine
derivatives 9 (Scheme 4). The structures of 6a–c were
confirmed by the presence of characteristic peaks (doublets
of the doublets) of CH-4 protons at 4.42–4.56 ppm in their
1H spectra.

R

O

NHNH2

N

N O

S

Cl
O

RN

N

N

S

N
H

9

R = Ph, H

Scheme 4.

Cyclization of the chloroketones 3 into the furo[2,3-b]pyra-
zines 10 (the oxo-analogs of aloisines) was found to be effec-
tive by treatment of 3 with K2CO3 in DMF at 140 �C
(Scheme 5).20

N

N Cl

R1

O

R2 N

N O
R2

R1

K2CO3

DMF, 140 °C, 3 h

3
10a (R1 = H, R2 = Ph), 97%
10b (R1 = H, R2 = 4-Pyridyl), 84%
10c (R1 = H, R2 = 3-Pyridyl), 83%
10d (R1 = Et, R2 = Ph), 98%

Scheme 5.

With the goal to synthesize aloisines 1 having N- and O-sub-
stituents, the possibility of using the chloronitriles 5 and the
chloroesters 4 as appropriate co-cyclizations partners was
briefly investigated.

The reaction of the chloronitrile 5b with isobutylamine
(3 equiv) in xylene at 170 �C (72 h) followed by treatment
of the crude mixture with aq HCl led to the 2-aminosubsti-
tuted 2H-pyrrolo[2,3-b]pyrazine 1h (as HCl-salt) in 49%
isolated yield. The proposed mechanism represented by
Scheme 6 includes the Cl-substitution with the amine at
the first step. This has been confirmed by the fact that the in-
termediate 11 was isolated as a main product from the reac-
tion at 140 �C. Interestingly that our attempts to transform
the hydrochloride into the free base (by addition of aq
N

N Cl
O

Ph
Et

N

N Cl
N

Ph

R

Et
N

N N
Ph

Et

R

N

N Cl
N

Ph

NHR

Et

N

N N
Ph

Et

NHR

N

N
N

N
R

Et
Ph

RNH2

3b

1

1

6

7

8

∆

RNHNH2

∆

65-95%

63%

35-65%

Scheme 3.
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Table 2. Reactions of monosubstitution products 3–5 with amines and hydrazinesa

Entry Amine or hydrazine Product Temp
(�C)

Time
(h)

Yieldb

(%)
Entry Amine or hydrazine Product Temp

(�C)
Time
(h)

Yieldb

(%)

1 NH3
N

N N
H

Ph
1a 170 72 75c 9

NH2

MeO

N

N N
Ph

OMe

1f
145 72 98

10 145 24 86f

2 NH2

N

N N
Ph

1b
145 72 68

11 H2N–NH2

1g

N

N N
Ph

NH2

160 72

63

3 160 48 86 32g

4 NH2 N

N N
Ph

1c

145 72 93
35

N

N
N

N
H

Ph
6a 14g

5

NH2Ph
N

N N
Ph

Ph

1d

80 100 12d

12

NH2 N
H

Ph

N

N
N

N

Ph

Ph

6b

150 72 63
6 110 48 51

e

13 150 72 <5
g,h

7 145 48 95

8 OH NH2
N

N N
Ph

OH

1e
145 72 65 14 NH2 N

H

Me

N

N
N

N

Ph

Me

6c 170 72 65

a All the reactions were carried out in sealed vials in xylene in the presence of 0.1 equiv of PTSA.
b Isolated yields (average of two runs).
c A solution of NH3 (1.6 M) in MeOH was used.
d Benzene was used as a solvent.
e Toluene was used as a solvent.
f Microwave heating (150 W) was used.
g In the absence of PTSA.
h The hydrazone intermediate 7 (R¼Ph) was isolated in 65% yield.
K2CO3) failed due to the fast spontaneous air oxidation of 1h
into the hydroxy derivative 12.21,22

The tert-butyl chloroester 4e when treated with isobutyl-
amine at 130 �C gave mainly the Cl-substitution product
13. Subsequent heating of the reaction mixture at 170 �C
led to the dealkoxycarbonylation product 14 (Scheme 7).
The use of the methyl chloroester 4d instead of 4e (to pre-
vent dealkoxycarbonylation) was accompanied by tarring
and afforded a complex mixture of products. However, the
a-hydroxylactam 15 (as HCl-salt) was detected as a main
product by LC/MS and NMR analyses of the crude mixture
N

N Cl

Et

CN
N

N NH

Et

N
N

N N

Et

NH
N

N N

Et

NH2

N
H

N

N N

Et

N
H

N

N N
N

Et OH

i-BuNH2 i-BuNH2

-NH3

5b

11

1h 12

[O]

Scheme 6.
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Scheme 7.
after treatment with aq HCl, thus, indicating that the acidic
conditions did not prevent from the oxidation in this case
(Scheme 8).21 The product 1522 was then isolated in pure
form (but only in 30% yield) by column chromatography
of the free base.

3. Conclusion

The results presented here suggest a novel and highly effi-
cient synthesis of the potent CDKs (cyclin-dependent
kinases) inhibitors, aloisines (substituted [5H]pyrrolo[2,3-
b]pyrazines). The suggested approach is based on highly
selective monosubstitution of a single chlorine atom in com-
mercially available 2,3-dichloropyrazine with Li-derivatives
of ketones, esters, and nitriles followed by co-cyclization
of the resulting intermediates with primary amines or hydra-
zines. Compared with other reports, this methodology
delivers the desired products in higher yield and allows to
synthesize a wide range of aloisines where R1–R3 substitu-
ents can be varied independently.

4. Experimental

4.1. General

All manipulations were carried out in a nitrogen-filled glove-
box, unless otherwise stated. Toluene and xylene were
distilled under nitrogen from molten sodium. 2,3-Dichloro-
pyrazine (2) was purchased from Aldrich Chemical Co. and
Pyrazine Specialties, Inc. Lithium hexamethyldisilazide
(LiHMDS) was purchased from Aldrich; the bulk of this
material was stored in a nitrogen-filled glovebox. All other
reagents were available from commercial sources and were
used without further purification. Melting points (mp)
were determined on a Kofler hot stage apparatus and are un-
corrected. 1H and 13C NMR spectra were recorded at 400
and 100 MHz, respectively, on a Bruker DRX 400 Avance
spectrometer. Low-resolution mass analyses (MS) were
performed on an Agilent 1100 LC/MS SL series instrument
using atmospheric pressure chemical ionization (APCI) in-
terface. Elemental analyses were carried out with Carlo-
Ebra 1106 and 1500 instruments. Infrared (IR) spectra
reported in this paper were measured as thin films (from
dichloromethane solution) on KBr disks or as KBr pellets,
using a Bruker Equinox 55 FT-IR instrument, wave numbers
are given in cm�1. In vacuo refers to evaporation at reduced
pressure using a rotary evaporator and diaphragm pump, fol-
lowed by the removal of trace volatiles using a vacuum (oil)
pump.

4.2. General procedure for the reactions of 2,3-dichloro-
pyrazine (2) with ketones, esters, and nitriles in the
presence of LiHMDS (Table 1)

LiHMDS (770 mg, 4.60 mmol) and 2 (298 mg, 2.00 mmol)
were suspended in 4 mL of toluene in a screw-capped vial
containing a stirbar. A ketone, an ester, or a nitrile
(2.20 mmol) in 2 mL of toluene was added dropwise to
this suspension. The vial was sealed with a cap containing
a PTFE septum and removed from the drybox. The reaction
mixture was stirred at room temperature or at 60 �C for the
time specified. After cooling, if necessary, the reaction mix-
ture was diluted with Et2O (20 mL) and was quenched with
saturated aq NH4Cl (10 mL). The organic phase was washed
with a saturated NaCl solution (10 mL), dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified
by column chromatography on silica gel using 15% ethyl
acetate in hexanes, unless otherwise stated.

4.2.1. 2-(3-Chloropyrazin-2-yl)-1-phenylethanone, 3a
(Table 1, entry 1). The general procedure was followed.
1-Phenylethanone (265 mg, 2.20 mmol) was used. The reac-
tion was carried out at room temperature for 24 h. The prod-
uct was isolated as ketone and enol mixture. The yield was
288 mg (62%), yellow viscous oil. 1H NMR (DMSO-d6)
for the keto form, d 4.82 (s, 2H), 7.55–7.61 (m, 2H), 7.68–
7.73 (m, 1H), 8.06–8.10 (m, 2H), 8.47 (d, J¼2.6 Hz, 1H),
8.64 (d, J¼2.6 Hz, 1H); for the enol form, d 6.54 (s, 1H),
7.49–7.53 (m, 3H), 7.88–7.92 (m, 2H), 8.25 (d, J¼2.8 Hz,
1H), 8.50 (d, J¼2.8 Hz, 1H), 14.29 (s, 1H). 13C NMR
(DMSO-d6) for the keto form, d 45.53, 128.31, 128.92,
133.84, 135.98, 142.90, 149.01, 151.08, 195.36; for the
enol form, d 89.59, 125.65, 128.80, 130.74, 134.54,
138.55, 138.66, 144.12, 151.26, 165.94. IR, nmax: 3432,
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2923, 1627, 1576, 1492, 1452, 1432, 1247, 1148, 1072, 899,
774, 743, 688, 466 cm�1. LC/MS: expected, 232.67; ob-
served, m/z: 233.0 [M+H]+. Anal. Calcd for C12H9ClN2O
(232.67): C, 61.95; H, 3.90; Cl, 15.24; N, 12.04. Found: C,
61.87; H, 3.77; Cl, 14.98; N, 12.03.

4.2.2. 2-(3-Chloropyrazin-2-yl)-1-phenylbutan-1-one, 3b
(Table 1, entries 2–4). The general procedure was followed.
1-Phenylbutan-1-one (326 mg, 2.20 mmol) was used. The
reaction was carried out at 60 �C for 24 h. The yield was
500 mg (96%), yellow viscous oil. 1H NMR (DMSO-d6)
d 0.94 (t, J¼7.3 Hz, 3H), 1.96–2.16 (m, 2H), 5.21 (dd,
J¼7.7, 5.8 Hz, 1H), 7.48–7.54 (m, 2H), 7.58–7.63 (m,
1H), 7.91–7.95 (m, 2H), 8.41 (d, J¼2.4 Hz, 1H), 8.61 (d,
J¼2.4 Hz, 1H). 13C NMR (DMSO-d6) d 11.90, 23.46,
52.48, 128.07, 128.95, 133.36, 136.11, 142.78, 143.03,
148.35, 153.45, 197.45. IR, nmax: 3057, 2967, 2933, 2875,
1689, 1596, 1447, 1383, 1341, 1281, 1213, 1145, 1101,
1054, 988, 842, 744, 723, 692, 664, 470 cm�1. LC/MS: ex-
pected, 260.73; observed, m/z: 261.1 [M+H]+. Anal. Calcd
for C14H13ClN2O (260.73): C, 64.50; H, 5.03; Cl, 13.60;
N, 10.74. Found: C, 64.69; H, 4.94; Cl, 13.49; N, 10.72.

4.2.3. 2-(3-Chloropyrazin-2-yl)-1-pyridin-4-ylethanone,
3c (Table 1, entries 5 and 6). The general procedure was
followed. 1-Pyridin-4-ylethanone (267 mg, 2.20 mmol)
was used. The reaction was carried out at 60 �C for 24 h.
The product was isolated by column chromatography on sil-
ica gel using 30% hexanes in ethyl acetate as ketone and enol
mixture. The yield was 238 mg (51%), yellow solid, mp
123–125 �C. 1H NMR (DMSO-d6) for the keto form,
d 4.87 (s, 2H), 7.91–7.94 (m, 2H), 8.49 (d, J¼2.6 Hz, 1H),
8.64 (d, J¼2.6 Hz, 1H), 8.85–8.87 (m, 2H); for the enol
form, d 6.71 (s, 1H), 7.81–7.84 (m, 2H), 8.35 (d,
J¼2.7 Hz, 1H), 8.56 (d, J¼2.7 Hz, 1H), 8.70–8.73 (m,
2H), 14.20 (s, 1H). 13C NMR (DMSO-d6) for the keto
form, d 45.69, 121.34, 141.84, 142.97, 143.13, 148.89,
150.40, 151.01, 195.81; for the enol form, d 92.06, 119.47,
138.97, 139.87, 141.66, 144.65, 150.38, 150.58, 162.64.
IR, nmax: 3428, 3028, 2922, 1623, 1593, 1554, 1491, 1435,
1410, 1254, 1149, 1074, 843, 814, 790, 751, 659,
448 cm�1. LC/MS: expected, 233.66; observed, m/z: 234.0
[M+H]+. Anal. Calcd for C11H8ClN3O (233.66): C, 56.55;
H, 3.45; Cl, 15.17; N, 17.98. Found: C, 56.44; H, 3.39; Cl,
14.88; N, 17.93.

4.2.4. 2-(3-Chloropyrazin-2-yl)-1-pyridin-3-ylethanone,
3d (Table 1, entry 7). The general procedure was followed.
1-Pyridin-3-ylethanone (267 mg, 2.20 mmol) was used. The
reaction was carried out at 60 �C for 24 h. The product was
isolated by column chromatography on silica gel using 30%
hexanes in ethyl acetate as ketone and enol mixture. The
yield was 245 mg (53%), yellow solid, mp 126–128 �C. 1H
NMR (DMSO-d6) for the keto form, d 4.88 (s, 2H), 7.58–
7.64 (m, 1H), 8.37–8.42 (m, 1H), 8.48 (d, J¼2.7 Hz, 1H),
8.64 (d, J¼2.7 Hz, 1H), 8.83–8.86 (m, 1H), 9.24–9.26 (m,
1H); for the enol form, d 6.59 (s, 1H), 7.49–7.54 (m, 1H),
8.24–8.27 (m, 1H), 8.28 (d, J¼2.7 Hz, 1H), 8.51 (d,
J¼2.7 Hz, 1H), 8.66–8.69 (m, 1H), 9.06–9.08 (m, 1H),
14.31 (s, 1H). 13C NMR (DMSO-d6) for the keto form,
d 45.69, 124.04, 131.35, 135.84, 142.95, 143.04, 148.98,
149.59, 150.62, 153.98, 195.03; for the enol form, d 90.74,
123.79, 130.36, 133.26, 138.62, 139.08, 144.30, 146.80,
150.88, 151.18, 163.73. IR, nmax: 3431, 3071, 2924, 2853,
1626, 1490, 1439, 1378, 1256, 1152, 1077, 1019, 845,
793, 751, 696, 473 cm�1. LC/MS: expected, 233.66; ob-
served, m/z: 234.0 [M+H]+. Anal. Calcd for C11H8ClN3O
(233.66): C, 56.55; H, 3.45; Cl, 15.17; N, 17.98. Found: C,
56.51; H, 3.37; Cl, 15.01; N, 17.94.

4.2.5. 2-(3-Chloropyrazin-2-yl)-1-(2-furyl)ethanone, 3e
(Table 1, entry 8). The general procedure was followed.
1-(2-Furyl)ethanone (242 mg, 2.20 mmol) was used. The re-
action was carried out at room temperature for 24 h. The
product was isolated by column chromatography on silica
gel using 30% ethyl acetate in hexanes as ketone and enol
mixture. The yield was 225 mg (50%), yellow viscous oil.
1H NMR (DMSO-d6) for the keto form, d 4.60 (s, 2H),
6.78 (dd, J¼3.7, 1.7 Hz, 1H), 7.63 (dd, J¼3.7, 0.7 Hz,
1H), 8.06 (dd, J¼1.7, 0.7 Hz, 1H), 8.47 (d, J¼2.5 Hz, 1H),
8.64 (d, J¼2.5 Hz, 1H); for the enol form, d 6.36 (s, 1H),
6.68–6.71 (m, 1H), 7.04–7.06 (m, 1H), 7.90–7.91 (m, 1H),
8.20 (d, J¼2.7 Hz, 1H), 8.44 (d, J¼2.7 Hz, 1H), 13.84 (s,
1H). 13C NMR (DMSO-d6) for the keto form, d 44.89,
112.83, 119.67, 142.94, 143.04, 148.44, 148.84, 150.33,
151.30, 183.27. IR, nmax: 3341, 3132, 2926, 2854, 1677,
1636, 1570, 1466, 1385, 1331, 1276, 1215, 1150, 1085,
1010, 883, 856, 762, 594, 464 cm�1. LC/MS: expected,
222.63; observed, m/z: 223.1 [M+H]+. Anal. Calcd for
C10H7ClN2O2 (222.63): C, 53.95; H, 3.17; Cl, 15.92; N,
12.58. Found: C, 54.15; H, 3.24; Cl, 15.74; N, 12.40.

4.2.6. 2-(3-Chloropyrazin-2-yl)-1-(3-thienyl)ethanone, 3f
(Table 1, entry 9). The general procedure was followed.
1-(3-Thienyl)ethanone (277 mg, 2.20 mmol) was used.
The reaction was carried out at 60 �C for 24 h. The product
was isolated by column chromatography on silica gel using
30% ethyl acetate in hexanes as ketone and enol mixture.
The yield was 290 mg (61%), yellow viscous oil. 1H NMR
(DMSO-d6) for the keto form, d 4.72 (s, 2H), 7.56–7.58
(m, 1H), 7.67–7.70 (m, 1H), 8.47 (d, J¼2.6 Hz, 1H), 8.64
(d, J¼2.6 Hz, 1H), 8.63–8.65 (m, 1H); for the enol form,
d 6.42 (s, 1H), 7.57–7.59 (m, 1H), 7.65–7.68 (m, 1H),
8.11–8.13 (m, 1H), 8.21 (d, J¼2.8 Hz, 1H), 8.47 (d,
J¼2.8 Hz, 1H), 14.06 (s, 1H); for the keto form, d 46.40,
126.55, 127.85, 134.85, 141.11, 142.92, 148.99, 150.76,
189.46; for the enol form, d 89.75, 125.23, 127.62, 131.61,
137.49, 138.18, 138.72, 148.11, 151.59, 162.34. IR, nmax:
3336, 3104, 2922, 1675, 1618, 1509, 1491, 1413, 1383,
1317, 1260, 1229, 1175, 1148, 1085, 1061, 1010, 878,
790, 636, 464 cm�1. LC/MS: expected, 238.70; observed,
m/z: 239.2 [M+H]+. Anal. Calcd for C10H7ClN2OS
(238.70): C, 50.32; H, 2.96; Cl, 14.85; N, 11.74; S, 13.43.
Found: C, 50.58; H, 2.91; Cl, 14.45; N, 11.49; S, 13.68.

4.2.7. 2-(3-Chloropyrazin-2-yl)-1-(2-thienyl)propan-1-
one, 3g (Table 1, entry 10). The general procedure was
followed. 1-(2-Thienyl)propan-1-one (308 mg, 2.20 mmol)
was used. The reaction was carried out at 60 �C for 24 h.
The residue was purified by column chromatography on
silica gel using 30% ethyl acetate in hexanes. The yield
was 429 mg (85%), yellow solid, mp 70–71 �C. 1H NMR
(DMSO-d6) d 1.55 (d, J¼6.9 Hz, 3H), 5.24 (q, J¼6.9 Hz,
1H), 7.22–7.26 (m, 1H), 7.91–7.94 (m, 1H), 7.99–8.03 (m,
1H), 8.45 (d, J¼2.5 Hz, 1H), 8.65 (d, J¼2.5 Hz, 1H). 13C
NMR (DMSO-d6) d 15.84, 47.21, 128.92, 133.42, 135.30,



9925D. S. Chekmarev et al. / Tetrahedron 62 (2006) 9919–9930
142.47, 142.92, 142.97, 147.89, 154.07, 191.30. IR, nmax:
3314, 3083, 3008, 2938, 1666, 1512, 1411, 1384, 1273,
1229, 1140, 1090, 1051, 858, 733, 467 cm�1. LC/MS: ex-
pected, 252.72; observed, m/z: 253.0 [M+H]+. Anal. Calcd
for C11H9ClN2OS (252.72): C, 52.28; H, 3.59; Cl, 14.03;
N, 11.08; S, 12.69. Found: C, 52.22; H, 3.60; Cl, 13.86; N,
11.19; S, 12.59.

4.2.8. 2-(3-Chloropyrazin-2-yl)-2-methyl-1-phenyl-
propan-1-one, 3h (Table 1, entries 11–13). The general
procedure was followed. 2-Methyl-1-phenylpropan-1-one
(326 mg, 2.20 mmol) was used. The reaction was carried
out at 60 �C for 24 h. The yield was 43 mg (8%), yellow vis-
cous oil. 1H NMR (DMSO-d6) d 1.71 (s, 6H), 7.29–7.35 (m,
2H), 7.43–7.55 (m, 3H), 8.47 (d, J¼2.5 Hz, 1H), 8.81 (d,
J¼2.5 Hz, 1H). 13C NMR (DMSO-d6) d 25.32, 53.13,
128.41, 128.49, 132.69, 135.03, 142.96, 142.99, 147.06,
157.18, 199.72. IR, nmax: 3058, 2982, 2930, 1681, 1465,
1363, 1245, 1152, 1119, 1061, 973, 864, 718, 481 cm�1.
LC/MS: expected, 260.73; observed, m/z: 261.1 [M+H]+.
Anal. Calcd for C14H13ClN2O (260.73): C, 64.50; H, 5.03;
Cl, 13.60; N, 10.74. Found: C, 64.65; H, 4.90; Cl, 13.51;
N, 10.70.

4.2.9. 1-(3-Chloropyrazin-2-yl)acetone, 3i (Table 1, entry
14). The general procedure was followed. Acetone (128 mg,
2.20 mmol) was used. The reaction was carried out at room
temperature for 24 h. The yield was 71 mg (21%), yellow
viscous oil. 1H NMR (DMSO-d6) d 2.27 (s, 3H), 4.21 (s,
2H), 8.43 (d, J¼2.5 Hz, 1H), 8.61 (d, J¼2.5 Hz, 1H). 13C
NMR (DMSO-d6) d 30.07, 49.62, 142.86, 142.90, 148.78,
150.54, 203.53. IR, nmax: 3054, 2925, 2853, 1725, 1666,
1449, 1383, 1194, 1145, 1087, 1061, 864, 463 cm�1. LC/
MS: expected, 170.60; observed, m/z: 171.0 [M+H]+. Anal.
Calcd for C7H7ClN2O (170.60): C, 49.28; H, 4.14; Cl,
20.78; N, 16.42. Found: C, 49.22; H, 4.06; Cl, 20.61; N, 16.53.

4.2.10. Methyl (3-chloropyrazin-2-yl)acetate, 4a (Table 1,
entry 15). The general procedure was followed. Methyl
acetate (163 mg, 2.20 mmol) was used. The reaction was
carried out at room temperature for 24 h. The yield was
157 mg (42%), pale yellow viscous oil. 1H NMR (DMSO-
d6) d 3.66 (s, 3H), 4.07 (s, 2H), 8.47 (d, J¼2.5 Hz, 1H),
8.63 (d, J¼2.5 Hz, 1H). 13C NMR (DMSO-d6) d 40.86,
52.18, 142.94, 143.30, 148.49, 149.43, 169.13. IR, nmax:
3465, 3001, 2954, 1743, 1521, 1437, 1386, 1339, 1266,
1199, 1175, 1087, 1012, 864, 691, 577, 466 cm�1. LC/MS:
expected, 186.60; observed, m/z: 187.1 [M+H]+. Anal. Calcd
for C7H7ClN2O2 (186.60): C, 45.06; H, 3.78; Cl, 19.00; N,
15.01. Found: C, 45.23; H, 3.69; Cl, 18.93; N, 14.95.

4.2.11. Ethyl (3-chloropyrazin-2-yl)acetate, 4b (Table 1,
entry 16). The general procedure was followed. Ethyl ace-
tate (194 mg, 2.20 mmol) was used. The reaction was car-
ried out at room temperature for 24 h. The yield was
200 mg (50%), pale yellow viscous oil. 1H NMR (DMSO-
d6) d 1.19 (t, J¼7.1 Hz, 3H), 4.05 (s, 2H), 4.13 (q,
J¼7.1 Hz, 3H), 8.47 (d, J¼2.4 Hz, 1H), 8.63 (d, J¼2.4 Hz,
1H). 13C NMR (DMSO-d6) d 13.99, 41.09, 60.89, 142.90,
143.24, 148.53, 149.52, 168.62. IR, nmax: 2982, 2935,
1739, 1448, 1386, 1333, 1264, 1186, 1086, 1062, 1028,
849, 466 cm�1. LC/MS: expected, 200.63; observed, m/z:
201.1 [M+H]+. Anal. Calcd for C8H9ClN2O2 (200.63): C,
47.89; H, 4.52; Cl, 17.67; N, 13.96. Found: C, 48.19; H,
4.66; Cl, 17.44; N, 13.74.

4.2.12. tert-Butyl (3-chloropyrazin-2-yl)acetate, 4c (Table
1, entry 17). The general procedure was followed. tert-Butyl
acetate (256 mg, 2.20 mmol) was used. The reaction was
carried out at room temperature for 24 h. The yield was
420 mg (92%), pale yellow viscous oil. 1H NMR (DMSO-
d6) d 1.40 (s, 9H), 3.95 (s, 2H), 8.46 (d, J¼2.4 Hz, 1H),
8.61 (d, J¼2.4 Hz, 1H). 13C NMR (DMSO-d6) d 27.62,
42.30, 81.27, 142.82, 143.06, 148.62, 149.84, 167.78. IR,
nmax: 3435, 2986, 2927, 1727, 1407, 1386, 1369, 1339,
1269, 1208, 1155, 1087, 1064, 893, 838, 758, 457 cm�1.
LC/MS: expected, 228.68; observed, m/z: 172.0
[M�C4H9+H]+. Anal. Calcd for C10H13ClN2O2 (228.68):
C, 52.52; H, 5.73; Cl, 15.50; N, 12.25. Found: C, 52.82;
H, 5.95; Cl, 15.39; N, 12.07.

4.2.13. Methyl 2-(3-chloropyrazin-2-yl)propanoate, 4d
(Table 1, entry 18). The general procedure was followed.
Methyl propionate (194 mg, 2.2 mmol) was used. The reac-
tion was carried out at room temperature for 24 h. The yield
was 105 mg (26%), pale yellow viscous oil. 1H NMR
(DMSO-d6) d 1.48 (d, J¼7.1 Hz, 3H), 3.62 (s, 3H), 4.35
(q, J¼7.1 Hz, 1H), 8.46 (d, J¼2.5 Hz, 1H), 8.65 (d,
J¼2.5 Hz, 1H). 13C NMR (DMSO-d6) d 15.14, 43.75,
52.20, 142.97, 143.08, 147.76, 153.45, 171.94. IR, nmax:
3471, 2991, 2952, 1744, 1522, 1455, 1386, 1322, 1289,
1204, 1150, 1103, 1056, 966, 865, 705, 461 cm�1. LC/MS:
expected, 200.63; observed, m/z: 201.1 [M+H]+. Anal. Calcd
for C8H9ClN2O2 (200.63): C, 47.89; H, 4.52; Cl, 17.67; N,
13.96. Found: C, 48.05; H, 4.54; Cl, 17.47; N, 13.84.

4.2.14. tert-Butyl 2-(3-chloropyrazin-2-yl)propanoate, 4e
(Table 1, entry 19). The general procedure was followed.
tert-Butyl propionate (286 mg, 2.20 mmol) was used. The
reaction was carried out at room temperature for 24 h. The
yield was 400 mg (82%), pale yellow viscous oil. 1H NMR
(DMSO-d6) d 1.34 (s, 9H), 1.46 (d, J¼7.1 Hz, 3H), 4.19
(q, J¼7.1 Hz, 1H), 8.44 (d, J¼2.4 Hz, 1H), 8.64 (d,
J¼2.4 Hz, 1H). 13C NMR (DMSO-d6) d 14.86, 27.51,
44.77, 80.81, 142.74, 148.04, 153.66, 170.69. IR, nmax:
3451, 2979, 2938, 1734, 1457, 1384, 1369, 1322, 1288,
1252, 1149, 1102, 1052, 850, 752 cm�1. LC/MS: expected,
242.71; observed, m/z: 187.0 [M�C4H9+H]+. Anal. Calcd
for C11H15ClN2O2 (242.71): C, 54.44; H, 6.23; Cl, 14.61;
N, 11.54. Found: C, 54.46; H, 6.34; Cl, 14.82; N, 11.41.

4.2.15. tert-Butyl (3-chloropyrazin-2-yl)(phenyl)acetate,
4f (Table 1, entry 20). The general procedure was followed.
tert-Butyl phenylacetate (422 mg, 2.20 mmol) was used.
The reaction was carried out at room temperature for 24 h.
The yield was 523 mg (86%), pale yellow viscous oil. 1H
NMR (DMSO-d6) d 1.37 (s, 9H), 5.51 (s, 1H), 7.27–7.39
(m, 5H), 8.46 (d, J¼2.5 Hz, 1H), 8.63 (d, J¼2.5 Hz, 1H).
13C NMR (DMSO-d6) d 27.55, 56.03, 81.47, 127.49,
128.25, 129.72, 135.18, 142.67, 143.02, 148.06, 152.61,
168.71. IR, nmax: 3443, 3062, 2978, 2932, 1742, 1497,
1454, 1375, 1300, 1258, 1211, 1142, 1079, 1058, 965,
858, 747, 720, 698, 577, 470 cm�1. LC/MS: expected,
304.78; observed, m/z: 249.0 [M�C4H9+H]+. Anal. Calcd
for C16H17ClN2O2 (304.78): C, 63.05; H, 5.62; Cl, 11.63;
N, 9.19. Found: C, 63.10; H, 5.61; Cl, 11.52; N, 9.14.
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4.2.16. tert-Butyl 2-(3-chloropyrazin-2-yl)-2-methylpro-
panoate, 4g (Table 1, entries 21 and 22). The general proce-
dure was followed. tert-Butyl 2-methylpropanoate (317 mg,
2.20 mmol) was used. The reaction was carried out at room
temperature for 24 h. The yield was 135 mg (26%), pale yel-
low viscous oil. 1H NMR (DMSO-d6) d 1.34 (s, 9H), 1.53 (s,
6H), 8.44 (d, J¼2.4 Hz, 1H), 8.64 (d, J¼2.4 Hz, 1H). 13C
NMR (DMSO-d6) d 24.27, 27.30, 49.08, 80.73, 141.91,
142.41, 149.06, 152.65, 171.22. IR, nmax: 3368, 2978,
2933, 1736, 1469, 1366, 1287, 1256, 1142, 1059, 847,
472 cm�1. LC/MS: expected, 256.73; observed, m/z: 257.1
[M+H]+ (minor); 201.0 [M�C4H9+H]+. Anal. Calcd for
C12H17ClN2O2 (256.73): C, 56.14; H, 6.67; Cl, 13.81; N,
10.91. Found: C, 56.24; H, 6.56; Cl, 13.71; N, 10.84.

4.2.17. (3-Chloropyrazin-2-yl)acetonitrile, 5a (Table 1,
entry 23). The general procedure was followed. Acetonitrile
(90 mg, 2.20 mmol) was used. The reaction was carried out
at room temperature for 24 h. The yield was 292 mg (95%),
yellow viscous oil. 1H NMR (DMSO-d6) d 4.46 (s, 2H), 8.53
(d, J¼2.4 Hz, 1H), 8.69 (d, J¼2.4 Hz, 1H). 13C NMR
(DMSO-d6) d 24.55, 116.28, 142.88, 143.73, 146.54,
147.17. IR, nmax: 3494, 3061, 2915, 2263, 1530, 1447,
1393, 1303, 1192, 1149, 1083, 1062, 946, 854, 728, 483,
448 cm�1. LC/MS: expected, 153.57; observed, m/z: 154.0
[M+H]+. Anal. Calcd for C6H4ClN3 (153.57): C, 46.93; H,
2.63; Cl, 23.09; N, 27.36. Found: C, 47.10; H, 2.70; Cl,
23.02; N, 27.16.

4.2.18. 2-(3-Chloropyrazin-2-yl)butanenitrile, 5b (Table
1, entry 24). The general procedure was followed. Butyro-
nitrile (152 mg, 2.20 mmol) was used. The reaction was
carried out at room temperature for 24 h. The yield was
356 mg (98%), yellow viscous oil. 1H NMR (DMSO-d6)
d 1.04 (t, J¼7.3 Hz, 3H), 1.91–2.10 (m, 2H), 4.66 (dd,
J¼8.2, 6.0 Hz, 1H), 8.56 (d, J¼2.5 Hz, 1H), 8.73 (d,
J¼2.5 Hz, 1H). 13C NMR (DMSO-d6) d 11.15, 25.06,
37.42, 118.75, 143.17, 144.20, 146.93, 149.20. IR, nmax:
3058, 2975, 2938, 2879, 2247, 1522, 1459, 1391, 1314,
1194, 1151, 1076, 1055, 865, 484 cm�1. LC/MS: expected,
181.63; observed, m/z: 182.1 [M+H]+. Anal. Calcd for
C8H8ClN3 (181.63): C, 52.90; H, 4.44; Cl, 19.52; N,
23.14. Found: C, 52.73; H, 4.50; Cl, 19.33; N, 23.15.

4.2.19. 2-(3-Chloropyrazin-2-yl)-2-methylpropane-
nitrile, 5c (Table 1, entry 25). The general procedure was
followed. 2-Methylpropanenitrile (152 mg, 2.20 mmol) was
used. The reaction was carried out at room temperature for
24 h. The yield was 358 mg (98%), yellow viscous oil. 1H
NMR (DMSO-d6) d 1.82 (s, 6H), 8.58 (d, J¼2.4 Hz, 1H),
8.72 (d, J¼2.4 Hz, 1H). 13C NMR (DMSO-d6) d 25.44,
37.52, 122.01, 142.45, 144.11, 146.60, 150.83. IR, nmax:
3053, 2993, 2943, 2239, 1723, 1524, 1466, 1362, 1268,
1210, 1149, 1121, 1058, 864, 774, 481, 449 cm�1. LC/MS:
expected, 181.63; observed, m/z: 182.1 [M+H]+. Anal. Calcd
for C8H8ClN3 (181.63): C, 52.90; H, 4.44; Cl, 19.52;
N, 23.14. Found: C, 52.72; H, 4.55; Cl, 19.62; N, 23.15.

4.3. General procedure for the co-cyclization of the
chloroketone 3b with amines and hydrazines (Table 2)

To a solution of 3b (313 mg, 1.20 mmol) and an amine
(3.60 mmol) in 6 mL of xylene in a screw-cap glass pressure
vessel was added PTSA (23 mg, 0.12 mmol). The pressure
vessel was sealed with a cap containing a PTFE septum
and removed from the drybox. The reaction mixture was
stirred and heated at the temperatures and for the times spec-
ified. After cooling, the reaction mixture was filtered through
a plug of Celite that was then washed with chloroform.
The combined organic phase was concentrated in vacuo.
The residue was purified by column chromatography on
silica gel using 20% ethyl acetate in hexanes, unless other-
wise stated.

4.3.1. 7-Ethyl-6-phenyl-5H-pyrrolo[2,3-b]pyrazine, 1a
(Table 2, entry 1). The general procedure was followed. A
solution of NH3 (1.6 M) in MeOH (2.25 mL, 3.60 mmol)
was used. The reaction was carried out at 170 �C for 72 h.
The residue was purified by column chromatography on sil-
ica gel using 50% ethyl acetate in hexanes. The yield was
201 mg (75%), yellow solid, mp 200–202 �C. 1H NMR
(DMSO-d6) d 1.29 (t, J¼7.5 Hz, 3H), 2.92 (q, J¼7.5 Hz,
2H), 7.43–7.49 (m, 1H), 7.53–7.59 (m, 2H), 7.68–7.73 (m,
2H), 8.22 (d, J¼2.6 Hz, 1H), 8.36 (d, J¼2.6 Hz, 1H),
12.07 (s, 1H). 13C NMR (DMSO-d6) d 14.99, 16.46,
112.83, 128.22, 128.50, 128.86, 131.73, 136.92, 137.59,
138.61, 139.45, 141.96. IR, nmax: 3432, 3152, 3058, 2961,
2928, 2868, 1471, 1398, 1342, 1221, 1177, 1145, 1113,
1043, 926, 842, 769, 696, 588, 446 cm�1. LC/MS: expected,
223.28; observed, m/z: 224.1 [M+H]+. Anal. Calcd for
C14H13N3 (223.28): C, 75.31; H, 5.87; N, 18.82. Found: C,
74.93; H, 5.77; N, 18.56.

4.3.2. 7-Ethyl-6-phenyl-5-propyl-5H-pyrrolo[2,3-b]pyra-
zine, 1b (Table 2, entries 2 and 3). The general procedure
was followed. Propylamine (213 mg, 3.60 mmol) was
used. The reaction was carried out at 160 �C for 48 h. The
yield was 273 mg (86%), yellow viscous oil. 1H NMR
(DMSO-d6) d 0.60 (t, J¼7.4 Hz, 3H), 1.17 (t, J¼7.5 Hz,
3H), 1.42–1.54 (m, 2H), 2.66 (q, J¼7.5 Hz, 2H), 4.10 (t,
J¼7.4 Hz, 2H), 7.48–7.53 (m, 2H), 7.54–7.62 (m, 3H),
8.27 (d, J¼2.6 Hz, 1H), 8.41 (d, J¼2.6 Hz, 1H). 13C NMR
(DMSO-d6) d 10.93, 15.17, 16.44, 22.60, 43.36, 113.58,
128.79, 129.03, 129.92, 130.45, 136.54, 137.75, 138.43,
140.98, 141.38. IR, nmax: 3048, 2965, 2932, 2873, 1695,
1555, 1360, 1254, 1196, 1178, 1150, 1056, 949, 841, 764,
703, 567, 466 cm�1. LC/MS: expected, 265.36; observed,
m/z: 266.0 [M+H]+. Anal. Calcd for C17H19N3 (265.36):
C, 76.95; H, 7.22; N, 15.84. Found: C, 76.69; H, 7.18; N,
15.55.

4.3.3. 7-Ethyl-5-isobutyl-6-phenyl-5H-pyrrolo[2,3-b]pyr-
azine, 1c (Table 2, entry 4). The general procedure was fol-
lowed. Isobutylamine (263 mg, 3.60 mmol) was used. The
reaction was carried out at 145 �C for 72 h. The yield was
312 mg (93%), yellow solid, mp 97–99 �C. 1H NMR
(DMSO-d6) d 0.56 (d, J¼6.7 Hz, 6H), 1.16 (t, J¼7.5 Hz,
3H), 1.71–1.83 (m, 1H), 2.66 (q, J¼7.5 Hz, 2H), 4.02 (d,
J¼7.6 Hz, 2H), 7.48–7.63 (m, 5H), 8.27 (d, J¼2.6 Hz,
1H), 8.41 (d, J¼2.6 Hz, 1H). 13C NMR (DMSO-d6)
d 15.19, 16.43, 19.66, 28.25, 48.90, 113.67, 128.76,
128.98, 129.99, 130.60, 136.56, 137.75, 138.29, 141.25,
141.48. IR, nmax: 3380, 3044, 2960, 2926, 2868, 1693,
1467, 1390, 1353, 1330, 1260, 1197, 1153, 1058, 949,
840, 769, 711, 583, 467, 439 cm�1. LC/MS: expected,
279.39; observed, m/z: 280.2 [M+H]+. Anal. Calcd for
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C18H21N3 (279.39): C, 77.38; H, 7.58; N, 15.04. Found: C,
77.14; H, 7.34; N, 14.89.

4.3.4. 5-Benzyl-7-ethyl-6-phenyl-5H-pyrrolo[2,3-b]pyra-
zine, 1d (Table 2, entries 5–7). The general procedure
was followed. Benzylamine (386 mg, 3.60 mmol) was
used. The reaction was carried out at 145 �C for 48 h. The
yield was 357 mg (95%), yellow solid, mp 107–109 �C. 1H
NMR (DMSO-d6) d 1.19 (t, J¼7.6 Hz, 3H), 2.69 (q,
J¼7.6 Hz, 2H), 5.38 (s, 2H), 6.75–6.79 (m, 2H), 7.12–7.18
(m, 3H), 7.37–7.42 (m, 2H), 7.48–7.52 (m, 3H), 8.29 (d,
J¼2.5 Hz, 1H), 8.45 (d, J¼2.5 Hz, 1H). 13C NMR
(DMSO-d6) d 15.11, 16.51, 45.02, 114.19, 126.36, 127.11,
128.38, 128.69, 129.09, 130.02, 136.94, 137.76, 138.17,
138.61, 141.10, 141.46. IR, nmax: 3429, 3050, 2964, 2930,
2871, 1457, 1397, 1357, 1195, 1160, 1067, 940, 839, 766,
731, 701, 462 cm�1. LC/MS: expected, 313.41; observed,
m/z: 314.1 [M+H]+. Anal. Calcd for C21H19N3 (313.41):
C, 80.48; H, 6.11; N, 13.41. Found: C, 80.19; H, 5.99; N,
13.29.

4.3.5. 2-(7-Ethyl-6-phenyl-5H-pyrrolo[2,3-b]pyrazin-5-
yl)ethanol, 1e (Table 2, entry 8). The general procedure
was followed. 2-Aminoethanol (220 mg, 3.60 mmol) was
used. The reaction was carried out at 145 �C for 72 h. The
residue was purified by column chromatography on silica
gel using 30% hexanes in ethyl acetate. The yield was
208 mg (65%), yellow solid, mp 155–157 �C. 1H NMR
(DMSO-d6) d 1.17 (t, J¼7.5 Hz, 3H), 2.65 (q, J¼7.5 Hz,
2H), 3.52–3.58 (m, 2H), 4.18 (t, J¼6.5 Hz, 2H), 4.78 (t,
J¼5.6 Hz, 1H), 7.51–7.61 (m, 5H), 8.27 (d, J¼2.6 Hz,
1H), 8.42 (d, J¼2.6 Hz, 1H). 13C NMR (DMSO-d6)
d 15.15, 16.51, 44.50, 59.06, 113.47, 128.67, 128.97,
130.24, 130.35, 136.44, 137.74, 138.60, 141.14, 141.81.
IR, nmax: 3278, 3052, 2929, 2879, 1465, 1434, 1399, 1366,
1341, 1193, 1164, 1063, 940, 844, 761, 708, 656, 508,
457 cm�1. LC/MS: expected, 267.33; observed, m/z: 268.1
[M+H]+. Anal. Calcd for C16H17N3O (267.33): C, 71.89;
H, 6.41; N, 15.72. Found: C, 71.98; H, 6.55; N, 15.52.

4.3.6. 7-Ethyl-5-(4-methoxyphenyl)-6-phenyl-5H-
pyrrolo[2,3-b]pyrazine, 1f (Table 2, entries 9 and 10).
The general procedure was followed. 4-Methoxyaniline
(443 mg, 3.60 mmol) was used. The reaction was carried
out at 145 �C for 72 h. The yield was 387 mg (98%), dark
brown solid, mp 132–134 �C. 1H NMR (DMSO-d6) d 1.27
(t, J¼7.5 Hz, 3H), 2.80 (q, J¼7.5 Hz, 2H), 3.75 (s, 3H),
6.89–6.94 (m, 2H), 7.14–7.20 (m, 2H), 7.30–7.35 (m, 2H),
7.35–7.42 (m, 3H), 8.23 (d, J¼2.6 Hz, 1H), 8.48 (d,
J¼2.6 Hz, 1H). 13C NMR (DMSO-d6) d 15.03, 16.59,
55.31, 114.01, 114.60, 128.34, 128.38, 128.50, 129.50,
130.25, 130.32, 137.30, 138.59, 138.77, 141.31, 142.19,
158.29. IR, nmax: 3429, 3059, 2964, 2934, 2872, 1608,
1515, 1442, 1348, 1291, 1250, 1208, 1170, 1105, 1023,
831, 766, 699, 577, 452 cm�1. LC/MS: expected, 329.41;
observed, m/z: 330.1 [M+H]+. Anal. Calcd for C21H19N3O
(329.41): C, 76.57; H, 5.81; N, 12.76. Found: C, 76.57;
H, 5.85; N, 12.65.

4.3.7. 7-Ethyl-6-phenyl-5H-pyrrolo[2,3-b]pyrazin-5-
amine, 1g (Table 2, entry 11). The general procedure was
followed. Hydrazine hydrate (180 mg, 3.60 mmol) was
used. The reaction was carried out at 160 �C for 72 h. The
residue was purified by column chromatography on silica
gel using 50% ethyl acetate in hexanes. The yield was
179 mg (63%), brown solid, mp 92–94 �C. 1H NMR
(DMSO-d6) d 1.23 (t, J¼7.5 Hz, 3H), 2.76 (q, J¼7.5 Hz,
2H), 5.74 (s, 2H), 7.44–4.50 (m, 1H), 7.51–7.57 (m, 2H),
7.58–7.62 (m, 2H), 8.28 (d, J¼2.6 Hz, 1H), 8.40 (d,
J¼2.6 Hz, 1H). 13C NMR (DMSO-d6) d 15.30, 16.55,
110.58, 128.00, 128.34, 129.95, 130.66, 136.64, 136.66,
137.83, 140.64, 141.85. IR, nmax: 3347, 3267, 3053, 2962,
2925, 2863, 1580, 1444, 1350, 1198, 1170, 1126, 1069,
1024, 944, 833, 761, 699, 670, 558, 463 cm�1. LC/MS: ex-
pected, 238.29; observed, m/z: 239.1 [M+H]+. Anal. Calcd
for C14H14N4 (238.29): C, 70.57; H, 5.92; N, 23.51. Found:
C, 70.86; H, 6.12; N, 23.31.

4.3.8. 4-Ethyl-3-phenyl-1,4-dihydropyrazino[2,3-c]pyr-
idazine, 6a (Table 2, entry 11). The general procedure
was followed. Hydrazine hydrate (180 mg, 3.60 mmol)
was used. The reaction was carried out at 160 �C for 72 h.
The residue was purified by column chromatography on sil-
ica gel using 50% ethyl acetate in hexanes. The yield was
101 mg (35%), brown solid, mp 193–195 �C. 1H NMR
(DMSO-d6) d 0.73 (t, J¼7.4 Hz, 3H), 1.56–1.69 (m, 2H),
4.42 (dd, J¼7.0, 5.0 Hz, 1H), 7.34–7.46 (m, 3H), 7.85–
7.90 (m, 2H), 8.12 (d, J¼2.5 Hz, 1H), 8.15 (d, J¼2.5 Hz,
1H), 10.85 (s, 1H). 13C NMR (DMSO-d6) d 9.87, 26.06,
40.35, 125.44, 128.62, 128.77, 135.64, 136.22, 138.28,
141.28, 144.32, 146.43. IR, nmax: 3430, 3223, 3133, 3011,
2962, 2923, 1542, 1427, 1364, 1190, 1123, 1075, 955,
835, 760, 688, 600 cm�1. LC/MS: expected, 238.29; ob-
served, m/z: 239.1 [M+H]+. Anal. Calcd for C14H14N4

(238.29): C, 70.57; H, 5.92; N, 23.51. Found: C, 70.28; H,
6.12; N, 23.24.

4.3.9. 4-Ethyl-1,3-diphenyl-1,4-dihydropyrazino[2,3-
c]pyridazine, 6b (Table 2, entries 12 and 13). The general
procedure was followed. Phenylhydrazine (390 mg,
3.60 mmol) was used. The reaction was carried out at
150 �C for 72 h. The residue was purified by column chro-
matography on silica gel using 20% hexanes in ethyl acetate.
The yield was 238 mg (63%), brown solid, mp 141–143 �C.
1H NMR (DMSO-d6) d 0.83 (t, J¼7.5 Hz, 3H), 1.70–1.80
(m, 2H), 4.56 (dd, J¼7.0, 5.3 Hz, 1H), 7.25–7.31 (m, 1H),
7.43–7.50 (m, 5H), 7.62–7.66 (m, 2H), 7.96–8.01 (m, 2H),
8.15 (d, J¼2.7 Hz, 1H), 8.32 (d, J¼2.7 Hz, 1H). 13C NMR
(DMSO-d6) d 10.06, 26.10, 41.18, 124.50, 125.61, 126.04,
128.56, 128.78, 129.49, 134.79, 137.84, 139.56, 140.60,
142.02, 145.36, 146.31. IR, nmax: 3428, 3059, 2958, 2920,
2852, 1592, 1492, 1416, 1374, 1290, 1184, 1154, 1121,
1058, 957, 843, 768, 734, 691, 575, 479 cm�1. LC/MS: ex-
pected, 314.39; observed, m/z: 315.1 [M+H]+. Anal. Calcd
for C20H18N4 (314.39): C, 76.41; H, 5.77; N, 17.82. Found:
C, 76.27; H, 5.65; N, 17.65.

4.3.10. 4-Ethyl-1-methyl-3-phenyl-1,4-dihydropyra-
zino[2,3-c]pyridazine, 6c (Table 2, entry 14). The general
procedure was followed. Methylhydrazine (166 mg,
3.60 mmol) was used. The reaction was carried out at
170 �C for 72 h. The residue was purified by column chro-
matography on silica gel using 20% hexanes in ethyl ace-
tate. The yield was 197 mg (65%), brown viscous oil.
1H NMR (DMSO-d6) d 0.72 (t, J¼7.5 Hz, 3H), 1.52–
1.71 (m, 2H), 3.56 (s, 3H), 4.43 (dd, J¼7.6, 4.9 Hz, 1H),
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7.38–7.47 (m, 3H), 7.87–7.92 (m, 2H), 8.18 (d, J¼2.7 Hz,
1H), 8.21 (d, J¼2.7 Hz, 1H). 13C NMR (DMSO-d6)
d 9.97, 25.88, 38.12, 40.91, 125.59, 128.65, 129.03,
135.03, 137.66, 137.72, 140.89, 144.50, 146.21. IR, nmax:
3054, 2965, 2929, 2873, 1700, 1562, 1534, 1435, 1399,
1365, 1308, 1186, 1118, 1079, 1025, 954, 839, 767, 693,
658, 566, 509 cm�1. LC/MS: expected, 252.32; observed,
m/z: 253.1 [M+H]+. Anal. Calcd for C15H16N4 (252.32):
C, 71.40; H, 6.39; N, 22.20. Found: C, 71.11; H, 6.19; N,
22.01.

4.3.11. (1Z)-2-(3-Chloropyrazin-2-yl)-1-phenylbutan-1-
one phenylhydrazone, 7. The general procedure was fol-
lowed. Phenylhydrazine (390 mg, 3.60 mmol) was used.
The reaction was carried out at 150 �C for 72 h in the
absence of PTSA. The residue was purified by column
chromatography on silica gel using 20% hexanes in ethyl
acetate. The product was isolated as a mixture of syn and
anti isomers. The yield was 287 mg (65%), dark brown
viscous oil. 1H NMR (DMSO-d6) d 0.86 (t, J¼7.3 Hz,
3H-syn), 1.07 (t, J¼7.3 Hz, 3H-anti), 1.95–2.20 (m,
2H-syn+2H-anti), 4.42 (dd, J¼9.0, 4.9 Hz, 1H-syn), 4.94–
5.00 (m, 1H-anti), 6.63–6.69 (m, 1H-syn), 6.78–6.85 (m,
2H-syn+1H-anti), 7.03–7.10 (m, 2H-syn), 7.14–7.21
(m, 3H-anti), 7.22–7.29 (m, 3H-syn+1H-anti), 7.37–7.42
(m, 3H-anti), 7.42–7.50 (m, 2H-syn+2H-anti), 8.36 (d,
J¼2.5 Hz, 1H-anti), 8.38 (d, J¼2.4 Hz, 1H-syn), 8.56
(br s, 1H-syn), 8.68 (d, J¼2.4 Hz, 1H-syn), 8.73 (d,
J¼2.5 Hz, 1H-anti), 9.98 (s, 1H-anti). 13C NMR (DMSO-
d6) for syn isomer, d 12.23, 23.54, 52.32, 112.49, 118.72,
127.74, 128.65, 128.76, 129.10, 134.12, 141.95, 142.74,
145.12, 145.75, 149.16, 155.05. IR, nmax: 3334, 3256,
3054, 2967, 2931, 2874, 1691, 1601, 1503, 1445, 1383,
1252, 1151, 1093, 1060, 999, 850, 750, 694, 508,
475 cm�1. LC/MS: expected, 350.85; observed, m/z:
351.1 [M+H]+. Anal. Calcd for C20H19ClN4 (350.85): C,
68.47; H, 5.46; Cl, 10.10; N, 15.97. Found: C, 68.84; H,
5.28; Cl, 9.72; N, 15.70.

4.4. General procedure for the cyclization of the chloro-
ketones 3 into the furo[2,3-b]pyrazines 10

To a solution of 3 (1.00 mmol) in 7 mL of DMF was added
K2CO3 (552 mg, 4.00 mmol), the resulting suspension was
stirred under reflux for 3 h. After cooling, the reaction mix-
ture was filtered through a plug of Celite that was then
washed with chloroform. The combined organic phase was
concentrated in vacuo. The residue was purified by column
chromatography on silica gel using 20% ethyl acetate in
hexanes, unless otherwise stated.

4.4.1. 6-Phenylfuro[2,3-b]pyrazine, 10a.20 The general
procedure was followed. Intermediate 3a (232 mg,
1.00 mmol) was used. The yield was 190 mg (97%), yellow
solid, mp 112–113 �C. 1H NMR (DMSO-d6) d 7.50–7.61 (m,
3H), 7.80 (s, 1H), 8.02–8.08 (m, 2H), 8.33 (d, J¼2.8 Hz,
1H), 8.61 (d, J¼2.8 Hz, 1H). 13C NMR (DMSO-d6)
d 102.06, 125.49, 128.41, 129.24, 130.58, 137.61, 141.88,
142.00, 155.02, 159.34. IR, nmax: 3426, 3107, 3043, 1545,
1447, 1367, 1264, 1182, 1014, 841, 756, 682, 656,
437 cm�1. LC/MS: expected, 196.21; observed, m/z: 197.1
[M+H]+. Anal. Calcd for C12H8N2O (196.21): C, 73.46; H,
4.11; N, 14.28. Found: C, 73.59; H, 4.14; N, 14.15.
4.4.2. 6-Pyridin-4-ylfuro[2,3-b]pyrazine, 10b. The general
procedure was followed. Intermediate 3c (234 mg,
1.00 mmol) was used. The residue was purified by column
chromatography on silica gel using pure ethyl acetate. The
yield was 165 mg (84%), brown solid, mp 224–225 �C. 1H
NMR (DMSO-d6) d 7.96–8.00 (m, 2H), 8.12 (s, 1H), 8.43
(d, J¼2.7 Hz, 1H), 8.70 (d, J¼2.7 Hz, 1H), 8.76–8.79 (m,
2H). 13C NMR (DMSO-d6) d 105.72, 119.08, 135.37,
139.05, 141.04, 142.67, 150.68, 155.28, 156.47. IR, nmax:
3431, 3071, 3032, 2924, 1606, 1554, 1490, 1416, 1367,
1272, 1197, 1028, 849, 821, 784, 670, 441 cm�1. LC/MS:
expected, 197.20; observed, m/z: 198.1 [M+H]+. Anal. Calcd
for C11H7N3O (197.20): C, 67.00; H, 3.58; N, 21.31. Found:
C, 67.13; H, 3.61; N, 21.20.

4.4.3. 6-Pyridin-3-ylfuro[2,3-b]pyrazine, 10c. The general
procedure was followed. Intermediate 3d (234 mg,
1.00 mmol) was used. The residue was purified by column
chromatography on silica gel using pure ethyl acetate. The
yield was 162 mg (83%), brown solid, mp 206–207 �C. 1H
NMR (DMSO-d6) d 7.58–7.63 (m, 1H), 7.95 (s, 1H), 8.37
(d, J¼2.7 Hz, 1H), 8.38–8.43 (m, 1H), 8.65 (d, J¼2.7 Hz,
1H), 8.68–8.71 (m, 1H), 9.24–9.27 (m, 1H). 13C NMR
(DMSO-d6) d 103.52, 124.14, 124.67, 132.69, 138.14,
141.40, 142.28, 146.58, 150.98, 155.13, 156.84. IR, nmax:
3431, 3098, 2959, 2925, 1604, 1546, 1483, 1415, 1369,
1268, 1190, 1054, 1010, 923, 897, 850, 810, 785, 700,
646, 435 cm�1. LC/MS: expected, 197.20; observed, m/z:
198.1 [M+H]+. Anal. Calcd for C11H7N3O (197.20): C,
67.00; H, 3.58; N, 21.31. Found: C, 67.06; H, 3.46; N, 21.11.

4.4.4. 7-Ethyl-6-phenylfuro[2,3-b]pyrazine, 10d. The gen-
eral procedure was followed. Intermediate 3b (260 mg,
1.00 mmol) was used. The yield was 220 mg (98%), yellow
solid, mp 49–50 �C. 1H NMR (DMSO-d6) d 1.34 (t,
J¼7.6 Hz, 3H), 2.99 (q, J¼7.6 Hz, 2H), 7.50–7.56 (m,
1H), 7.57–7.63 (m, 2H), 7.83–7.88 (m, 2H), 8.34 (d,
J¼2.7 Hz, 1H), 8.62 (d, J¼2.7 Hz, 1H). 13C NMR
(DMSO-d6) d 13.37, 16.07, 117.68, 127.02, 129.14,
129.21, 129.88, 137.90, 141.39, 141.71, 153.86, 154.25.
IR, nmax: 3430, 3061, 2961, 2928, 2872, 1540, 1464, 1410,
1360, 1195, 1054, 949, 852, 768, 690, 441 cm�1. LC/MS:
expected, 224.26; observed, m/z: 225.0 [M+H]+. Anal. Calcd
for C14H12N2O (224.26): C, 74.98; H, 5.39; N, 12.49. Found:
C, 74.76; H, 5.50; N, 12.31.

4.4.5. 2-[3-(Isobutylamino)pyrazin-2-yl]butanenitrile,
11. To a solution of 5b (218 mg, 1.20 mmol) in 6 mL of xy-
lene in a screw-cap glass pressure vessel was added isobutyl-
amine (263 mg, 3.60 mmol). The pressure vessel was sealed
with a cap containing a PTFE septum and removed from the
drybox. The reaction mixture was stirred and heated at
140 �C for 72 h. After cooling, the reaction mixture was fil-
tered through a plug of Celite that was then washed with
chloroform. The combined organic phase was concentrated
in vacuo. The residue was purified by column chromato-
graphy on silica gel using 15% ethyl acetate in hexanes.
The yield was 138 mg (53%), yellow viscous oil. 1H NMR
(DMSO-d6) d 0.88 (d, J¼6.6 Hz, 3H), 0.89 (d, J¼6.6 Hz,
3H), 1.01 (t, J¼7.3 Hz, 3H), 1.80–2.10 (m, 3H), 3.08–3.22
(m, 2H), 4.44 (dd, J¼8.2, 6.0 Hz, 1H), 6.82 (m, 1H), 7.71
(d, J¼2.7 Hz, 1H), 7.97 (d, J¼2.7 Hz, 1H). 13C NMR
(DMSO-d6) d 11.22, 20.27, 24.42, 27.13, 34.85, 48.09,
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119.75, 130.08, 136.15, 141.35, 151.78. IR, nmax: 3412,
3050, 2961, 2872, 2246, 1658, 1580, 1511, 1460, 1385,
1256, 1185, 1156, 1105, 1078, 1055, 944, 842, 613,
485 cm�1. LC/MS: expected, 218.30; observed, m/z: 219.2
[M+H]+. Anal. Calcd for C12H18N4 (218.30): C, 66.02; H,
8.31; N, 25.66. Found: C, 66.07; H, 8.35; N, 25.60.

4.4.6. 7-Ethyl-N,5-diisobutyl-5H-pyrrolo[2,3-b]pyrazin-
6-amine hydrochloride, 1h. To a solution of 5b (218 mg,
1.20 mmol) in 6 mL of xylene in a screw-cap glass pressure
vessel was added isobutylamine (263 mg, 3.60 mmol). The
pressure vessel was sealed with a cap containing a PTFE sep-
tum and removed from the drybox. The reaction mixture was
stirred and heated at 170 �C for 72 h. After cooling, the reac-
tion mixture was transferred to the oxygen-free drybox and
quenched with 0.7 mL of 12 M aq HCl. After removing
from the drybox, the solvent was evaporated invacuo; the resi-
due was suspended in 60 mL of hot 40:60 mixture of chloro-
form and ethyl acetate. The suspension was filtered, the
organic phase was concentrated under reduced pressure,
the residue was dissolved in 60 mL of THF under reflux,
the resulting solution was cooled to�18 �C, and the precipi-
tated i-BuNH2$HCl was filtered out. After concentration of
the organic phase under reduced pressure, the residue was
crystallized from 40 mL of THF to give 183 mg (49% yield)
of the desired product as a hydrochloride salt, yellow solid,
mp 174–178 �C (decomp.). 1H NMR (DMSO-d6) d 0.83 (d,
J¼6.6 Hz, 6H), 0.96 (d, J¼6.6 Hz, 6H), 1.15 (t, J¼7.3 Hz,
3H), 1.88–2.01 (m, 1H), 2.09–2.22 (m, 1H), 2.81 (q,
J¼7.3 Hz, 2H), 3.36 (m, 2H), 4.10 (d, J¼7.8 Hz, 2H), 7.76
(s, 2H), 8.38 (m, 1H), 14.85 (br s, 1H). 13C NMR (DMSO-
d6) d 15.27, 15.86, 19.38, 19.68, 27.40, 29.29, 46.96, 50.13,
90.24, 121.44, 126.81, 131.36, 146.40, 154.89. IR, nmax:
3181, 3148, 3070, 3024, 2960, 2872, 2766, 2566, 1859,
1589, 1523, 1462, 1382, 1292, 1217, 1159, 1102, 1046,
955, 801, 664, 494 cm�1. LC/MS: expected, 274.41; ob-
served, m/z: 275.3 [M+H]+. Anal. Calcd for C16H26N4+HCl
(274.41+36.46): C, 61.82; H, 8.75; Cl, 11.40; N, 18.02.
Found: C, 61.71; H, 8.87; Cl, 11.54; N, 18.00.

4.4.7. (6E)-7-Ethyl-5-isobutyl-6-(isobutylimino)-6,7-di-
hydro-5H-pyrrolo[2,3-b]pyrazin-7-ol, 12. To a solution
of 1h$HCl (90 mg, 0.29 mmol) in 10 mL of chloroform
was added 6 mL (1.45 mmol) of 0.242 M aq K2CO3. The
reaction mixture was stirred at room temperature for 18 h
on air, then filtered through a plug of Celite that was then
washed with chloroform. The organic phase was concen-
trated in vacuo. The residue was purified by column chroma-
tography on silica gel using 30% ethyl acetate in hexanes.
The yield was 75 mg (89%), yellow solid, mp 82–84 �C.
1H NMR (DMSO-d6) d 0.58 (t, J¼7.5 Hz, 3H), 0.86 (d,
J¼6.8 Hz, 3H), 0.89 (d, J¼6.8 Hz, 3H), 0.93 (d, J¼6.7 Hz,
3H), 0.94 (d, J¼6.7 Hz, 3H), 1.71–1.82 (m, 1H), 2.05–
2.24 (m, 3H), 3.41–3.61 and 3.68–3.75 (m, 4H), 6.24 (s,
1H), 7.89 (d, J¼3.2 Hz, 1H), 7.95 (d, J¼3.2 Hz, 1H). 13C
NMR (DMSO-d6) d 7.81, 20.22, 20.23, 20.46, 20.47,
26.31, 29.75, 30.20, 45.98, 54.08, 76.07, 134.39, 141.32,
148.37, 153.62, 157.34. IR, nmax: 3178, 2956, 2869, 1696,
1569, 1482, 1419, 1361, 1311, 1244, 1137, 1106, 1019,
940, 883, 838, 695, 554, 475 cm�1. LC/MS: expected,
290.41; observed, m/z: 291.2 [M+H]+. Anal. Calcd for
C16H26N4O (290.41): C, 66.17; H, 9.02; N, 19.29. Found:
C, 66.21; H, 9.09; N, 19.24.
4.4.8. tert-Butyl 2-[3-(isobutylamino)pyrazin-2-yl]propa-
noate, 13. To a solution of 4e (291 mg, 1.20 mmol) in 6 mL
of xylene in a screw-cap glass pressure vessel was added iso-
butylamine (263 mg, 3.60 mmol). The pressure vessel was
sealed with a cap containing a PTFE septum and removed
from the drybox. The reaction mixture was stirred and
heated at 130 �C for 72 h. After cooling, the reaction mixture
was filtered through a plug of Celite that was then washed
with chloroform. The organic phase was concentrated
in vacuo. The residue was purified by column chromato-
graphy on silica gel using 10% ethyl acetate in hexanes to
give the unreacted starting material (48%) and the desired
product. The yield was 75 mg (23%), yellow solid, mp 72–
73 �C. 1H NMR (DMSO-d6) d 0.88 (d, J¼6.8 Hz, 6H),
1.29 (d, J¼6.8 Hz, 3H), 1.33 (s, 9H), 1.86–1.97 (m, 1H),
3.07–3.21 (m, 2H), 4.44 (q, J¼6.8 Hz, 1H), 6.50 (m, 1H),
7.60 (d, J¼2.7 Hz, 1H), 7.84 (d, J¼2.7 Hz, 1H). 13C NMR
(DMSO-d6) d 14.94, 20.29, 27.27, 27.72, 41.63, 48.11,
79.96, 129.84, 139.79, 142.00, 152.38, 171.67. IR, nmax:
3423, 2970, 2927, 2870, 1722, 1580, 1512, 1459, 1368,
1322, 1234, 1149, 1085, 848, 758, 481 cm�1. LC/MS:
expected, 279.39; observed, m/z: 280.1 [M+H]+. Anal. Calcd
for C15H25N3O2 (279.39): C, 64.49; H, 9.02; N, 15.04.
Found: C, 64.41; H, 9.01; N, 15.09.

4.4.9. 3-Ethyl-N-isobutylpyrazin-2-amine, 14. The proce-
dure described above for 13 was followed. The reaction mix-
ture was carried out at 170 �C for 72 h. The residue was
purified by column chromatography on silica gel using
30% ethyl acetate in hexanes. The yield was 121 mg
(56%), yellow viscous oil. 1H NMR (DMSO-d6) d 0.87 (d,
J¼6.8 Hz, 6H), 1.18 (t, J¼7.4 Hz, 3H), 1.87–1.99 (m, 1H),
2.62 (q, J¼7.4 Hz, 2H), 3.13 (dd, J¼7.1, 5.9 Hz, 2H),
6.42–6.47 (m, 1H), 7.57 (d, J¼2.7 Hz, 1H), 7.78 (d,
J¼2.7 Hz, 1H). 13C NMR (DMSO-d6) d 10.66, 20.29,
25.38, 27.13, 48.00, 129.62, 138.79, 143.93, 152.57. IR,
nmax: 3364, 3043, 2959, 2871, 1580, 1542, 1509, 1465,
1382, 1352, 1260, 1184, 1069, 1031, 829, 611 cm�1. LC/
MS: expected, 179.27; observed, m/z: 180.1 [M+H]+.
Anal. Calcd for C10H17N3 (179.27): C, 67.00; H, 9.56; N,
23.44. Found: C, 67.21; H, 9.55; N, 23.16.

4.4.10. 7-Hydroxy-5-isobutyl-7-methyl-5,7-dihydro-6H-
pyrrolo[2,3-b]pyrazin-6-one, 15. To a solution of 4d
(241 mg, 1.20 mmol) in 6 mL of xylene in a screw-cap glass
pressure vessel was added isobutylamine (263 mg,
3.60 mmol). The pressure vessel was sealed with a cap con-
taining a PTFE septum and removed from the drybox. The
reaction mixture was stirred and heated at 170 �C for 72 h.
After cooling, the reaction mixture was transferred to the
oxygen-free drybox and quenched with 0.7 mL of 12 M aq
HCl. After removing from the drybox, the solvent was evapo-
rated, the residue was suspended in 50 mL of THF under
reflux, the resulting solution was cooled to �18 �C, and
the precipitated i-BuNH2$HCl was filtered out. The organic
phase was concentrated in vacuo and the probe was taken for
the NMR. Then the residue was dissolved in 20 mL of chlo-
roform and quenched with 10 mL of saturated aq K2CO3.
The organic layer was separated and the aqueous layer was
extracted twice with additional chloroform. The organics
were combined, dried over Na2SO4, filtered, and concen-
trated in vacuo. The residue was purified by column chroma-
tography on silica gel using 50% ethyl acetate in hexanes.
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The yield was 80 mg (30%), yellow viscous oil. 1H NMR
(DMSO-d6) d 0.87 (d, J¼6.5 Hz, 3H), 0.89 (d, J¼6.5 Hz,
3H), 1.45 (s, 3H), 2.07–2.19 (m, 1H), 3.50 (d, J¼7.3 Hz,
2H), 6.30 (s, 1H), 8.16 (s, 2H). 13C NMR (DMSO-d6)
d 19.94, 21.89, 26.46, 45.50, 71.33, 137.54, 141.69,
148.72, 151.74, 176.58. IR, nmax: 3384, 3065, 2961, 2930,
2873, 1743, 1574, 1460, 1370, 1319, 1250, 1194, 1137,
1045, 922, 846, 756, 627, 569, 508 cm�1. LC/MS: expected,
221.26; observed, m/z: 222.1 [M+H]+. Anal. Calcd for
C11H15N3O2 (221.26): C, 59.71; H, 6.83; N, 18.99. Found:
C, 59.37; H, 6.57; N, 18.95.
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Abstract—2-[1-(u-Nitroalkyl)-1H-indol-3-yl]ethylformamides 11 were transformed to the corresponding 9-(u-nitroalkyl)-4,9-dihydro-3H-
b-carbolines 5 and through a diastereoselective intramolecular aminoalkylation to the annulated tetrahydro-b-carbolines 13, in high yields.
Intramolecular N-acyliminium cyclisation of compounds 5 afforded the tetracyclic diazacycloalkano[jk]fluorenes in two diastereoisomeric
forms 18 and 19 with moderate selectivity. Conjugate addition reactions performed on compounds 18 and 19 led to pentacyclic
indolo[3,2,1-de]pyrido[3,2,1-jk]naphthyridinone 26a or diazabenzo[a]naphtho[2,1,8-cde]azulenone 26b.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The b-carboline nucleus is found in a plethora of naturally
occurring and synthetic biologically active compounds.1

b-Carboline alkaloids have been shown to bind with high
affinity to serotonin receptors in the central nervous system
and are also of biological importance in many other
processes.2,3

The structurally diverse annulated b-carboline alkaloids
have received considerable attention over the years for
both their medicinal properties and intriguing molecular
structures. Canthin-6-ones (1) are representative members
of the canthine4 family and posses a tetracyclic indolo-
[3,2,1-de][1,5]naphthyridine skeleton. Members of this fam-
ily have been shown to exhibit a wide range of pharmacolog-
ical activities including antifungal, antiviral and antitumor
properties.5 Arborescidine B (2) and other alkaloids with
related structures,6 isolated from the marine tunicate Pseu-
dodistoma arborescens, are characterised by a peculiar tetra-
cyclic skeleton that incorporates an azepino ring fused to a
tetrahydro-b-carboline unit. The pentacyclic alkaloids be-
longing to the tacamine7 and vinca-eburna8 groups, which
include tacamonine7b (3) and eburnamonine (4), are potent
cerebral vasodilators, exhibit a gastroprotective action and a
protective effect against brain damage caused by ischemia.9

Keywords: N(9)-Nitroalkyl-3,4-dihydro-b-carbolines; Annulated 1,2,3,4-
tetrahydro-b-carbolines; Intramolecular Mannich-type amino- and amido-
alkylation.
* Corresponding author. Tel.: +30 2310 997874; fax: +30 2310 997679;
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Pictet–Spengler or Bichler–Napieralsky cyclisations are
the synthetic methods most frequently used to construct
the tetracyclic ABCD canthine or arborescidine-type
skeletons.4,5a,c,d,10 An elegant strategy to access the canthine
skeleton, developed by Snyder11 in 1992 and improved by
Lindsley4 in 2003, is based on an inverse electron demand
Diels–Alder reaction of a triazine tethered indole, utilising
indole as the dienophile. Another methodology for the con-
struction of a precursor of akagerine, a member of the arbo-
rescidine family, developed by Bennasar et al.,12 is based on
the nucleophilic addition of indole-containing enolates to
N-alkylpyridinium salts followed by acid promoted cyclisa-
tion of the resulting 1,4-dihydropyridine derivatives.

Numerous synthetic approaches to the tacamine- or vinca-
eburna-type skeleton have been reported. In 1995, a novel
strategy for the construction of the pentacyclic framework
of the eburnamonines was developed by Grieco,13 featuring
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an intramolecular imino Diels–Alder reaction of a vinyl-
indole imine. But the most common synthetic entry to these
alkaloids is based on an ABCD/ABCDE construction in
which the E ring is formed late in the synthesis. The vast
majority of the synthesis construct the ABCD tetracyclic
system via a Pictet–Spengler14 or Bichler–Napieralsky15

cyclisation starting from 3-(2-aminoethyl)indole deriva-
tives. Another strategy applied for the synthesis of the prop-
erly substituted tetracyclic indoloquinolizidine moieties
was the annulation reaction of a 3,4-dihydro-b-carboline.16

Limited examples have been published in which the 1,2-
unsaturated b-carboline moiety is directly derivatized by
nucleophilic addition reactions. These almost exclusively in-
volve the introduction of an allyl group. Martin, Yamaguchi
and others reported that when 3,4-dihydro-b-carboline was
subjected to addition of nucleophiles in the presence of
acyl halides, 1,2,3,4-tetrahydro-b-carboline derivatives
were formed.17 In these reactions N-acylated iminium salts,
formed in situ, were trapped by silyl enol ethers or organotin
reagents.

To the best of our knowledge and despite the amount of
research concerning the intermolecular alkylation reactions
of the N(2)-acyliminiun salts of 3,4-dihydro-b-carboline,
the intramolecular mode of the reaction starting from
N(9)-substituted 3,4-dihydro-b-carbolines has not received
analogous attention. For this reason and in connection with
our continuing interest18 about indole chemistry we in-
vestigated the intramolecular alkylations of N(9)-(u-nitro-
alkyl)-3,4-dihydro-b-carbolines 5 and we report our results
herein.

2. Results and discussion

In the course of our efforts to study intramolecular 1,3-cyclo-
addition reactions on the carbon–nitrogen double bond of
3,4-dihydro-b-carbolines 6, bearing a nitrile oxide tethered
to the indole nitrogen, we attempted the synthesis of N(9)-
(u-nitroalkyl)-3,4-dihydro-b-carbolines 5 (Scheme 1).19

N
(H2C)n

N

N

O
+

6

-
N

(H2C)n
NO2

N

5

Scheme 1. Attempted approach to nitrile oxides 6.

Nitroalkyl groups could be transformed to the corresponding
nitrile oxide derivatives upon treatment with phenyl isocya-
nate in the presence of triethylamine.19

We planned to prepare the desired dihydro-b-carbolines 5
via a Bichler–Napieralsky condensation of the correspond-
ing Na-u-nitroalkyl-tryptamine derivatives 11 (Scheme 3).
For the synthesis of compounds 11 the sequence illustrated
in Scheme 2 was followed. Indolyl-ethylformamide 7 was
derivatized to the corresponding Na-u-bromoalkyl-trypt-
amine derivatives 9a–c upon treatment19 with aqueous
NaOH and the proper a,u-dibromoalkane 8 under mild
phase transfer catalysis conditions, in 52–63% yields. The
N-u-bromoethylation of the amide 7 was inefficient19,20

leading to extremely low yield of the desired product. The
chain-length dependence of the yield has been observed in
analogous reactions of carbazole.20 From the bromoalkyla-
tion reaction of 7 with 1,3-dibromoethane, derivative 10
was also isolated (yield 17%). Nitroalkyl derivatives 11a–c
were prepared from Na-u-bromoalkyl-tryptamines 9a–c
upon treatment with AgNO2, in 38–56% yield.19 In all cases
they were accompanied by the corresponding nitrites 12a–c
(yield 30–39%) from which they were separated by column
chromatography.

N
NHCHO

N
H

NHCHO
Br(CH2)mBr 8, NaOH

m = 3, 4, 5 

nBu4NBr, C6H6, r.t.

+

AgNO2

THF, r.t.

7

10

9, 11, 12a: n = 1

b: n = 2  
c: n = 3 

N
NHCHO

(H2C)n12a-c

ONO

N
NHCHO

(H2C)n11a-c

NO2

N
NHCHO

(H2C)n9a-c

Br

+

52-63%

38-56% 30-39%

17%

Scheme 2. Preparation of nitroalkyl-indolyl-ethylformamides 11.

Bichler–Napieralsky cyclisations were attempted by reflux-
ing a solution of the nitro compound 11 and POCl3 in aceto-
nitrile.21 After removal of acetonitrile, hydrochloric acid
was added to solubilise the crude reaction mixture, which
was then basified by addition of concentrated ammonia
solution. The products were isolated either by filtration or
column chromatography. In some cases ammonia addition
was omitted and the products were isolated from the acidic
reaction mixture. To our surprise, besides the expected nitro-
alkyl-dihydro-b-carbolines 5a–c, the tetracyclic compounds
13b and c were also isolated (Scheme 3). In the case of 11a
only the nitroalkyl-dihydro-b-carboline 5a was isolated
from the acidic reaction mixture, in 71% yield. Upon addi-
tion of concentrated ammonia solution, a complex mixture
of products occurred in which a tetracyclic product analo-
gous to 13 was not detected. On the other hand, the tetracy-
clic products 13b and c were isolated (yields 90 and 87%)

N
(H2C)n

5a-c
NO2

11a-c

N

N
(H2C)n

N

N

OH

O-
+

N NH

(H2C)n NO2

H

Hand / or

POCl3
CH3CN, reflux

13b,c

5´a-c

5, 13a: n = 1

        b: n = 2

        c: n = 3

Scheme 3. Bichler–Napieralsky cyclisations of u-nitroalkyl-dihydro-b-car-
bolines 11.
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from the Bichler–Napieralsky cyclisation reactions of the
open chain compounds 11b and c, respectively, when the re-
action mixture was basified with ammonia. When the acidic
trituration was applied, the product of the reaction of 11b
was nitrobutyl-dihydro-b-carboline 5b (yield 86%) analo-
gous to that obtained from the reaction of 11a. In contrast,
the corresponding nitropentyl-dihydro-b-carboline 5c was
obtained in very low yield (12%) from the acidic reaction
mixture of 11c. In this case, the main reaction product was
the tetracyclic diazacycloocta[jk]fluorene 13c, isolated in
72% yield. Probably, the length of the N-alkyl group
has influence on the formation of products 5 and/or 13.
The nitroalkyl-dihydro-b-carbolines 5 were found to exist
in their enol tautomers 50 in dimethylsulfoxide-d6 used for
the measurement of the NMR spectra. Moreover, a degree
of solvation (with H2O or/and MeOH) of these nitroalkyl-
dihydro-b-carbolines 5 is indicated by the existence of
intense peaks in the region d 3.20–3.68 in the 1H NMR
spectra.

Compounds 13 can be considered as products of an intramo-
lecular Mannich-type alkylation and result through an inter-
nal nucleophilic attack of the carbon atom a- to the nitro
group on the electrophilic iminium carbon atom of salt 14
(Scheme 4). This is the obvious pathway in all cases when
the reaction is carried out in an acidic environment. When
products were isolated from the basic mixture, the participa-
tion of a stronger carbanionic nucleophile, to reinforce the
formation of products 13, cannot be excluded.

N
(H2C)n

N

NH

OH

O-+

Cl-+
N NH

(H2C)n NO2

H

H
-HCl

11

14 13

POCl3

Scheme 4. Proposed reaction pathway for the formation of compounds 13.

Structure elucidation of compounds 13 was based on their
analytical and spectroscopic data, which are in agreement
with literature data for annulated tetrahydro-b-carbolines
with similar structures.22 The signals for C-3a (d 52.2–
54.5) and C-4 (d 90.3–91.3) in the 13C NMR spectra as
well as for 3a-H (d 4.49–4.56) and 4-H (d 4.65–4.85) in
the 1H NMR spectra are of diagnostic importance.

Tetracyclic compounds 13 were isolated as single diastereo-
isomers. The trans-stereochemistry of the newly formed
ring junction was established by evaluation of the 1H–1H
spin–spin coupling constants (3JH-3a,H-4¼10.5 Hz for 13b;
3JH-3a,H-4¼10.4 Hz for 13c). In addition, NOE experiments
on compound 13c showed an enhancement between 3a-H
(d 4.56) and 8-Ha (d 4.00) as well as between 4-H (d 4.86)
and 2-Hb (d 3.28), as depicted in Figure 1. However,
enhancements between 4-H and 3a-H or 8-Ha were not
observed.

The stereochemical outcome of the cyclisation could be an-
ticipated from a diastereoselective attack of the electrophilic
iminium ion carbon on the nucleophilic carbon species.
Under the reaction conditions, the more stable product, in
which 3a-H and 4-H are positioned trans to each other, is
probably formed.

Treatment of nitropropyl-dihydro-b-carboline 5a with
PhNCO and Et3N led to compound 15 instead of the
corresponding initial target, nitrile oxide 6a (Scheme 5).
On the other hand, the formation of tetracyclic compounds
13, which resemble the ABCD framework of canthines and
arborescidines, indicates the interesting chemical behaviour
of nitroalkyl-dihydro-b-carbolines 5 to undergo promptly
intramolecular Mannich-type alkylations. Thus we decided
to extend our study to analogous reactions and investigate
the intramolecular amidoalkylation of u-nitroalkyl-dihydro-
b-carbolines 5 towards products analogous to 13.23
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1. Et3N
2. H2C=CHCOCl
CH2Cl2, r.t., 1h
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Scheme 5. Reactions of u-nitroalkyl-dihydro-b-carbolines 5 with acryloyl
chloride and phenyl isocyanate.

N-Acylated quaternary salts of u-nitroalkyl-dihydro-b-car-
bolines 5 were formed in situ and cyclised to mixtures of tet-
racyclic derivatives 18 and 19, in 33–51% total yields, by
treating a dichloromethane solution of the starting material
5 with acryloyl chloride in the presence of 2 equiv of Et3N
(Scheme 5). The relatively low calculated yields of the
reactions could to some extent be attributed to the solvation
of the dihydro-b-carbolines 5 indicated from their NMR
spectra, as it has previously been mentioned. The cyclisation
reactions in ratios 18b:19b and 18c:19c 2:1 and 4:1, respec-
tively afforded the separable by column chromatography
diastereomeric products 18 and 19. However, only one
isomer, the trans-diastereoisomer 18a, was detected and
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Figure 1. Prominent NOE interactions.
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isolated in 33% yield from the reaction of dihydro-b-carbo-
line 5a.

Cyclisation products 18 and 19 are probably derived through
an intramolecular nucleophilic attack of the carbanionic
centre of the intermediate 16 to the electrophilic carbon
of the N-acyliminium ion. The moderate diastereoselectivity
of the cyclisations could be explained on terms of
similar thermodynamic stability of the two stereoisomers,
probably due to the presence of the added N-acryloyl sub-
stituent. It is possible that the size of the ring to be formed
is of crucial importance to the diastereoselectivity of the
reaction.

Besides the cyclised product 18a, the acyl derivative 17 was
also formed, in 27% yield, from the reaction of nitropropyl-
dihydro-b-carboline 5a. As previously mentioned, com-
pound 15, structurally similar with 17, was the only product
isolated (24% yield) from the reaction of the same dihydro-
b-carboline 5a with phenyl isocyanate. The NMR spectra of
compounds 15 and 17, both in the aromatic and the methyl-
ene proton regions, appear similar to that of their precursor
carbolines 5, indicating the predominance of their enol
tautomer in solution.

Structural assignment of compounds 18 and 19 was mainly
based on their NMR spectra, which are in accordance with
those of the corresponding nonacylated compounds 13.
Namely, characteristic peaks for C-3a, C-4 and the carbonyl
carbon atoms in their 13C NMR spectra appear at d 49.7–
53.3, 83.2–89.9 and 166.5–168.0, respectively. In the 1H
NMR spectra, almost all the methylenic protons are differen-
tiated, indicating the presence of asymmetric carbons and
the characteristic peaks for the acryloyl substituent appear
in the region d 5.73–6.72. The chemical shifts for the 4-H
(d 4.78–5.00) of the trans-diastereoisomers 18a–c appear
at values comparable to those of the compounds 13. In con-
trast, the corresponding signal for the cis-diastereoisomers
19b and c appears at lower field values (d 5.39–5.46).
Signals for the 3a-H of both stereoisomers 18 and 19 (d
5.94–6.72) are shifted downfield, compared to the corre-
sponding protons of compounds 13, presumably deshielded
by the N-acryloyl substituent.

The trans configuration of products 18 was to some extent
indicated by the similar chemical shifts of 3a-H and 4-H
compared to that of the corresponding protons of the nona-
cylated analogs 13, as well as by the magnitude of the
coupling constants22,24 (3J¼10.4–10.5 Hz) between these
protons. The corresponding coupling constant in the spec-
trum of 19b is clearly smaller and the signals for 3a-H and
4-H appear as broad singlets.

Attempts to confirm the stereochemistry of compounds 18b
and c by NOE analysis were unsuccessful due to complexity
of their 1H NMR spectra and the small chemical shift differ-
ences Dd in the crucial region d 3.40–6.70. In contrast, NOE
experiments on compound 18a were more informative. With
saturation of 2-Ha (d 3.31) a 5% increase in the signal inten-
sity of 4-H (d 4.78) was observed, whereas saturation of 4-H
caused an 8% increase in the signal intensity of 2-Ha
(Fig. 2). Significant increase in the signal intensity of 3a-H
(d 5.97) was not observed in either case. On the other
hand, saturation of 3a-H caused increase in the signal inten-
sity of 2-Hb (d 4.28) and no change in the signal intensity of
4-H. For all these reasons, the trans stereochemistry of
compound 18a could be deduced.

Furthermore, the stereochemistry of tetracyclic products 18
was undoubtedly retained on N-acylation of compounds 13b
and c, with confirmed trans configuration. The latter
afforded 18b and c or 20, respectively, upon treatment
with acryloyl chloride or phenyl isocyanate in the presence
of Et3N–CH2Cl2 (Scheme 6). As the acylation reactions
are not carried out on the asymmetric carbon centres,
changes in the trans configuration are not expected. The
acid24,25a,b or base-catalyzed22,26a,b epimerization of b-car-
boline-type alkaloids, including yohimbane or tacamine-
type alkaloids, is well known. Base mediated epimerization
has been achieved using MeONa–MeOH, pyridine or aque-
ous NaOH at room temperature or under reflux for several
hours and it is supposed to proceed through exchange of
the proton at C-3a with the base. As it will be discussed later,
triethylamine is a rather weak base to cause epimerization by
abstracting 3a-H.

13b,c N N

(H2C)n NO2

H

H

18b,c

O1. Et3N
2. H2C=CHCOCl

CH2Cl2, r.t., 1h
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C6H6, r.t., 1h

N NH

NO2

H

CONHPh
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13, 18b: n = 2 

          c: n = 3 

39%

64-80%

Scheme 6. Acylation of diazacycloalkano[jk]fluorenes 13.

To examine the scope of the above mentioned intramolecular
amidoalkylation with substrates carrying an alkenyl instead
of the nitroalkyl substituent, we tried the reaction of allyl-di-
hydro-b-carboline 21 (Scheme 7). Compound 21 derived
from the Bichler–Napieralski reaction of the allyl-amide
10, the by-product of the bromoalkylation reaction of
indolyl-ethylformamide 7 mentioned before. Compound 10
was also independently prepared (yield 69%) from the direct
allylation of the amide 7 upon treatment with allylbromide
under phase transfer catalysis conditions. To our disappoint-
ment, instead of the desired cyclisation product, aldehyde 23
was produced in 71% yield. Product 23 was probably formed
through dihydro-pyridine ring opening caused by hydrolysis
of the N-acyliminium salt 22 during the work up. This result
is perhaps indicative of the insufficient nucleophilic strength
of the p-bond to promote cyclisation, at least under mild
conditions. Analogous ring opening of dihydro-b-carbolines
has been reported in the literature.27
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Figure 2. Prominent NOE correlations.
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Scheme 7. Reaction of the allyl-dihydro-b-carboline 21 with acryloyl chlo-
ride and Et3N.

Tetracyclic compounds 18 and 19 possess a conjugate accep-
tor tethered to the ABCD skeleton of the eburna’s or vinca’s.
Thus cyclisation reactions, performed by treatment of 18
and 19 with excess NaH in dry THF solution, proceeded
cleanly to produce the pentacyclic indolo-quinolizinones
26 (Scheme 8). The reaction of 18a afforded indolo-quinoli-
zinone 26a in 88% yield while both diastereoisomers 18b or
19b led to 26b in 60 or 55% yields, respectively. Indolo-
quinolizinones 26 are intramolecular alkylation products
and are formed by conjugate addition of the initially formed
enolate 24 to the acryloyl group, followed by HNO2 elimina-
tion from the intermediate 25 (Scheme 8).
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Scheme 8. Reactions of compounds 18 and 19 with NaH.

The fact that the cyclisation of compounds 18 and 19 to
the corresponding pentacyclic products 25 or 26 requires
a base, the strength of NaH, perhaps confirms our previously
mentioned hypothesis that epimerization during the Et3N
mediated acylation process of 13 (Scheme 6) does not
take place. If triethylamine could abstract a proton from
18 to access the enolate 24, the outcome of the reaction
would be the formation of a pentacyclic product such as
25 or 26.

The analogous annulation reaction attempted with com-
pound 18c led to tetracyclic product 27 (yield 33%) instead
of the corresponding 25 or 26. Compound 27 is a product of
conjugate addition of methanol, used during the work up to
decompose the excess of NaH, to the acryloyl group. The de-
viation of this reaction from the common route could prob-
ably be attributed to steric factors that impede the cyclisation
process. Based on the coupling constant of the doublet peak
for 3a-H (J¼10.5 Hz), the trans configuration could be
assigned to compound 27.

3. Conclusions

In conclusion, we have presented the synthesis of N(2)-
acryloyl-diazacycloalkano[jk]fluorenes 18, 19 from 9-(u-
nitroalkyl)-4,9-dihydro-1H-b-carbolines 5 and acryloyl
chloride, through a diastereoselective intramolecular
N-acyliminium cyclisation. Synthesis of annulated 1,2,3,4-
tetrahydro-b-carbolines 13 with similar structure has also
been achieved in a single diastereoisomeric form and in
high yields through a tandem Bichler–Napieralsky—intra-
molecular aminoalkylation process starting from 2-[1-(u-
nitroalkyl)-1H-indol-3-yl]ethylformamides 11. Possessing
an intriguing tetracyclic framework, compounds 13, as well
as their N-acylated derivatives 18, 19, are promising starting
materials for indole alkaloids synthesis through derivatiza-
tion of the tetrahydropyridine ring nitrogen atom and/or
the a- to NO2 active methine group. Transformation of dia-
zacycloalkano[jk]fluorenes 18, 19 to annulated indolo-
quinolizinones 26, through internal conjugate addition,
constitutes a successful application. Improvement of the dia-
stereoselectivity of the reactions by using chiral tryptamine
substrates or chiral acylating agents is under investigation.

4. Experimental

4.1. General procedure for the preparation of 2-[1-
(u-bromoalkyl)-1H-indol-3-yl]ethylformamides 9
and 2-(1-allyl-1H-indol-3-yl)ethylformamide (10)

To a stirred solution of 2-(indol-3-yl)ethylformamide21b (7)
(1.880 g, 10 mmol) in benzene (50 mL) an aqueous solution
of NaOH (50% w/w) (10 g) and after 15 min nBu4NBr
(3.480 g, 10.8 mmol) were added, followed by an excess
(30 mmol) of the proper a,u-dibromoalkane 8 or
allylbromide. The mixture was stirred at room temperature
for 1–1.5 h or until the consumption of the starting
2-(indol-3-yl)ethylformamide 7, monitored by TLC. The
organic layer was separated, washed with water, dried
(Na2SO4) and evaporated under reduced pressure. Column
chromatography of the residue (silica gel, light petroleum
ether–ethyl acetate 1:4 as eluant) afforded 2-[1-
(u-bromoalkyl)-1H-indol-3-yl]ethylformamides 9 or 2-(1-
allyl-1H-indol-3-yl)ethylformamide (10). Compound 10
was also isolated (0.390 g, 17%) from the reaction of
1,3-dibromopropane (8a) in addition to the bromoalkyl
derivative 9a.

4.1.1. 2-[1-(3-Bromopropyl)-1H-indol-3-yl]ethylform-
amide (9a). Oil (1.610 g, 52%); IR (liquid film) cm�1

3280, 1650; 1H NMR (CDCl3, 300 MHz) d 8.01 (s, 1H),
7.56 (d, J¼7.7 Hz, 1H), 7.32 (d, J¼8.2 Hz, 1H), 7.21 (t,
J¼7.7 Hz, 1H), 7.10 (t, J¼7.3 Hz, 1H), 6.96 (s, 1H), 6.04
(br s, 1H), 4.21 (t, J¼6.4 Hz, 2H), 3.65–3.49 (m, 2H), 3.25
(t, J¼6.1 Hz, 2H), 2.94 (t, J¼6.9 Hz, 2H), 2.36–2.22 (m,
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2H); 13C NMR (CDCl3, 75 MHz) d 161.3, 136.1, 127.8,
125.6, 121.8, 119.1, 118.8, 111.5, 109.3, 43.7, 38.3, 32.5,
30.4, 24.9; MS m/z (%) 310/308 (M+, 13), 265/263 (23),
252/250 (100), 228 (22), 183 (34), 170 (99), 143 (25), 115
(29). Anal. Calcd for C14H17N2OBr: C, 54.38; H, 5.54; N,
9.06. Found: C, 54.30; H, 5.31; N, 8.80.

4.1.2. 2-[1-(4-Bromobutyl)-1H-indol-3-yl]ethylform-
amide (9b). Oil (2.040 g, 63%); IR (liquid film) cm�1

3280, 1650; 1H NMR (CDCl3, 300 MHz) d 8.00 (s, 1H),
7.56 (d, J¼7.9 Hz, 1H), 7.27 (d, J¼7.9 Hz, 1H), 7.19 (t,
J¼7.6 Hz, 1H), 7.07 (t, J¼7.3 Hz, 1H), 6.89 (s, 1H), 6.17
(s, 1H), 4.03 (t, J¼6.8 Hz, 2H), 3.63–3.50 (m, 2H), 3.29 (t,
J¼6.1 Hz, 2H), 2.92 (t, J¼7.0 Hz, 2H), 1.98–1.88 (m, 2H),
1.88–1.68 (m, 2H); 13C NMR (CDCl3, 75 MHz) d 161.2,
136.2, 127.6, 125.4, 121.6, 118.9, 118.7, 111.3, 109.2,
45.0, 38.2, 32.9, 29.7, 28.6, 24.9; MS m/z (%) 324/322
(M+, 23), 279/277 (48), 266/264 (100), 184 (44), 130 (86),
115 (34). Anal. Calcd for C15H19N2OBr: C, 55.74; H,
5.92; N, 8.67. Found: C, 55.94; H, 5.76; N, 8.46.

4.1.3. 2-[1-(5-Bromopentyl)-1H-indol-3-yl]ethylform-
amide (9c). Oil (1.820 g, 54%); IR (liquid film) cm�1

3280, 1650; 1H NMR (CDCl3, 300 MHz) d 8.06 (s, 1H),
7.57 (d, J¼7.9 Hz, 1H), 7.30 (d, J¼8.0 Hz, 1H), 7.21 (t,
J¼7.3 Hz, 1H), 7.10 (t, J¼7.3 Hz, 1H), 6.93 (s, 1H), 5.86
(br s, 1H), 4.06 (t, J¼7.0 Hz, 2H), 3.65–3.55 (m, 2H), 3.35
(t, J¼6.7 Hz, 2H), 2.96 (t, J¼6.7 Hz, 2H), 1.88–1.75 (m,
4H), 1.48–1.43 (m, 2H); 13C NMR (CDCl3, 75 MHz)
d 161.1, 136.3, 127.7, 125.7, 121.7, 118.9, 118.8, 111.2,
109.4, 45.9, 38.4, 33.3, 32.1, 29.3, 25.5, 25.0; MS m/z (%)
338/336 (M+, 55), 293/291 (81), 280/278 (96), 257 (17),
198 (59), 156 (85), 130 (100), 115 (44). Anal. Calcd for
C16H21N2OBr: C, 56.98; H, 6.28; N, 8.31. Found: C,
56.70; H, 6.59; N, 8.19.

4.1.4. 2-(1-Allyl-1H-indol-3-yl)ethylformamide (10).
(1.570 g, 69%) From the reaction of allylbromide as a col-
ourless oil; IR (liquid film) cm�1 3260, 1640; 1H NMR
(CDCl3, 300 MHz) d 8.11 (s, 1H), 7.59 (d, J¼8.2 Hz, 1H),
7.31 (d, J¼8.2 Hz, 1H), 7.22 (t, J¼7.7 Hz, 1H), 7.12 (t,
J¼7.3 Hz, 1H), 6.95 (s, 1H), 6.09–5.89 (m, 1H), 5.65 (br
s, 1H), 5.28 (d, J¼10 Hz, 1H), 5.10 (d, J¼17 Hz, 1H),
4.68 (d, J¼4.6 Hz, 2H), 3.65 (t, J¼6.4 Hz, 2H), 2.99 (t,
J¼6.4 Hz, 2H); 13C NMR (CDCl3, 75 MHz) d 161.7,
136.3, 133.3, 127.7, 125.6, 121.5, 118.9, 118.6, 117.0,
111.3, 109.5, 48.4, 38.4, 24.8; MS m/z (%) 228 (M+, 86),
183 (78), 170 (100), 142 (80), 130 (86), 116 (56). Anal.
Calcd for C14H16N2O: C, 73.66; H, 7.06; N, 12.27. Found:
C, 73.54; H, 6.97; N, 12.01.

4.2. General procedure for the preparation of 2-[1-(u-
nitroalkyl)-1H-indol-3-yl]ethylformamides 11 and u-{3-
[2-(formylamino)ethyl]-1H-indol-1-yl}alkyl nitrites 12

To a solution of the proper 2-[1-(u-bromoalkyl)-1H-indol-3-
yl]ethylformamide 9 (5 mmol) in dry THF (50 mL) silver
nitrite (2.695 g, 17.5 mmol) was added and the mixture, pro-
tected from light, was stirred at room temperature for 2 d or
until all the starting material was consumed. After filtration
of the silver salts and evaporation of the solvent, the residue
was repeatedly subjected to column chromatography (silica
gel, light petroleum ether–ethyl acetate 2:5 as eluant) to
afford the corresponding nitro compounds 11 and nitrites
12 in order of eluance.

4.2.1. 2-[1-(3-Nitropropyl)-1H-indol-3-yl]ethylform-
amide (11a). Oil (0.620 g, 45%); IR (liquid film) cm�1

3290, 1660, 1540, 1370; 1H NMR (CDCl3, 300 MHz)
d 8.07 (s, 1H), 7.58 (d, J¼7.9 Hz, 1H), 7.32–7.20 (m, 2H),
7.12 (t, J¼7.3 Hz, 1H), 6.89 (s, 1H), 5.98 (br s, 1H), 4.30–
4.16 (m, 4H), 3.57 (m, 2H), 2.94 (t, J¼6.7 Hz, 2H), 2.47–
2.45 (m, 2H); 13C NMR (CDCl3, 75 MHz) d 161.2, 136.1,
127.9, 125.6, 122.2, 119.4, 119.1, 112.3, 109.1, 72.3, 42.6,
38.2, 27.5, 25.0. MS m/z (%) 275 (M+, 29), 231 (47), 217
(45), 184 (22), 171 (55), 143 (100), 115 (35). Anal. Calcd
for C14H17N3O3: C, 61.08; H, 6.22; N, 15.26. Found: C,
60.98; H, 6.55; N, 15.07.

4.2.2. 2-[1-(4-Nitrobutyl)-1H-indol-3-yl]ethylformamide
(11b). Oil (0.550 g, 38%); IR (liquid film) cm�1 3280,
1660, 1540, 1370; 1H NMR (CDCl3, 300 MHz) d 8.13 (s,
1H), 7.59 (d, J¼7.9 Hz, 1H), 7.37–7.20 (m, 2H), 7.13 (t, J¼
7.0 Hz, 1H), 6.94 (s, 1H), 5.66 (br s, 1H), 4.30 (t, J¼6.1 Hz,
2H), 4.15 (t, J¼6.1 Hz, 2H), 3.74–3.60 (m, 2H), 2.99 (t,
J¼6.7 Hz, 2H), 2.09–1.86 (m, 4H); 13C NMR (CDCl3,
75 MHz) d 161.3, 136.3, 127.8, 125.5, 122.0, 119.3, 119.0,
111.8, 109.3, 74.9, 45.1, 38.3, 26.9, 25.1, 24.7; MS m/z (%)
289 (M+, 31), 244 (100), 231 (65), 184 (71), 170 (70), 143
(18), 115 (7). Anal. Calcd for C15H19N3O3: C, 62.27; H,
6.62; N, 14.52. Found: C, 62.08; H, 6.48; N, 14.38.

4.2.3. 2-[1-(5-Nitropentyl)-1H-indol-3-yl]ethylform-
amide (11c). Oil (0.850 g, 56%); IR (liquid film) cm�1

3280, 1660, 1540, 1380; 1H NMR (CDCl3, 300 MHz)
d 8.09 (s, 1H), 7.58 (d, J¼7.9 Hz, 1H), 7.29 (d, J¼7.9 Hz,
1H), 7.21 (t, J¼7.0 Hz, 1H), 7.10 (t, J¼7.0 Hz, 1H), 6.92
(s, 1H), 5.81 (br s, 1H), 4.31 (t, J¼7.0 Hz, 2H), 4.08 (t,
J¼6.7 Hz, 2H), 3.68–3.58 (m, 2H), 2.96 (t, J¼6.7 Hz, 2H),
2.02–1.80 (two overlapping m, 4H), 1.44–1.30 (m, 2H);
13C NMR (CDCl3, 75 MHz) d 161.3, 136.4, 127.9, 125.7,
121.9, 119.1, 119.0, 111.5, 109.3, 75.3, 45.7, 38.4, 29.4,
26.8, 25.1, 23.7; MS m/z (%) 303 (M+, 49), 257 (58), 245
(47), 184 (78), 170 (100), 143 (98), 115 (90). Anal. Calcd
for C16H21N3O3: C, 63.35; H, 6.98; N, 13.85. Found: C,
63.43; H, 7.00; N, 13.44.

4.2.4. 3-{3-[2-(Formylamino)ethyl]-1H-indol-1-yl}propyl
nitrite (12a). Oil (0.535 g, 39%); IR (liquid film) cm�1 3260,
3040, 1660, 1620; 1H NMR (CDCl3, 300 MHz) d 8.03 (s,
1H), 7.57 (d, J¼7.9 Hz, 1H), 7.30–7.16 (m, 2H), 7.10 (t, J¼
7.9 Hz, 1H), 6.90 (s, 1H), 6.12 (br s, 1H), 4.28 (t, J¼6.1 Hz,
2H), 4.16 (t, J¼6.7 Hz, 2H), 3.64–3.52 (m, 2H), 2.93 (t,
J¼6.7 Hz, 2H), 2.17 (m, 2H); 13C NMR (CDCl3, 75 MHz)
d 161.2, 136.3, 128.0, 125.5, 122.3, 119.4, 119.1, 112.2,
109.1, 69.8, 42.2, 38.4, 27.4, 25.1; MS m/z (%) 275 (M+,
20), 245 (54), 229 (39), 215 (27), 201 (46), 184 (49), 170
(67), 143 (50), 129 (100). Anal. Calcd for C14H17N3O3: C,
61.08; H, 6.22; N, 15.26. Found: C, 61.01; H, 6.39; N, 15.14.

4.2.5. 4-{3-[2-(Formylamino)ethyl]-1H-indol-1-yl}butyl
nitrite (12b). Oil (0.520 g, 36%); IR (liquid film) cm�1

3290, 3040, 1660, 1620; 1H NMR (CDCl3, 300 MHz),
d 8.06 (s, 1H), 7.57 (d, J¼7.8 Hz, 1H), 7.40–7.21 (m, 2H),
7.09 (t, J¼7.4 Hz, 1H), 6.91 (s, 1H), 5.94 (br s, 1H), 4.34
(t, J¼6.3 Hz, 2H), 4.08 (t, J¼6.9 Hz, 2H), 3.70–3.55
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(m, 2H), 2.94 (t, J¼6.9 Hz, 2H), 2.05–1.90 (m, 2H), 1.85–
1.65 (m, 2H); 13C NMR (CDCl3, 75 MHz) d 161.2, 136.3,
127.8, 125.5, 121.8, 119.1, 118.9, 111.6, 109.3, 72.5, 45.4,
38.3, 26.5, 25.1, 24.2; MS m/z (%) 289 (M+, �), 260 (59),
214 (30), 202 (68), 184 (33), 170 (100), 143 (86), 130
(71), 115 (8). Anal. Calcd for C15H19N3O3: C, 62.27; H,
6.62; N, 14.52. Found: C, 62.08; H, 6.48; N, 14.38.

4.2.6. 5-{3-[2-(Formylamino)ethyl]-1H-indol-1-yl}pentyl
nitrite (12c). Oil (0.455 g, 30%); IR (liquid film) cm�1

3290, 3040, 1660, 1620; 1H NMR (CDCl3, 300 MHz)
d 8.12 (s, 1H), 7.59 (d, J¼8.0 Hz, 1H), 7.31 (d, J¼7.3 Hz,
1H), 7.23 (t, J¼7.9 Hz, 1H), 7.12 (t, J¼7.3 Hz, 1H), 6.93
(s, 1H), 5.62 (br s, 1H), 4.40 (t, J¼6.4 Hz, 2H), 4.09 (t,
J¼6.7 Hz, 2H), 3.71–3.59 (m, 2H), 3.00 (t, J¼6.7 Hz, 2H),
1.96–1.80 (m, 2H), 1.78–1.64 (m, 2H), 1.53–1.35 (m, 2H);
13C NMR (CDCl3, 75 MHz) d 161.3, 136.3, 127.8, 125.7,
121.8, 119.0, 118.9, 111.3, 109.3, 72.8, 45.8, 38.4, 29.7, 26.4,
25.1, 23.2; MS m/z (%) 303 (M+, 24), 289 (45), 273 (45), 229
(98), 215 (78), 202 (39), 185 (78), 170 (65), 157 (100), 143
(78), 115 (62). Anal. Calcd for C16H21N3O3: C, 63.35; H,
6.98; N, 13.85. Found: C, 63.65; H, 7.15; N, 14.17.

4.3. Bischler–Napieralski reactions of 2-[1-(u-nitro-
alkyl)-1H-indol-3-yl]ethylformamides 11 and 2-
(1-allyl-1H-indol-3-yl)ethylformamide (10)

4.3.1. Procedure A: preparation of 9-(u-nitroalkyl)-
4,9-dihydro-3H-b-carbolines 5 and 9-allyl-4,9-dihydro-
3H-b-carboline (21). To a stirred solution of the proper
2-[1-(u-nitroalkyl)-1H-indol-3-yl]ethylformamide 11 (1 mmol)
or 2-(1-allyl-1H-indol-3-yl)ethylformamide (10) (0.228 g,
1 mmol) in acetonitrile (10 mL), kept at 0 �C, a solution of
POCl3 (0.184 g, 1.2 mmol) in CH3CN (5 mL) was added
dropwise and the mixture was stirred for 15 min at this tem-
perature and then refluxed for 1 h. The solvent was removed
in vacuo and hydrochloric acid 1 N was added to the residue
until resolution occurred. Undissolved impurities were re-
moved by filtration and the acidic solution was extracted
(3�20 mL) with CH2Cl2. The organic layer was washed
with water, dried (Na2SO4) and evaporated under reduced
pressure. The residue was subjected to column chromato-
graphy (silica gel, ethyl acetate–methanol 4:1 as eluant) to
afford 9-(u-nitroalkyl)-4,9-dihydro-3H-b-carbolines 5a,b
or 9-allyl-4,9-dihydro-3H-b-carboline (21). Analytical
pure samples of the dihydro-b-carbolines 5 or 21, eluted
from the column by methanol containing solvent, could
not be obtained due to their insolubility in all common
solvents. 1H and 13C NMR spectra show the existence of
a substantial quantity of MeOH and/or H2O. In the case of
2-[1-(5-nitropentyl)-1H-indol-3-yl]ethylformamide (11c),
dihydro-b-carboline 5c was precipitated upon trituration of
the residue with CH2Cl2–petroleum ether and was isolated
by filtration (0.034 g, 12% yield). By concentration of the
filtrate, (�)-(3aR,4S)-4-nitro-2,3,3a,4,5,6,7,8-octahydro-
1H-3,8a-diazacycloocta[jk]fluorene (13c) (0.205 g, 72%)
was obtained in almost pure form.

4.3.1.1. 9-(3-Nitropropyl)-4,9-dihydro-3H-b-carbo-
line (5a). Orange-coloured amorphous solid (0.183 g,
71%), mp 188–190 �C; IR (nujol) cm�1 1650, 1545, 1375;
1H NMR (CDCl3–DMSO-d6, 300 MHz) d 8.22 (s, 1H),
7.76 (d, J¼7.9 Hz, 1H), 7.49 (d, J¼8.5 Hz, 1H), 7.34 (t,
J¼7.8 Hz, 1H), (t, J¼7.5 Hz, 1H), 4.31 (t, J¼6.7 Hz, 2H),
3.68–3.23 [br, solvents (MeOH, H2O)], 3.02 (t, J¼7.0 Hz,
2H); 13C NMR (CDCl3–DMSO-d6, 75 MHz) d 142.8,
138.1, 129.0, 127.9, 125.4, 121.1, 120.1, 119.9, 118.1,
110.1, 51.9 (MeOH), 43.0, 39.8 (overlapping), 23.1, 21.7;
MS m/z (%) 257 (M+, 30), 227 (80), 211 (100), 181 (78),
168 (23), 115 (15). ESIHRMS m/z calcd for
C14H15N3O2+H (MH+) 258.12370, found 258.12399.

4.3.1.2. 9-(4-Nitrobutyl)-4,9-dihydro-3H-b-carboline
(5b). Orange-coloured amorphous solid (0.233 g, 86%),
mp 192–195 �C; IR (KBr) cm�1 1639, 1548, 1383, 1345;
1H NMR (CDCl3–DMSO-d6, 300 MHz) d 8.52 (br, 2H),
8.29 (s, 1H), 7.80 (d, J¼8.2 Hz, 1H), 7.42–7.29 (m, 2H),
7.11 (t, J¼7.3 Hz, 1H), 4.32 (t, J¼7.2 Hz, 2H), 3.58 and
3.54 (two s, MeOH), 3.39 (t, J¼7.7 Hz, 2H), 3.20 (t,
J¼5.5 Hz, 2H), 3.12–3.01 (m, 2H), 2.37–2.24 (br, 2H);
13C NMR (CDCl3–DMSO-d6, 300 MHz) d 145.1, 137.9,
126.3, 125.5, 124.5, 120.1, 119.9, 119.1, 118.9, 108.5,
51.9 (MeOH), 43.8, 39.2, 29.2, 22.8, 21.4; MS m/z (%)
271 (M+, 59), 243 (27), 225 (32), 196 (100), 181 (30), 168
(26), 115 (15). ESIHRMS m/z calcd for C15H17N3O2+H
(MH+) 272.13935, found 272.13961.

4.3.1.3. 9-(5-Nitropentyl)-4,9-dihydro-3H-b-carboline
(5c). Orange-coloured amorphous solid, mp 250–252 �C;
IR (KBr) cm�1 1640, 1546, 1381; 1H NMR (CDCl3–
DMSO-d6, 300 MHz) d 8.32 and 8.27 (overlapping br s
and s, 3H), 7.75 (d, J¼7.9 Hz, 1H), 7.40 (d, J¼7.9 Hz,
1H), 7.31 (t, J¼7.9 Hz, 1H), 7.14 (t, J¼7.9 Hz, 1H), 4.30–
4.14 (m, 2H), 3.68–3.20 (m, 2H, overlapping with the peak
of H2O), 3.20–3.01 (m, 2H), 3.01–2.88 (m, 2H), 2.06–1.88
(m, 2H), 1.88–1.68 (m, 2H); 13C NMR (CDCl3–DMSO-d6,
75 MHz) d 149.4, 136.6, 127.9, 125.6, 123.1, 119.9, 118.8,
118.0, 114.5, 108.3, 41.0, 38.6, 26.6, 26.4, 21.4, 19.5; MS
m/z (%) 285 (M+, 30), 210 (17), 183 (100), 181 (96), 168
(57). ESIHRMS m/z calcd for C16H19N3O2+H (MH+)
286.15500, found 286.15481.

4.3.1.4. (±)-(3aR,4S)-4-Nitro-2,3,3a,4,5,6,7,8-octa-
hydro-1H-3,8a-diazacycloocta[jk]fluorene (13c). Yellow-
ish oil; IR (liquid film) cm�1 3305, 1544, 1384, 1343; 1H
NMR (CDCl3, 300 MHz) d 7.53 (d, J¼7.3 Hz, 1H), 7.30
(d, J¼7.9 Hz, 1H), 7.23 (t, J¼7.0 Hz, 1H), 7.12 (t,
J¼7.3 Hz, 1H), 4.86 (dt, J1¼10.4 Hz, J2¼3.7 Hz, 1H), 4.56
(d, J¼10.4 Hz, 1H), 4.42 (dd, J1¼15.3 Hz, J2¼3.7 Hz, 1H),
4.00 (dt, J1¼15.3 Hz, J2¼3.7 Hz, 1H), 3.28 (tt, J1¼14.0,
J2¼4.3 Hz, 1H), 3.22 (dd, J1¼14.0 Hz, J2¼7.9 Hz, 1H),
2.77 (dd, J1¼7.9 Hz, J2¼3.7 Hz, 2H), 2.38–2.08 (m, 3H),
1.99 (tdd, J1¼13.4 Hz, J2¼8.5 Hz, J3¼4.9 Hz, 1H), 1.91–
1.62 (m, 2H), 0.92–0.73 (m, 1H); 13C NMR (CDCl3,
75 MHz) d 135.6, 132.1, 126.9, 122.2, 119.3, 118.6, 109.2,
108.9, 91.3, 52.2, 40.0, 37.9, 28.7, 28.5, 22.3, 19.2; MS m/z
(%) 285 (M+, 97), 258 (66), 239 (24), 199 (100), 181 (51),
170 (80), 115 (64). Anal. Calcd for C16H19N3O2: C, 67.35;
H, 6.71; N, 14.73. Found: C, 67.76; H, 6.72; N, 14.38.

4.3.1.5. 9-Allyl-4,9-dihydro-3H-b-carboline (21). Brown
viscous oil (0.193 g, 92%); IR (liquid film) cm�1 1644, 1620;
1H NMR (CDCl3, 300 MHz) d 8.50 (s, 1H), 7.58 (d, J¼7.7 Hz,
1H), 7.32–7.29 (m, 2H), 7.16 (t, J¼8.1 Hz, 1H), 5.99–5.90 (m,
1H), 5.17 (d, J¼10.3 Hz, 1H), 4.97 (d, J¼17.3 Hz, 1H), 4.85–
4.80 (m, 2H), 3.91 (t, J¼8.7 Hz, 2H), 2.91 (t, J¼8.7 Hz, 2H);
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13C NMR (CDCl3, 75 MHz) d 150.5, 138.0, 132.9, 125.1,
124.8, 120.3, 117.2, 110.3, 47.8, 45.6, 19.2; MS m/z (%) 211
(M+1, 39), 210 (M+, 100), 182 (16), 169 (27), 168 (45), 142
(15), 115 (25), 41 (25); Anal. Calcd for C14H14N2: C, 79.97;
H, 6.71; N, 13.32. Found: C, 79.51; H, 6.59; N, 13.70.

4.3.2. Procedure B: preparation of diazacycloalkano[jk]-
fluorenes 13. The process described previously (Section
4.3.1) was followed up to the point of addition of hydrochlo-
ric acid and removal of the undissolved impurities by filtra-
tion. The filtrate was then turned basic by addition of
aqueous NH4OH solution (25% w/w) causing the precipita-
tion of yellow-coloured diazacycloalkano[jk]fluorenes 13b
and c. The solids were separated by filtration, washed repeat-
edly with water and dried in a dessicator. They were purified
by column chromatography (silica gel, ethyl acetate–metha-
nol 4:1 as eluant). The reaction of 2-[1-(3-nitropropyl)-
1H-indol-3-yl]ethylformamide 11a afforded a complicate
mixture in which the corresponding tetracyclic compound
13 was not detected. The crude reaction product was used
in the reaction with phenyl isocyanate (Section 4.5) without
further purification.

4.3.2.1. (±)-(3aR,4S)-4-Nitro-1,2,3,3a,4,5,6,7-octahy-
dro-3,7a-diazacyclohepta[jk]fluorene (13b). Yellow crys-
tals (0.244 g, 90%), mp 174–177 �C (CH2Cl2–petroleum
ether); IR (nujol) cm�1 3300, 1540, 1370; 1H NMR
(CDCl3, 300 MHz) d 7.53 (d, J¼7.8 Hz, 1H), 7.31�7.17
(m, 2H), 7.10 (t, J¼7.0 Hz, 1H), 4.65 (dt, J1¼10.5 Hz,
J2¼2.9 Hz, 1H), 4.54 (dd, J1¼14.1 Hz, J2¼4.6 Hz, 1H),
4.49 (d, J¼10.5 Hz, 1H), 3.78 (t, J¼14.1 Hz, 1H), 3.14 (tt,
J1¼13.1 Hz, J2¼4.8 Hz, 1H), 3.07 (tt, J1¼13.1 Hz,
J2¼4.8 Hz, 1H), 2.84–2.62 (m, 2H), 2.59–2.10 (m, 3H),
1.89 (br s, 1H), 1.69–1.51 (m, 1H); 13C NMR (CDCl3,
75 MHz) d 135.8, 131.3, 126.2, 121.9, 119.2, 118.5, 111.0,
108.6, 90.3, 54.5, 43.9, 40.4, 33.7, 26.6, 22.5; MS m/z 271
(M+, 54), 241 (35), 225 (78), 196 (100), 183 (53), 169
(98), 115 (52). Anal. Calcd for C15H17N3O2: C, 66.40; H,
6.32; N, 15.49. Found: C, 66.13; H, 6.18; N, 15.63.

4.3.2.2. (±)-(3aR,4S)-4-Nitro-2,3,3a,4,5,6,7,8-octahy-
dro-1H-3,8a-diazacycloocta[jk]fluorene (13c). 0.248 g,
87%.

4.4. General procedure for the reactions of 9-(u-nitro-
alkyl)-4,9-dihydro-3H-b-carbolines 5 and 9-allyl-4,9-
dihydro-3H-b-carboline (21) with acryloyl chloride and
Et3N

Triethylamine (0.101 g, 1 mmol) was added to a solution
of the proper 9-(u-nitroalkyl)-4,9-dihydro-3H-b-carboline
5 (0.5 mmol) or 9-allyl-4,9-dihydro-3H-b-carboline (21)
(0.105 g, 0.5 mmol) in CH2Cl2 (10 mL). After stirring for
15 min acryloyl chloride (0.068 g, 0.75 mmol) was added
and the mixture was stirred at 25 �C for 2 h or until the con-
sumption of the starting dihydro-b-carboline. The reaction
mixture was transferred to a separatory funnel and washed
with water (10 mL). The aqueous layer was extracted with
CH2Cl2 (2�30 mL) and the combined organic layers dried
over Na2SO4. Solvent was removed in vacuo and column
chromatography (silica gel, light petroleum ether–ethyl
acetate 4:1 as eluant) of the residue afforded the corres-
ponding compounds 18, 19 or the acrylamide 23. In the case
of 9-(3-nitropropyl)-4,9-dihydro-b-carboline 5a, besides
18a compound 17 was also isolated.

4.4.1. Reaction of 9-(3-nitropropyl)-4,9-dihydro-3H-b-
carboline (5a) with acryloyl chloride. Column chromato-
graphy afforded in order of elution.

4.4.1.1. (±)-1-{(3aR,4S)-4-Nitro-1,2,3a,4,5,6-hexa-
hydro-3H-indolo[3,2,1-de][1,5]naphthyridin-3-yl}-2-
propen-1-one (18a). Light yellow crystals (0.052 g, 33%),
mp 147–149 �C (CH2Cl2–CH3CO2Et); IR (KBr) cm�1

1651, 1639, 1557, 1385, 1331; 1H NMR (CDCl3,
300 MHz, 25 �C) d 7.52 (d, J¼7.3 Hz, 1H), 7.33 (d,
J¼7.9 Hz, 1H), 7.26 (t, J¼7.3 Hz, 1H), 7.17 (t, J¼7.3 Hz,
1H), 6.65 (dd, J1¼17.0 Hz, J2¼10.4 Hz, 1H), 6.35 (d,
J¼17.0 Hz, 1H), 6.02 (br, 1H), 5.78 (d, J¼10.4 Hz, 1H),
4.77 (dt, J1¼8.9 Hz, J2¼4.6 Hz, 1H), 4.40 (dt, J1¼11.3 Hz,
J2¼5.2 Hz, 1H), 4.28 (br, 1H), 3.87 (ddd, J1¼11.3 Hz,
J2¼9.8 Hz, J3¼5.2 Hz, 1H), 3.37 (br, 1H), 3.05–2.75 (m,
3H), 2.49 (ddd, J1¼14.6 Hz, J2¼9.8 Hz, J3¼4.9 Hz, 1H);
1H NMR (CDCl3, 300 MHz, 50 �C) d 7.49 (d, J¼7.9 Hz,
1H), 7.29 (d, J¼7.9 Hz, 1H), 7.23 (t, J¼7.3 Hz, 1H), 7.15
(t, J¼7.0 Hz, 1H), 6.60 (dd, J1¼10.7 Hz, J2¼16.5 Hz, 1H),
6.29 (d, J¼16.5 Hz, 1H), 5.97 (br d, J¼8.6 Hz, 1H), 5.73
(d, J¼10.7 Hz, 1H), 4.78 (dt, J1¼9.1 Hz, J2¼5.5 Hz, 1H),
4.38 (dt, J1¼11.6 Hz, J2¼5.5 Hz, 1H), 4.28 (br, 1H), 3.87
(ddd, J1¼13.4 Hz, J2¼9.1 Hz, J3¼5.5 Hz, 1H), 3.31 (br, 1H),
2.98–2.71 (m, 3H), 2.46 (ddd, J1¼14.6 Hz, J2¼9.1 Hz,
J3¼4.9 Hz, 1H); 13C NMR (CDCl3, 75 MHz, 25 �C)
d 167.9, 138.3, 130.5, 129.3, 127.7, 122.4, 120.5, 118.7,
110.0, 83.0, 53.1 (br), 43.9 (br), 40.7, 29.0, 22.6; 13C NMR
(CDCl3, 75 MHz, 50 �C) d 168.0, 138.5, 130.6, 128.8,
128.0, 122.5, 120.6, 118.8, 110.0, 83.2, 53.3, 43.6 (br),
40.7, 29.3, 22.7; MS m/z (%) 311 (M+, 8), 265 (46), 236
(53), 211 (100), 182 (40). Anal. Calcd for C17H17N3O3: C,
65.58; H, 5.50; N, 13.50. Found: C, 65.51; H, 5.54; N, 13.50.

4.4.1.2. 6-(3,4-Dihydro-9H-b-carbolin-9-yl)-4-nitro-1-
hexen-3-one (17). Oil (0.042 g, 27%); IR (liquid film)
cm�1 1661, 1620, 1551, 1385; 1H NMR (CDCl3–DMSO-
d6, 300 MHz) d 8.16–8.02 (br, 1H), 8.05 (s, 1H), 7.68 (d,
J¼7.9 Hz, 1H), 7.38 (d, J¼7.9 Hz, 1H), 7.31 (t, J¼7.6 Hz,
1H), 7.09 (t, J¼7.6 Hz, 1H), 6.14 (d, J¼6.4 Hz, 2H), 5.51
(t, J¼6.4 Hz, 1H), 4.28 (t, J¼7.0 Hz, 2H), 3.51–3.38 (m,
2H), 3.23 (t, J¼7.0 Hz, 2H), 3.11 (t, J¼8.1 Hz, 2H); 13C
NMR (CDCl3–DMSO-d6, 75 MHz) d 164.8, 141.7, 137.9,
131.2, 128.6, 128.0, 125.2, 124.4, 121.1, 120.7, 119.7,
109.6, 39.8, 39.2, 23.5, 23.0; MS m/z (%) 312 (M+1, 36),
295 (100), 240 (50), 228 (95), 182 (46), 168 (44). Anal.
Calcd for C17H17N3O3: C, 65.58; H, 5.50; N, 13.49. Found:
C, 65.33; H, 5.37; N, 13.11.

4.4.2. Reaction of 9-(4-nitrobutyl)-4,9-dihydro-3H-b-car-
boline (5b) with acryloyl chloride. Diastereoisomers 18b
and 19b were obtained from the column in order of elution.

4.4.2.1. (±)-1-[(3aR,4S)-4-Nitro-1,3a,4,5,6,7-hexahy-
dro-3,7a-diazacyclohepta[jk]fluoren-3(2H)-yl]-2-propen-
1-one (18b). Oil (0.055 g, 34%); IR (liquid film) cm�1 1651,
1614, 1552, 1371, 1346; 1H NMR (CDCl3, 300 MHz) d:
Mixture of rotamers in 7:3 ratio. Spectrum of the main iso-
mer: 7.49 (d, J¼7.3 Hz, 1H), 7.29 (d, J¼7.9 Hz, 1H), 7.23
(t, J¼7.3 Hz, 1H), 7.11 (t, J¼7.3 Hz, 1H), 6.63 (dd,
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J1¼17.1 Hz, J2¼10.4 Hz, 1H), 6.44 (d, J¼10.4 Hz, 1H),
6.30 (d, J¼17.1 Hz, 1H), 5.76 (d, J¼10.4 Hz, 1H), 4.78
(dt, J1¼10.4 Hz, J2¼3.3 Hz, 1H), 4.56 (dd, J1¼13.5 Hz, J2¼
3.6 Hz, 1H), 4.26 (d, J¼15.0 Hz, 1H), 3.95 (t, J¼13.5 Hz,
1H), 3.51 (dt, J1¼15.0 Hz, J2¼8.5 Hz, 1H), 2.90–2.78 (m,
2H), 2.68–2.41 (m, 2H), 2.34–2.20 (m, 1H), 1.64–1.44 (m,
1H); Distinguished peaks from the spectrum of the minor
rotamer: 6.76 (dd, J1¼16.4 Hz, J2¼10.4 Hz), 5.90 (d,
J¼10.4 Hz), 5.47 (br d, J¼9.2 Hz), 4.98–4.78 (m, partially
overlapping), 3.16–2.90 (m); 13C NMR (CDCl3, 75 MHz)
d 166.8, 136.1, 132.0, 129.2, 127.1, 125.8, 122.3, 119.5,
118.5, 109.3, 108.8, 86.9, 51.2, 43.3, 41.2, 32.4, 26.4,
22.1; Distinguished peaks from the spectrum of the minor
rotamer: 130.1, 128.1, 127.6, 122.6, 118.7, 87.5, 55.5,
37.8, 33.1, 20.3; MS m/z 325 (M+, 4), 278 (89), 277 (100).
ESIHRMS calcd for C18H19N3O3+H (MH+) 326.14992,
found 326.14961.

4.4.2.2. (±)-1-[(3aR,4R)-4-Nitro-1,3a,4,5,6,7-hexahy-
dro-3,7a-diazacyclohepta[jk]fluoren-3(2H)-yl]-2-propen-
1-one (19b). Oil (0.028 g, 17%); IR (liquid film) cm�1 1645,
1555, 1375, 1342; 1H NMR (CDCl3, 300 MHz) d: Mixture of
rotamers in 8:2 ratio. Spectrum of the main isomer: 7.50 (d,
J¼7.7 Hz, 1H), 7.34 (d, J¼8.3 Hz, 1H), 7.25 (t, J¼7.1 Hz,
1H), 7.11 (t, J¼7.4 Hz, 1H), 6.71 (dd, J1¼16.7 Hz,
J2¼10.6 Hz, 1H), 6.36 (d, J¼16.7 Hz, 1H), 5.94 (br s, 1H),
5.82 (d, J¼10.6 Hz, 1H), 5.39 (br s, 1H), 4.65 (dd,
J1¼14.4 Hz, J2¼4.5 Hz, 1H), 4.24 (dd, J1¼12.5 Hz,
J2¼3.8 Hz, 1H), 3.85 (t, J¼12.5 Hz, 1H), 3.42 (dt,
J1¼14.4 Hz, J2¼3.8 Hz, 1H), 2.90–2.72 (m, 2H), 2.72–
2.54 (m, 1H), 2.40–2.20 (m, 1H), 2.18–2.00 (m, 1H),
1.78–1.51 (m, 1H); Distinguished peaks from the spectrum
of the minor rotamer: 6.27 (d, J¼15.3 Hz), 5.71 (br s),
5.63 (d, J¼10.3 Hz), 4.40–4.28 (m, overlapping), 3.75–
3.60 (m), 3.25 (t, J¼6.4 Hz), 2.74–2.55 (m); 13C NMR
(CDCl3, 75 MHz) d 166.9, 136.8, 131.4, 128.9, 127.8,
126.6, 122.1, 119.3, 118.5, 109.4, 108.9, 85.6, 52.0, 44.3,
41.7, 31.7, 23.8, 21.7; Distinguished peaks from the spec-
trum of the minor rotamer: 130.7, 129.3, 128.8, 121.6,
120.5, 111.9, 52.9, 45.2, 40.9, 30.5, 24.9, 23.9; MS m/z
(%) 325 (M+, 6), 278 (100), 277 (19). ESIHRMS m/z calcd
for C18H19N3O3+Na (MNa+) 348.13186, found 348.13248.

4.4.3. Reaction of 9-(5-nitropentyl)-4,9-dihydro-3H-b-
carboline (5c) with acryloyl chloride. The reaction was
performed in the scale of 0.1 mmol (0.034 g) of 5c. From
the column there were obtained in order of elution.

4.4.3.1. (±)-1-[(3aR,4S)-4-Nitro-1,2,3a,4,5,6,7,8-octa-
hydro-3H-3,8a-diazacycloocta[jk]fluoren-3-yl]-2-propen-
1-one (18c). Oil (0.011 g, 32%); IR (liquid film) cm�1 1652,
1613, 1558, 1542, 1373, 1345; 1H NMR (CDCl3, 300 MHz)
d 7.51 (d, J¼7.0 Hz, 1H), 7.30 (d, J¼7.0 Hz, 1H), 7.24 (t,
J¼7.3 Hz, 1H), 7.12 (t, J¼7.0 Hz, 1H), 6.72–6.47 (m, 2H),
6.26 (d, J¼16.5 Hz, 1H), 5.72 (d, J¼10.4 Hz, 1H), 5.00–
4.82 (m, 1H), 4.45 (d, J¼14.6 Hz, 1H), 4.42–4.08 (m, 2H),
3.91–3.66 (m, 1H), 3.10–2.75 (m, 2H), 2.53–2.20 (m, 2H),
2.20–1.68 (m, 3H), 1.00–0.72 (m, 1H); 13C NMR (CDCl3,
75 MHz) d 166.5, 135.9, 130.2, 129.3, 127.1, 126.3, 122.6,
119.7, 118.6, 109.1, 108.1, 89.9, 49.7, 40.1, 39.9, 28.3,
22.2, 19.2; MS m/z (%) 339 (M+, 15), 293 (55), 277 (43),
263 (45), 239 (100). Anal. Calcd for C19H21N3O3: C,
67.24; H, 6.24; N, 12.38. Found: C, 67.17; H, 6.32; N, 12.19.
4.4.3.2. (±)-1-[(3aR,4R)-4-Nitro-1,2,3a,4,5,6,7,8-octa-
hydro-3H-3,8a-diazacycloocta[jk]fluoren-3-yl]-2-propen-
1-one (19c). Oil (0.003 g, 8%); 1H NMR (CDCl3, 300 MHz)
d 7.54 (d, J¼7.3 Hz, 1H), 7.42–7.24 (m, 2H), 7.16 (t,
J¼6.7 Hz, 1H), 6.68 (dd, J1¼17.1 Hz, J2¼10.7 Hz, 1H),
6.35 (d, J¼15.3 Hz, 1H), 5.99 (d, J¼4.9 Hz, 1H), 5.79 (d, J¼
10.7 Hz, 1H), 5.52–5.43 (m, 1H), 4.43 (br d, J¼14.6 Hz,
1H), 4.16–3.75 (m, 2H), 3.75–3.42 (two overlapping m,
3H), 2.91 (m, 2H), 2.33–2.05 (m, 2H), 2.05–1.82 (m, 1H),
0.95–0.80 (m, 1H). MS m/z (%) 339 (M+, 20), 293 (85),
292 (100). ESIHRMS m/z calcd for C19H21N3O3+H (MH+)
340.16564, found 340.16589.

4.4.4. Reaction of 9-allyl-4,9-dihydro-3H-b-carboline
(21) with acryloyl chloride. The reaction was carried
out under the conditions described previously affording
N-[2-(1-allyl-2-formyl-1H-indol-3-yl)ethyl]acrylamide (23)
(0.100 g, 71%), oil; IR (liquid film) cm�1 3303, 2921,
2720, 1657, 1626; 1H NMR (CDCl3, 300 MHz) d 10.07 (s,
1H), 7.77 (d, J¼7.9 Hz, 1H), 7.50–7.30 (m, 2H), 7.17 (t,
J¼7.9 Hz, 1H), 6.25 (d, J¼17.1 Hz, 1H), 6.19–5.90 (m,
3H), 5.61 (d, J¼10.3 Hz, 1H), 5.22–5.14 (m, 2H), 5.11 (d,
J¼10.4 Hz, 1H), 4.91 (d, J¼17.1 Hz, 1H), 3.76–3.60 (m,
2H), 3.36 (t, J¼6.7 Hz, 2H); 13C NMR (CDCl3, 75 MHz)
d 181.4, 165.8, 139.2, 133.5, 131.1, 130.7, 127.6, 127.3,
126.5, 126.4, 121.4, 120.9, 116.5, 110.7, 46.6, 41.2, 23.8;
MS m/z (%) 282 (M+, 25), 211 (100), 198 (24), 182 (23),
115 (7). Anal. Calcd for C17H18N2O2: C, 72.32; H, 6.43;
N, 9.92. Found: C, 72.21; H, 6.75; N, 9.64.

4.5. Reaction of 9-(3-nitropropyl)-4,9-dihydro-3H-b-
carboline (5a) with phenyl isocyanate

In a suspension of crude 9-(3-nitropropyl)-4,9-dihydro-3H-
b-carboline (5a) (0.129 g, 0.5 mmol) and Et3N (5 drops) in
benzene (8 mL) phenyl isocyanate (0.179 g, 1.5 mmol)
was added. After stirring for 2 h, benzene was removed in
vacuo and the residue was subjected to column chromato-
graphy (silica gel, light petroleum ether–ethyl acetate 4:1
as eluant) affording in order of elution: (a) diphenylurea
(0.145 g) and (b) 4-(3,4-dihydro-9H-b-carbolin-9-yl)-2-
nitro-N-phenylbutanamide (15) (0.045 g, 24%), yellow
crystals, mp 214–216 �C (CHCl3); IR (nujol) cm�1 3255,
1620, 1545, 1370; 1H NMR (CDCl3–DMSO-d6, 300 MHz)
d 8.10 (s, 1H), 7.96 (br s, exchanges with D2O, 1H), 7.73
(d, J¼7.6 Hz, 1H), 7.41–7.28 (m, 4H), 7.22 (t, J¼7.7 Hz,
2H), 7.12 (t, J¼7.2 Hz, 1H), 6.93 (t, J¼7.0 Hz, 1H), 5.92
(br s, exchanges with D2O, 1H), 4.25 (t, J¼6.9 Hz, 2H),
3.49 (m, 2H), 3.26 (t, J¼6.9 Hz, 2H), 3.13 (t, J¼6.9 Hz,
2H); 13C NMR (CDCl3–DMSO-d6, 75 MHz) d 154.9,
141.8, 140.0, 138.2, 128.3, 128.2, 125.5, 121.4, 121.3,
121.27, 120.2, 119.9, 118.1, 109.2, 40.3, 39.4, 24.9, 23.1;
MS m/z (%) 376 (M+, 17), 359 (19), 332 (9), 257 (7), 240
(24), 227 (34), 211 (37), 180 (100), 169 (17), 119 (40).
Anal. Calcd for C21H20N4O3: C, 67.01; H, 5.36; N, 14.88.
Found: C, 66.84; H, 5.28; N, 14.71.

4.6. Acylation of diazacycloalkano[jk]fluorenes
13b and c with acryloyl chloride

To a solution of (�)-(3aR,4S)-4-nitro-1,2,3,3a,4,5,6,7-
octahydro-3,7a-diazacyclohepta[jk]fluorene (13b) or (�)-
(3aR,4S)-4-nitro-2,3,3a,4,5,6,7,8-octahydro-1H-3,8a-
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diazacycloocta[jk]fluorene (13c) (0.5 mmol) in CH2Cl2
(10 mL), triethylamine (0.101 g, 1 mmol) was added fol-
lowed by acryloyl chloride (0.068 g, 0.75 mmol) after
15 min. Following the procedure described previously (Sec-
tion 4.4) (�)-1-[(3aR,4S)-4-nitro-1,3a,4,5,6,7-hexahydro-
3,7a-diazacyclohepta[jk]fluoren-3(2H)-yl]-2-propen-1-one
(18b) or 1-[(3aR,4S)-4-nitro-1,2,3a,4,5,6,7,8-octahydro-3H-
3,8a-diazacycloocta[jk]fluoren-3-yl]-2-propen-1-one (18c),
in all respects identical to the trans stereoisomers isolated
from the reactions of the corresponding 9-(u-nitroalkyl)-
4,9-dihydro-3H-b-carbolines 5b or 5c with acryloyl chloride,
were eluted, respectively from the column in 80 and 64%
yields.

4.7. Acylation (±)-(3aR,4S)-4-nitro-1,3a,4,5,6,7-hexa-
hydro-3,7a-diazacyclohepta[jk]fluorene (13b) with
phenyl isocyanate

The reaction was carried out under the conditions described
previously (Section 4.6) starting from 13b (0.136 g,
0.5 mmol). (�)-(3aR,4S)-4-Nitro-N-phenyl-1,3a,4,5,6,7-
hexahydro-3,7a-diazacyclohepta[jk]fluorene-3(2H)-carbox-
amide (20) (0.076 g, 39%) was eluted from the column.
Yellow crystals, mp 213–216 �C (CHCl3–Et2O); IR (nujol)
cm�1 3320, 1625, 1535, 1370; 1H NMR (CDCl3–DMSO-
d6–D2O, 300 MHz) d 8.61 (br s, 1H), 7.49–7.41 (m, 3H),
7.35 (d, J¼8.2 Hz, 1H), 7.27–7.13 (m, 3H), 7.04 (t,
J¼8.2 Hz, 1H), 6.97 (t, J¼7.1 Hz, 1H), 6.13 (d, J¼10.3 Hz,
1H), 4.95 (dt, J1¼10.3 Hz, J2¼3.6 Hz, 1H), 4.60 (dd,
J1¼14.1 Hz, J2¼3.9 Hz, 1H), 4.51 (dd, J1¼14.4 Hz, J2¼
4.1 Hz, 1H), 4.02 (t, J¼14.1 Hz, 1H), 3.30 (dt, J1¼14.4 Hz,
J2¼3.3 Hz, 1H), 2.87 (dt, J1¼13.7 Hz, J2¼4.2 Hz, 1H),
2.79–2.73 and 2.73–2.66 (two overlapping m, 3H), 2.35–
2.20 (m, 1H), 1.62–1.42 (m, 1H); 13C NMR (DMSO-d6,
75 MHz) d 155.1, 139.9, 135.9, 131.1, 128.3, 125.5, 122.3,
121.6, 120.1, 118.8, 118.2, 109.4, 86.8, 52.2, 43.0, 39.6,
32.4, 26.0, 20.8; MS m/z (%) 390 (M+, �), 343 (18), 341
(12), 271 (15), 224 (100), 196 (46), 169 (44), 119 (93), 91
(73), 77 (86). Anal. Calcd for C22H22N4O3: C, 67.68; H,
5.68; N, 14.35. Found: C, 67.44; H, 5.39; N, 14.20.

4.8. Reactions of annulated 1,2,3,4-tetrahydro-b-carbo-
lines 18, 19 with sodium hydride

Sodium hydride (0.120 g, 5 mmol) was added to a solution
of 18 or 19 (0.5 mmol) in dry THF (5 mL) and the mixture
was stirred for 4 h at room temperature or until the starting
material was consumed. Methanol (0.5 mL) was added to
decompose the excess of NaH and then solvent was removed
in vacuo. Dichloromethane (10 mL) was added to dissolve
the residue and the solution was decanted to a separatory
funnel and washed with water (5 mL). The aqueous layer
was extracted with CH2Cl2 (2�20 mL) and the combined
organic layers were dried (Na2SO4) and concentrated in va-
cuo. Column chromatography of the residue (silica gel, light
petroleum ether–ethyl acetate 3:1 as eluant) gave penta-
cyclic compounds 26a,b or tetracyclic compound 27 from
the reactions of 18a,b or 18c, respectively. Compound 26b
was isolated from the reaction of both diastereoisomers
18b and 19b, in 60 and 55% yields, respectively.

4.8.1. 1,2,5,6,12,13-Hexahydro-3H-indolo[3,2,1-de]pyr-
ido[3,2,1-ij][1,5]naphthyridin-3-one (26a). White crystals
(0.116 g, 88%), mp 140–143 �C (CH2Cl2–petroleum ether);
IR (KBr) cm�1 1652, 1632; 1H NMR (CDCl3, 300 MHz)
d 7.49 (d, J¼7.3 Hz, 1H), 7.38–7.06 (m, 3H), 4.19–3.97
(two overlapping t, 4H), 2.93 (t, J¼6.0 Hz, 2H), 2.83–2.64
(m, 4H), 2.47 (t, J¼6.0 Hz, 2H); 13C NMR (CDCl3,
75 MHz) d 168.4, 138.1, 128.2, 127.3, 124.8, 122.2,
120.3, 119.7, 119.0, 109.3, 105.6, 40.0, 39.6, 31.6,
27.4, 24.2, 20.5; MS m/z (%) 264 (M+, 100), 207 (19).
EIHRMS m/z calcd for C17H16N2O (M+) 264.12626, found
264.12696.

4.8.2. 1,2,5,10,11,12-Hexahydro-3H,4H-3a,9b-diaza-
benzo[a]naphtho[2,1,8-cde]azulen-3-one (26b). White
crystals, mp 142–144 �C (CH2Cl2–petroleum ether); IR
(KBr) cm�1 1650, 1625; 1H NMR (CDCl3, 300 MHz)
d 7.51 (d, J¼7.4 Hz, 1H), 7.35–7.18 (m, 2H), 7.11 (t,
J¼7.0 Hz, 1H), 4.24 (t, J¼4.9 Hz, 2H), 4.09 (t, J¼6.2 Hz,
2H), 2.88 (t, J¼6.2 Hz, 2H), 2.67 (t, J¼4.9 Hz, 2H), 2.50
(t, J¼6.2 Hz, 2H), 2.35 (t, J¼6.2 Hz, 2H), 2.30–2.18 (m,
2H); 13C NMR (CDCl3, 75 MHz) d 169.8, 137.7, 129.3,
126.2, 125.4, 122.8, 120.2, 119.5, 118.7, 112.2, 109.0,
28.1, 25.8, 21.4; MS m/z (%) 278 (M+, 74), 221 (12), 86
(100). Anal. Calcd for C17H18N2O: C, 77.67; H, 6.52; N,
10.06. Found: C, 77.43; H, 6.40; N, 9.84.

4.8.3. 3-Methoxy-1-(4-nitro-1,2,3a,4,5,6,7,8-octahydro-
3H-3,8a-diazacycloocta[jk]fluoren-3-yl)-1-propanone
(27). Oil (0.0612 g, 33%); IR (liquid film) cm�1 1653, 1553,
1363, 1186; 1H NMR (CDCl3, 300 MHz) mixture of
rotamers in w7.5:2.5 ratio. Spectrum of the main rotamer:
d 7.50 (d, J¼7.9 Hz, 1H), 7.36–7.20 (m, 2H), 7.12 (t,
J¼7.3 Hz, 1H), 6.49 (d, J¼11.0 Hz, 1H), 4.89 (ddd,
J1¼17.9 Hz, J2¼11.0 Hz, J3¼6.0 Hz, 1H), 4.44 (dd, J1¼
14.9 Hz, J2¼4.6 Hz, 1H), 4.31–4.14 (m, 2H), 3.79–3.58
(m, 3H), 3.32 (s, 3H), 3.04–2.82 (m, 2H), 2.82–2.57 (m,
2H), 2.42–2.22 (m, 2H), 2.15–1.66 (m, 3H), 0.98–0.72
(m, 1H); Distinguished peaks from the spectrum of the minor
rotamer: 5.67 (d, J¼10.4 Hz), 4.99 (dt, J1¼10.4 Hz,
J2¼4.6 Hz), 4.55–4.45 (m, overlapping), 4.15–4.02 (m, over-
lapping), 3.55–3.46 (m, overlapping), 3.09 (s); 13C NMR
(CDCl3, 75 MHz) d 170.3, 135.9, 130.4, 126.3, 122.5,
119.7, 118.6, 109.1, 108.9, 89.8, 68.5, 58.8, 49.2, 40.1,
39.6, 33.6, 28.3, 21.9, 19.1. Distinguished peaks from the
spectrum of the minor rotamer: 171.6, 118.9, 108.1, 90.3,
69.2, 53.9, 35.9, 34.0, 28.9, 28.5, 20.3, 19.3; MS m/z (%)
371 (M+, 73), 338 (10), 324 (48), 309 (45), 293 (26), 279
(25), 265 (57), 237 (100), 210 (95), 183 (96), 168 (73).
ESIHRMS m/z calcd for C20H25N3O4+H (MH+)
372.19178, found: 372.19206.
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Abstract—A highly efficient, flexible, and convergent route to cis-2,3,6-trisubstituted piperidines has been developed employing the
Sharpless asymmetric aminohydroxylation and stereoselective reductive amination by catalytic hydrogenation as the key steps. Its usage
is illustrated by the short synthesis of the piperidine-3-ol alkaloid, (�)-deoxocassine.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Functionalized piperidines are among the most ubiquitous
heterocyclic building blocks in natural products and syn-
thetic compounds with important activities.1 Hydroxylated
piperidine alkaloids are frequently found in living systems
and display a wide range of biological activities due to their
ability to mimic carbohydrates in a variety of enzymatic
processes.2 Selective inhibition of a number of enzymes
involved in the binding and processing of glycoproteins
has rendered piperidine alkaloids as important tools in the
study of biochemical pathways.3 2,6-Disubstituted 3-piperi-
dinols are abundantly found in nature and have received
much attention from the synthetic community.4 Typical
representative of this class of compounds includes deoxocas-
sine (1), prosafrinine (2), cassine (3), spectaline (4), azimic
acid (5), and carpamic acid (6) etc. (Fig. 1). Consequently,
much effort has been directed to the syntheses of these
alkaloids including cassine5 and deoxocassine.6 Besides
the interesting structural features, these compounds are
also of pharmaceutical interest as they exhibit a wide range
of biological activities.7
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R = -(CH2)12COCH3 Spectaline (4)
R = -(CH2)5COOH Azimic acid (5)
R = -(CH2)7COOH Carpamic acid (6)

R = -(CH2)10CH2CH3 deoxocassine (1)
R = -(CH2)9COCH3 Prosafrinine (2)
R = -(CH2)10COCH3 Cassine (3)

Figure 1.

* Corresponding author. Tel.: +91 20 25902050; fax: +91 20 25902629;
e-mail: pk.tripathi@ncl.res.in
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.014
In connection with our ongoing program aimed at devel-
oping enantioselective syntheses of naturally occurring
lactones8 and amino alcohols,9 we became interested in
developing a simple and feasible route to cis-2,6-disubstituted
piperidine-3-ols. Here, we present an enantioselective syn-
thesis of (�)-deoxocassine as a representative example for
a general synthetic strategy to all 2,6-dialkyl 3-piperidinols.

2. Results and discussion

Our approach for a general synthetic strategy to cis-2,6-
disubstituted 3-piperidinols was envisioned via the synthetic
route as shown in Scheme 1. Compound 7 was visualized
as an immediate precursor for the basic alkaloid skeleton,
which in turn would be obtained by the coupling of frag-
ments 8 and 12. Lactone 8 could be derived from amino-
hydroxy ester 9, which in turn would be prepared from the
Sharpless asymmetric aminohydroxylation of tert-butyl
crotonoate 11. The sulfone fragment 12 could be easily
derived from alcohol 13.

In order to demonstrate the application of this general strat-
egy for the cis-2,6-disubstituted 3-piperidinols, we first
attempted at the total synthesis of (�)-deoxocassine (1).
The synthesis of the target compound 1 started from com-
mercially available tert-butyl crotonoate 11. As shown in
Scheme 2, compound 11 was subjected to Sharpless asym-
metric aminohydroxylation10 using benzyl carbamate as a
nitrogen source, potassium osmate as an oxidant, and
(DHQD)2PHAL as a chiral ligand in n-propanol/water
(1:1) to give the amino alcohol 10 in high regioselectivity
as well as in excellent enantioselectivity. The ratio of the
regioisomer was about 9:1 based on 1H NMR spectrum of
the crude product, and the initial ee of 90% could be
easily raised to >99% by a single recrystallization from
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Scheme 2. Reagents and conditions: (a) K2OsO2(OH)4, t-BuOCl, NaOH, benzyl carbamate, (DHQD)2PHAL, n-PrOH/H2O, 5 h, 67%, 9:1 regioisomer, >99%
ee; (b) TBSCl, imidazole, DMAP (cat), dry DCM, 67%; (c) (i) DIBAL-H, dry DCM, �78 �C, 1 h; (ii) Ph3P]CHCOOEt, dry THF, rt, 24 h, 73%; (d)
C12H25SO2Ph (18), n-BuLi, dry THF, �78 �C; (e) (i) 10% Pd/C, MeOH, H2, 6 h; (ii) CbzCl, Et3N, dry DCM, 12 h, 78%; (f) p-TSA, MeOH, 30 min, 76%.
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Scheme 1. Retrosynthetic analysis for a general synthetic strategy to cis-2,6-disubstituted piperidin-3-ol.
hexane/ethyl acetate.10a,11 Subsequently, the free hydroxyl
group of 10 was protected as silyl ether using TBSCl, imida-
zole, and catalytic amount of DMAP to give 14 in good
yield. The ester group of 14 was then reduced to the corre-
sponding aldehyde using 1 equiv of DIBAL-H at �78 �C
followed by Wittig olefination to give the a,b-unsaturated
ester 15 in 73% yield.12

The sulfone moiety, another fragment required in the synthe-
sis of (�)-deoxocassine 1, was synthesized as shown in
Scheme 3. Thus, dodecane-1-ol 16 was treated with CBr4
and TPP to give the bromo compound 17, which was reacted
with PhSO2Na13 in dry DMF to furnish the sulfone 18 in
excellent yield.

C12H25OH
a b

C12H25Br C12H25SO2Ph

1716 18

Scheme 3. Reagents and conditions: (a) CBr4, TPP, dry DCM, 2 h, 85%;
(b) PhSO2Na, dry DMF, 8 h, 98%.
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With substantial amount of both the fragments in hand, we
then attempted at the coupling reaction of ester 15 with sul-
fone 18 under varied reaction conditions using different
types of bases such as n-BuLi, NaH, and LDA in dry THF,
however, the desired coupled product 19 could not be
obtained14 (Scheme 2). The reason for reaction failure could
probably be attributed to the less reactivity of the a,b-
unsaturated ester 15 as an electrophile. We then decided to
use a more reactive electrophile such as 8 as a coupling part-
ner instead of a,b-unsaturated ester 15. The lactone 8 can be
easily obtained from 15 simply by double bond reduction
and subsequent cyclization. Accordingly, the double bond
of 15 was reduced using H2-10% Pd/C in methanol under
hydrogenation conditions, which led to an intermediate
resulting through concomitant deprotection of TBS and
Cbz group. The free amine was subsequently protected using
benzyloxycarbonyl chloride and triethyl amine to give 9,
which on treatment with 10 mol % p-TSA in methanol
afforded the lactone 8 in 76% yield.

Alternatively, the lactone 8 could be prepared starting from
easily available starting material sorbate 20 following a
sequence of reaction as illustrated in Scheme 4. Thus, selec-
tive dihydroxylation of 2015 using osmium tetraoxide as
oxidant and (DHQD)2PHAL as chiral ligand gave the diol
21 in good yield as well as in good enantioselectivity [a]D

25

+51.87 (c 1.1, EtOH) [lit.15 [a]D
25 �52.0 (c 1.17, EtOH) for

S-enantiomer]. Subsequently, the olefinic double bond was
reduced to the corresponding saturated system 22 using
H2-10% Pd/C in methanol under hydrogenation conditions
followed by treatment with 10 mol % p-TSA in methanol
to give the lactone 23 in excellent yield. In order to introduce
the azido group with retention of configuration, we carried
out double inversion following a two-step reaction sequence
as shown in Scheme 4.

Thus the lactone 23 was first reacted with methanesulfonyl
chloride to give the O-mesyl derivative, which was subse-
quently treated with NaI under reflux conditions to furnish
the iodide 24 with inversion of configuration. The introduc-
tion of azido group in SN2 fashion led to the formation of
desired syn-azido lactone 25 in good yield. Subsequent
treatment with TPP in THF/H2O afforded the free amine,
which was protected with benzyloxycarbonyl chloride and
triethyl amine to give the desired lactone 8. The physical
and chemical properties of 8 exactly matched with the one
prepared earlier through aminohydroxylation approach
(Scheme 2). The advantage of the aminohydroxylation
over the dihydroxylation approach is that the desired frag-
ment 8 could be prepared in relatively less number of steps.

Having completed the synthesis of both fragments 8 and 18,
we needed to couple the two fragments by lactone ring open-
ing and subsequent reductive cyclization (Scheme 5). To this
end the opening of the lactone 8 (prepared through the ami-
nohydroxylation method) was carried out with a carbanion
derived from 18 using n-BuLi at�78 �C to give the coupled
product 26. Reductive removal of the sulfonyl group with
6% Na/Hg in dry methanol at �10 �C furnished 27, which
was subjected to cyclization under hydrogenation conditions
using H2-20% Pd(OH)2. This reaction proceeded through
the formation of imine 28 as an intermediate, the catalytic
hydrogenation of which under standard conditions afforded
stereoselectively the target compound 1 as the only product.
8 + 18
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H
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Scheme 5. Reagents and conditions: (a) n-BuLi, dry THF, �78 �C, 50 min, 80%; (b) 6% Na/Hg, dry MeOH, �10 �C, 4 h, 68%; (c) 20% Pd(OH)2, H2, dry
MeOH, 24 h, 100%.
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Scheme 4. Reagents and conditions: (a) (DHQD)2PHAL, OsO4, CH3SO2NH2, K3Fe(CN)6, K2CO3, t-BuOH/H2O (1:1), 12 h, 0 �C, 84%; (b) 10% Pd/C, H2,
MeOH, 1 h, 99%; (c) 10% p-TSA, MeOH, 30 min, rt, 83%; (d) (i) CH3SO2Cl, Et3N, DMAP, dry DCM, rt, 30 min; (ii) NaI, acetone, reflux, 24 h, 60%;
(e) NaN3, dry DMF, 24 h, 70 �C, 74%; (f) (i) TPP, THF/H2O (5:2), 24 h; (ii) CbzCl, Et3N, dry DCM, 12 h, 73%.
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The assigned stereochemistry at the newly created center
was based on the assumption that the hydrogenation of imine
28 will occur from the less hindered b-face of the molecule,
resulting in the all syn-configuration.16 The physical and
spectroscopic data of 1 were in accord with those described
in literature.6c

3. Conclusion

In summary, we have achieved the synthesis of (�)-deoxo-
cassine using Sharpless asymmetric aminohydroxylation/
dihydroxylation and stereoselective reductive amination as
the key steps. The synthetic strategy described would allow
an easy access to a wide variety of related 2,6-disubstituted
3-piperidinols, for example, 2–6.

4. Experimental

4.1. General methods

All reactions requiring anhydrous conditions were per-
formed under positive pressure of argon using oven-dried
glassware (110 �C), which was cooled under argon. DCM
and triethyl amine were distilled from CaH2 and stored
over molecular sieves and KOH, respectively. THF was dis-
tilled over sodium benzophenone ketyl. Solvents used for
chromatography were distilled at respective boiling points
using known procedures. Infrared spectra were recorded
with an ATI MATTSON RS-1 FT-IR spectrometer. 1H and
13C NMR spectra were recorded on Bruker AC-200, Bruker
MSL-300, and Brucker DRX-500 instruments using deuter-
ated solvent. Chemical shifts are reported in parts per mil-
lion. All melting points are uncorrected in degree celsius
and recorded on a Thermonik melting point apparatus. Opti-
cal rotations were measured using the sodium D line of a
JASCO-181 digital polarimeter. Elemental analyses were
carried out with a Carlo Erba CHNS-O analyzer. Enantio-
meric excess was determined using chiral HPLC and
Mosher’s analyses.

4.1.1. (2S,3R)-tert-Butyl-2-hydroxy-3-(N-benzyloxycar-
bonyl)-aminobutanoate (10). Benzyl carbamate (6.6 g,
43.60 mmol) was dissolved in 56 mL of n-propyl alcohol
in a single-necked round bottom flask (250 mL) equipped
with a magnetic stir bar. To this stirred solution was added
a freshly prepared solution of NaOH (1.71 g, 42.89 mmol)
in 105 mL of water followed by freshly prepared tert-butyl
hypochlorite (4.7 mL, 42.89 mmol). Next, a solution of
the ligand (DHQD)2PHAL (0.54 g, 5 mol %) in 49 mL of
n-propyl alcohol was added. The reaction mixture was
homogeneous at this point. Then the reaction mixture was
immersed in a room temperature water bath and stirred for
3 min, and the tert-butyl crotonoate 11 (2.0 g, 14.06 mmol)
was added followed by the osmium catalyst (K2OsO2(OH)4)
(0.20 g, 4 mol %). The reaction mixture was stirred until con-
sumption of the starting material, when the light green color
turned to light yellow. After completion of reaction, 30 mL
of ethyl acetate was added and the phases were separated.
The lower aqueous phase was extracted with ethyl acetate
(4�60 mL). The combined organic layers were washed
with brine, dried (Na2SO4), and concentrated to near dryness
to afford the crude product, which was contaminated with
excess of benzyl carbamate. Purification by flash chromato-
graphy using petroleum ether/EtOAc (6:4) as eluant pro-
vided 10 (2.92 g, 67%) as a white solid. The enantiomeric
excess was found to be >99%.11 Mp: 82–85 �C [lit.10a mp:
82–85 �C]; [a]D

25 �9.7 (c 0.34, CHCl3); IR (CHCl3, cm�1)
nmax 3522, 3311, 1721, 1692; 1H NMR (200 MHz, CDCl3)
d 1.26 (d, J¼6.6 Hz, 3H), 1.45 (s, 9H), 3.20 (br s, 1H,
OH), 3.92–4.01 (m, 1H), 4.23–4.31 (m, 1H), 4.70 (s, 2H),
5.20 (br s, 1H, NH), 7.33–7.39 (m, 5H); 13C NMR
(50 MHz, CDCl3) d 18.1, 27.6, 48.9, 66.4, 73.2, 83.3,
126.8, 127.4, 127.9, 128.3, 136.3, 155.5, 172.2.

4.1.2. (2S,3R)-tert-Butyl-2-(tert-butyldimethylsilanyl-
oxy)-3-(N-benzyloxycarbonyl)-aminobutanoate (14). To
a stirred solution of alcohol 10 (0.5 g, 1.61 mmol) in dry
DCM (10 mL), imidazole (0.11 g, 1.61 mmol), TBSCl
(0.36 g, 2.42 mmol), and catalytic amount of DMAP were
added sequentially. The reaction mixture was stirred at
ambient temperature. After TLC diagnosis, water was added
to the reaction mixture and aqueous layer was extracted with
dichloromethane (3�10 mL) and combined organic layers
were washed with brine solution and dried over Na2SO4.
The crude product was purified on silica gel column chroma-
tography using petroleum ether/EtOAc (9:1) as eluant to
give 14 (0.42 g, 67%) as a colorless liquid. [a]D

25 �14.6
(c 0.56, CHCl3) [lit.10b [a]D

25 �14.6 (c 0.8, CH2Cl2)]; IR
(CHCl3, cm�1) nmax 3392, 1702, 1682; 1H NMR
(200 MHz, CDCl3) d 0.12 (s, 3H), 0.13 (s, 3H), 0.89 (d,
J¼5.4 Hz, 3H), 0.96 (s, 9H), 1.46 (s, 9H), 4.13 (t, J¼
6.6 Hz, 1H), 4.76 (s, 2H), 4.83–4.89 (m, 1H), 5.17 (s, 1H),
7.33–7.38 (m, 5H); 13C NMR (50 MHz, CDCl3) d �5.4,
�5.3, 10.1, 25.3, 25.5, 25.7, 25.9, 64.9, 69.3, 69.6, 125.9,
126.8, 127.5, 128.1, 128.2, 128.3, 128.5, 158.0, 170.2.

4.1.3. 5-Benzyloxycarbonylamino-4-(tert-butyldimethyl-
silanyloxy)-hex-2-enoic acid ethyl ester (15). To a stirred
solution of 14 (1.0 g, 2.36 mmol) in dry DCM (10 mL)
was added DIBAL-H (2.36 mL, 1 M solution in toluene,
2.36 mmol) at �78 �C and the mixture was stirred for 1 h
at the same temperature. After completion of the reaction,
the reaction mixture was quenched with saturated sodium
potassium tartrate (5 mL) and filtered through Celite pad,
dried over Na2SO4, and concentrated to near dryness. The
crude product was used as such in the next Wittig reaction.

To a stirred solution of (ethoxycarbonylmethylene)-triphe-
nylphosphorane (0.98 g, 2.83 mmol) in dry THF (10 mL)
was added the crude aldehyde in dry THF (3 mL) and the
reaction mixture was stirred for 24 h at room temperature
and concentrated to near dryness. The crude product was puri-
fied on silica gel column chromatography using petroleum
ether/EtOAc (8:2) as eluant to give 15 (0.62 g, 73%) as a light
yellow liquid. [a]D

25�12.4 (c 1.0, CHCl3); IR (CHCl3, cm�1)
nmax 3369, 1723, 1682, 1603; 1H NMR (200 MHz, CDCl3)
d 0.06 (s, 3H), 0.08 (s, 3H), 1.12 (s, 9H), 1.23 (t, J¼
6.4 Hz, 3H), 1.30 (d, J¼7.1 Hz, 3H), 3.70 (qn, J¼6.2 Hz,
1H), 4.03–4.05 (m, 1H), 4.20 (q, J¼7.2 Hz, 2H), 6.10 (dd,
J¼15.7, 1.6 Hz, 1H), 6.94 (dd, J¼15.8, 5.2 Hz, 1H), 4.72
(s, 2H), 4.98 (s, 1H), 7.28–7.31 (m, 5H); 13C NMR
(50 MHz, CDCl3) d �4.3, �3.4, 13.9, 18.7, 20.7, 52.3,
60.5, 70.0, 75.3, 122.0, 126.5, 127.3, 127.9, 140.9, 146.8,
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157.2, 166.6. Anal. Calcd for C22H35NO5Si (421.60): C,
62.67; H, 8.37; N, 3.32. Found: C, 62.63; H, 8.31; N, 3.30.

4.1.4. 5-Benzyloxycarbonylamino-4-hydroxyhexanoic
acid ethyl ester (9). To a stirred solution of 15 (0.5 g,
1.18 mmol) in dry methanol (10 mL) was added 10% Pd/C
(50 mg) and the reaction mixture was stirred under hydrogen
atmosphere for 6 h. The reaction mixture was filtered
through Celite pad and concentrated to near dryness. The
crude product thus obtained was dissolved in dry DCM
(10 mL). Et3N (0.25 mL, 1.78 mmol) and benzyloxycar-
bonyl chloride (0.22 mL, 1.54 mmol) were added at 0 �C.
After consumption of the starting material (12 h), the reac-
tion mixture was quenched with water (5 mL) and organic
layer was extracted with dichloromethane (3�10 mL), dried
over Na2SO4, and concentrated to near dryness. The crude
product was purified on silica gel column chromatography
using petroleum ether/EtOAc (4:5) as eluant to give 9
(0.28 g, 78%) as a viscous liquid. [a]D

25 �32.4 (c 0.76,
CHCl3); IR (CHCl3, cm�1) nmax 3522, 3306, 1712, 1682;
1H NMR (200 MHz, CDCl3) d 1.18 (t, J¼6.9 Hz, 3H),
1.20 (d, J¼6.4 Hz, 3H), 1.99–2.23 (m, 2H), 2.47–2.58 (m,
2H), 2.99 (br s, 1H), 3.69 (q, J¼7.1 Hz, 1H), 3.70–3.76
(m, 1H), 4.29 (q, J¼7.3 Hz, 2H), 4.76 (s, 2H), 4.88 (s,
1H), 7.22–7.29 (m, 5H); 13C NMR (50 MHz, CDCl3)
d 13.7, 18.7, 27.8, 28.3, 52.5, 57.3, 70.1, 74.6, 127.3,
127.8, 128.8, 140.4, 155.2, 173.8. Anal. Calcd for
C16H23NO5 (309.36): C, 62.12; H, 7.49; N, 4.53. Found:
C, 62.08; H, 7.43; N, 4.51.

4.1.5. [1-(5-Oxo-tetrahydrofuran-2-yl)-ethyl]-carbamic
acid benzyl ester (8). Compound 9 (0.5 g, 1.62 mmol)
was dissolved in bottle grade methanol (10 mL) and cata-
lytic amount of p-TSA was added to this. The reaction mix-
ture was stirred till completion of the reaction. Saturated
sodium bicarbonate solution (3 mL) was added to the reac-
tion mixture and stirred for 5 min. Methanol was removed
in vacuo and the aqueous layer was extracted with dichloro-
methane (3�10 mL), washed with brine solution, dried over
Na2SO4, and concentrated to near dryness. The crude prod-
uct was purified on silica gel column chromatography using
petroleum ether/EtOAc (1:1) as eluant to give the lactone 8
(0.32 g, 76%) as a light yellow solid. Mp: 122–124 �C; [a]D

25

�28.61 (c 0.92, CHCl3); IR (CHCl3, cm�1) nmax 3323, 1721,
1696, 1321, 1225, 1032; 1H NMR (200 MHz, CDCl3) d 1.20
(d, J¼6.8 Hz, 3H), 1.92–2.11 (m, 2H), 2.55 (t, J¼8.5 Hz,
2H), 3.84–3.98 (m, 1H), 4.50 (q, J¼7.1 Hz, 1H), 5.10 (s,
2H), 5.03 (br s, 1H), 7.31–7.40 (m, 5H); 13C NMR
(50 MHz, CDCl3) d 15.3, 23.9, 28.0, 49.4, 66.5, 82.3,
127.7, 128.2, 131.7, 155.7, 176.7. Anal. Calcd for
C14H17NO4 (263.29): C, 63.87; H, 6.51; N, 5.32. Found:
C, 63.84; H, 6.50; N, 5.29.

4.1.6. 1-Bromododecane (17). To a solution of alcohol 16
(5.5 g, 29.51 mmol) in dry DCM (50 mL) were added TPP
(15.48 g, 59.03 mmol) and CBr4 (14.68 g, 44.27 mmol)
sequentially at 0 �C. The reaction mixture was stirred (2 h)
until disappearance of the starting material. Then, water
was added to the reaction mixture and the aqueous layer
was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4 and concentrated to near dry-
ness. The crude product was purified on silica gel column
chromatography using petroleum ether/EtOAc (9.9:0.1) as
eluant to give 17 (6.24 g, 85%) as a colorless oil. 1H NMR
(200 MHz, CDCl3) d 0.89 (t, J¼6.3 Hz, 3H), 1.17–1.43
(m, 20H), 3.90 (t, J¼6.6 Hz, 2H); 13C NMR (50 MHz,
CDCl3) d 14.0, 22.6, 26.9, 28.1, 28.7, 29.3, 29.4, 29.5,
29.6, 31.9, 32.8, 33.8.

4.1.7. (Dodecane-1-sulfonyl)-benzene (18). To a stirred
solution of 17 (1 g, 4 mmol) in dry DMF (10 mL) was added
PhSO2Na (0.98 g, 6 mmol) and then the reaction mixture
was stirred for 8 h at ambient temperature. To the reaction
mixture were added water (10 mL) and ethyl acetate
(10 mL) and organic layer was separated. The aqueous layer
was extracted with ethyl acetate (3�10 mL) and combined
organic layers were washed thoroughly with water and dried
over Na2SO4. The crude product was purified on silica
gel column chromatography using petroleum ether/EtOAc
(9.5:0.5) to give 18 (1.21 g, 98%) as a light yellow solid.
Mp: 62 �C; 1H NMR (200 MHz, CDCl3) d 0.87 (t, J¼
5.9 Hz, 3H), 1.12–1.33 (m, 20H), 3.04–3.12 (m, 2H), 7.53–
7.68 (m, 3H), 7.91 (d, J¼6.6 Hz, 2H); 13C NMR (50 MHz,
CDCl3) d 13.8, 22.4, 28.0, 28.7, 28.9, 29.1, 29.2, 29.3,
31.6, 56.0, 127.8, 129.0, 133.4, 139.0.

4.1.8. (6-Benzenesulfonyl-2-hydroxy-1-methyl-5-oxo-
heptadecyl)-carbamic acid benzyl ester (26). To a stirred
solution of sulfone 18 (0.7 g, 2.28 mmol) in dry THF
(10 mL) was added n-BuLi (1.4 mL, 2.28 mmol, 1.6 M solu-
tion in hexane) at �78 �C and stirring was continued for
20 min. Then, the lactone 8 (0.3 g, 1.14 mmol) in dry THF
(3 mL) was added dropwise at the same temperature and stir-
ring was continued for further 30 min. After TLC diagnosis,
the reaction mixture was quenched with saturated NH4Cl
(5 mL) and aqueous layer was extracted with ethyl acetate
(3�20 mL) and washed with brine solution, dried over
Na2SO4, and concentrated to near dryness. The crude prod-
uct was purified on silica gel column chromatography using
petroleum ether/EtOAc (4:6) as eluant to give 26 (0.52 g,
80%) as a light yellow solid. Mp: 165 �C; [a]D

25 �6.3 (c
0.7, CHCl3); IR (CHCl3, cm�1) nmax 3492, 3352, 1734,
1432; 1H NMR (200 MHz, CDCl3) d 0.89 (t, J¼4.3 Hz,
3H), 1.22 (d, J¼6.6 Hz, 3H), 1.13–1.26 (m, 20H), 1.76–
1.88 (m, 2H), 2.02 (s, 1H), 2.24 (t, J¼10.5 Hz, 2H), 3.06
(t, J¼9.1 Hz, 1H), 3.81–3.95 (m, 1H), 4.35 (q, J¼6.6 Hz,
1H), 4.79 (d, J¼7.9 Hz, 1H), 5.11 (s, 2H), 7.36–7.38 (m,
5H), 7.49–7.60 (m, 3H), 7.85 (dd, J¼7.7, 1.4 Hz, 2H); 13C
NMR (50 MHz, CDCl3) d 14.0, 22.5, 26.3, 26.7, 27.1,
28.5, 29.1, 29.4, 29.9, 31.7, 49.3, 66.8, 85.8, 111.3, 126.7,
127.9, 128.9, 128.4, 129.2, 132.3, 134.2, 136.3, 142.6,
155.6, 167.8. Anal. Calcd for C32H47NO6S (573.78): C,
66.98; H, 8.26; N, 2.44. Found: C, 66.96; H, 8.23; N, 2.42.

4.1.9. (4R,5R,E)-Ethyl 4,5-dihydroxyhex-2-enoate (21).
To a mixture of K3Fe(CN)6 (35.20 g, 0.1 mol), K2CO3

(14.76 g, 0.1 mol), and (DHQD)2PHAL (278 mg, 1 mol %)
in t-BuOH/H2O (1:1) cooled at 0 �C was added osmium tet-
raoxide (1.43 mL, 0.1 M solution in toluene, 0.4 mol %)
followed by methane sulfonamide (3.38 g, 35.66 mmol).
After stirring for 5 min at 0 �C, olefin 20 (5 g, 35.66 mmol)
was added in one portion. The reaction mixture was stirred at
0 �C for 12 h and then quenched with solid sodium sulfite
(5 g). The stirring was continued for an additional 45 min
and then the solution was extracted with ethyl acetate
(5�100 mL). The combined organic phases were washed
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with 10% aq KOH, brine, dried (Na2SO4), and concentrated.
Silica gel column chromatography of the crude product
using petroleum ether/EtOAc (7:3) as eluant gave the diol
21 (5.2 g, 84%) as a light yellow oil. [a]D

25 +51.87 (c 1.1,
EtOH) [lit.15 [a]D

25 �52.0 (c 1.17, EtOH) for S-enantiomer];
IR (CHCl3, cm�1) nmax 3544, 3469, 1720, 1619; 1H NMR
(200 MHz, CDCl3) d 1.2 (d, J¼6.5 Hz, 3H), 1.27 (t, J¼
7.1 Hz, 3H), 3.25 (br s, 2H), 3.63–3.76 (m, 1H), 4.03 (ddd,
J¼11.4, 6.3, 1.6 Hz, 1H), 4.20 (q, J¼7.2 Hz, 2H), 6.06–
6.15 (dd, J¼15.6, 1.6 Hz, 1H), 6.92 (dd, J¼15.7, 5.2 Hz,
1H); 13C NMR (50 MHz, CDCl3) d 13.9, 18.7, 60.5, 70.1,
75.3, 122.0, 146.8, 166.6. Anal. Calcd for C8H14O4

(174.19): C, 55.16; H, 8.10. Found: C, 55.14; H, 8.18.

4.1.10. (4R,5R)-Ethyl 4,5-dihydroxyhexanoate (22). To
a stirred solution of 21 (2.5 g, 14.35 mmol) in dry methanol
(20 mL) was added 10% Pd/C (150 mg) and the reaction
mixture was stirred under hydrogen atmosphere for 1 h.
The reaction mixture was filtered through Celite pad and
concentrated to near dryness. Silica gel column chromato-
graphy of the crude product using petroleum ether/EtOAc
(7:3) as eluant gave the diol 22 (2.51 g, 99%) as a colorless
oil. [a]D

25 +8.56 (c 1.1, CHCl3); IR (CHCl3, cm�1) nmax 3533,
1719; 1H NMR (200 MHz, CDCl3) d 1.15 (t, J¼6.9 Hz, 3H),
1.20 (d, J¼6.4 Hz, 3H), 1.99–2.23 (m, 2H), 2.47–2.58 (m,
2H), 2.99 (br s, 2H), 3.60 (q, J¼7.1 Hz, 2H), 3.69–3.76
(m, 1H), 4.30 (q, J¼7.3 Hz, 1H); 13C NMR (50 MHz,
CDCl3) d 13.7, 18.7, 27.8, 30.2, 60.1, 70.1, 74.6, 173.8.
Anal. Calcd for C8H16O4 (176.21): C, 54.53; H, 9.15. Found:
C, 54.50; H, 9.13.

4.1.11. 5-(1-Hydroxyethyl)-dihydrofuran-2-one (23).
Compound 22 (2.0 g, 11.35 mmol) was dissolved in bottle
grade methanol (20 mL) and catalytic amount of p-TSA
was added to this. The reaction mixture was stirred at
room temperature till completion of the reaction. Saturated
sodium bicarbonate solution (10 mL) was added to the reac-
tion mixture and stirred for 5 min. Methanol was removed in
vacuo and the aqueous layer was extracted with dichloro-
methane (3�10 mL), washed with brine solution, dried over
Na2SO4, and concentrated to near dryness. The crude prod-
uct was purified on silica gel column chromatography using
petroleum ether/EtOAc (1:1) as eluant to give the lactone 23
(1.22 g, 83%) as a light yellow solid. Mp: 92 �C; [a]D

25�52.8
(c 1.1, CHCl3); IR (CHCl3, cm�1) nmax 3463, 1699; 1H NMR
(200 MHz, CDCl3) d 1.20 (d, J¼6.6 Hz, 3H), 1.97–2.29 (m,
2H), 2.47–2.57 (m, 2H), 3.03 (br s, 1H), 3.71–3.83 (m, 1H),
4.29–4.38 (m, 1H); 13C NMR (50 MHz, CDCl3) d 18.0, 23.5,
28.2, 68.9, 83.9, 177.6. Anal. Calcd for C6H10O3 (130.14):
C, 55.37; H, 7.74. Found: C, 55.34; H, 7.72.

4.1.12. 5-(1-Iodoethyl)-dihydrofuran-2-one (24). To a so-
lution of 23 (2 g, 15.36 mmol) in dry CH2Cl2 (20 mL) at
0 �C were added methanesulfonyl chloride (1.43 mL,
18.44 mmol), Et3N (3.2 mL, 23.0 mmol), and DMAP (cat).
The reaction mixture was stirred at room temperature for
30 min and then poured into Et2O/H2O mixture. The organic
phase was separated and the aqueous phase was extracted
with Et2O. The combined organic phases were washed
with water, brine, dried (Na2SO4), and concentrated to
a white solid, which was dissolved in dry acetone (20 mL).
Sodium iodide (21.6 g, 0.14 mol) was added and the reaction
mixture was refluxed for 24 h. It was then cooled and poured
into water and extracted with ethyl acetate. The organic
extracts were washed with water, brine, dried (Na2SO4), and
concentrated. Column chromatography on silica gel using
petroleum ether/EtOAc (9.3:0.7) as eluant gave 24 (2.2 g,
60%) as a light yellow liquid. [a]D

25 �28.36 (c 0.98,
CHCl3); IR (CHCl3, cm�1) nmax 1722, 1519; 1H NMR
(200 MHz, CDCl3) d 1.98 (d, J¼7.1 Hz, 3H), 2.02–2.06 (m,
2H), 2.28–2.31 (m, 1H), 4.19 (qn, J¼6.6 Hz, 1H), 4.33 (q,
J¼7.2 Hz, 1H); 13C NMR (50 MHz, CDCl3) d 17.8, 20.8,
26.1, 34.9, 91.5, 172.0. Anal. Calcd for C6H9IO2 (240.04):
C, 30.02; H, 3.78; I, 52.87. Found: C, 30.01; H, 3.76; I, 52.85.

4.1.13. 5-(1-Azidoethyl)-dihydrofuran-2-one (25). Com-
pound 24 (1.0 g, 4.16 mmol) was dissolved in dry DMF
(10 mL). Sodium azide (1.62 g, 25 mmol) was added to
the above solution and stirred at 80 �C for 24 h. The solution
was then cooled and poured into water and extracted with
ethyl acetate. The organic extracts were washed with water,
brine, dried (Na2SO4), and concentrated. Column chromato-
graphy on silica gel using petroleum ether/EtOAc (1:9) as
eluant gave 25 (0.48 g, 74%) as a colorless liquid. [a]D

25

�32.3 (c 1.1, CHCl3); IR (CHCl3, cm�1) nmax 2122, 1738;
1H NMR (200 MHz, CDCl3) d 1.30 (d, J¼6.7 Hz, 3H), 2.12–
2.35 (m, 2H), 2.51–2.62 (m, 2H), 3.76–3.84 (m, 2H), 4.34–
4.43 (m, 2H); 13C NMR (50 MHz, CDCl3) d 14.9, 22.3, 27.8,
59.2, 81.3, 176.3. Anal. Calcd for C6H9N3O2 (155.15): C,
46.45; H, 5.85; N, 27.08. Found: C, 46.41; H, 5.83; N, 27.05.

4.1.14. [1-(5-Oxo-tetrahydrofuran-2-yl)-ethyl]-carbamic
acid benzyl ester (8). To a stirred solution of 25 (0.5 g,
3.2 mmol) in THF/H2O (5:2) was added TPP (0.76 g,
2.9 mmol). The reaction mixture was stirred at ambient tem-
perature for 24 h. The reaction mixture was concentrated to
near dryness. The crude product thus obtained was dissolved
in dry DCM (10 mL). Et3N (0.65 mL, 4.64 mmol) and ben-
zyloxycarbonyl chloride (0.60 mL, 4.02 mmol) were added
at 0 �C. After consumption of the starting material (12 h),
the reaction mixture was quenched with water (5 mL) and
organic layer was extracted with dichloromethane (3�
10 mL), dried over Na2SO4, and concentrated to near dry-
ness. The crude product was purified on silica gel column
chromatography using petroleum ether/EtOAc (6:4) as
eluant to give 8 (0.62 g, 73%) as a light yellow solid. The
physical and spectroscopic data were in accord with those
described earlier.

4.1.15. (2-Hydroxy-1-methyl-5-oxo-heptadecyl)-carbamic
acid benzyl ester (27). To a stirred solution of 26 (0.25 g,
0.43 mmol) in dry methanol (5 mL) were added 6% Na/Hg
(1.3 g) and Na2HPO4 (0.12 g, 0.87 mmol) at �10 �C and
stirring was continued at the same temperature for further
4 h. After disappearance of the starting material the reaction
mixture was quenched with water and methanol was
removed in vacuo, water layer was extracted with ethyl
acetate (3�5 mL) and washed with brine solution, dried
over Na2SO4, and concentrated to near dryness. The crude
product was purified on silica gel column chromatography
using petroleum ether/EtOAc (7:3) as eluant to afford 27
(0.13 g, 68%) as a white solid. Mp: 141 �C; [a]D

25 �28.6 (c
0.92, CHCl3); IR (CHCl3, cm�1) nmax 3499, 3296, 1696;
1H NMR (200 MHz, CDCl3) d 0.88 (t, J¼6.6 Hz, 3H),
1.12 (d, J¼6.6 Hz, 3H), 1.18–1.34 (m, 20H), 1.56–1.59
(m, 2H), 1.66–1.71 (m, 2H), 2.42 (t, J¼7.3 Hz, 2H), 2.5
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(br s, 1H), 3.56–3.73 (m, 1H), 4.08–4.10 (m, 1H), 4.71 (br s,
1H), 5.10 (s, 2H), 7.35–7.52 (m, 5H); 13C NMR (50 MHz,
CDCl3) d 13.9, 15.5, 22.4, 23.8, 24.1, 24.5, 29.0, 29.1,
29.3, 29.4, 31.5, 33.3, 44.9, 53.6, 69.5, 71.9, 126.6, 127.8,
128.8, 128.9, 142.4, 155.7, 210.8. Anal. Calcd for
C26H43NO4 (433.62): C, 72.02; H, 10.00; N, 3.23. Found.
C, 72.0; H, 9.96; N, 3.20.

4.1.16. Synthesis of (L)-deoxocassine (1). In a single neck
round bottom flask was placed 27 (0.1 g, 0.23 mmol) in
methanol (2 mL) followed by addition of 20% Pd(OH)2

(20 mg). The reaction mixture was stirred under hydrogen
atmosphere for 24 h and filtered through Celite pad, and con-
centrated to near dryness. The crude product was purified on
silica gel column chromatography using petroleum ether/
EtOAc (7:4) as eluant to give 1 (65 mg, 100%) as a white
solid. Mp: 48 �C [lit.6b Mp: 47–48 �C]. The physical and
spectroscopic data of 1 were in full agreement with those
reported.6c [a]D

25 �12.2 (c 0.68, CHCl3) [lit.6c [a]D
25 �12.3

(c 0.19, CHCl3)]; 1H NMR (200 MHz, CDCl3) d 0.75 (t,
J¼6.8 Hz, 3H), 1.0 (d, J¼6.5 Hz, 3H), 1.12–1.17 (m,
22H), 1.34–1.42 (m, 2H), 1.83–1.95 (m, 2H), 2.44–2.55
(m, 2H), 2.72–2.74 (m, 1H), 3.90 (d, J¼6.5 Hz, 1H); 13C
NMR (50 MHz, CDCl3) d 14.3, 16.3, 23.5, 26.2, 27.9,
30.2, 30.4, 30.5, 39.2, 56.5, 58.0, 58.2, 68.3.
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Abstract—Regioselective synthesis of two new series of cyclonucleoside analogues from the 1,2-carbonucleoside of uracil 1a: O2,70-cyclo-
nucleosides (3a–c) and O6,70-cyclonucleosides (4a–c), analogues of pyrimidine (cyclohexane derivatives) is reported. Synthesis of O2-cyclo-
nucleoside analogues was performed by activation of the hydroxymethyl group of carbocyclic moiety and using the carbonyl group at position
2 of the heterocyclic base as a nucleophile. Synthesis of O6-cyclonucleoside analogues was achieved by nucleophilic attack of the 70-hydroxyl
group on the electron-deficient 6-position and subsequently dehydrohalogenation in basic conditions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclic analogues of nucleosides are compounds in which the
additional cycle is formed between the sugar ring and the
nitrogen base. From the initial discovery by Todd and
co-workers1 many efforts have been focused on this area.
Additionally, the discovery of antitumoral activity of
O2,70-cyclocytidine and its analogues2,3 has accelerated the
synthetic studies of cyclonucleosides, specially in the pyri-
midine series.4–7

Cyclonucleosides are also important due to their versatility
as synthetic precursor of substituted derivatives on the
pyrimidine base,8,9 as well as on the carbohydrate ring.10,11

Furthermore, the shaping of O-bridge between the hydroxy-
methyl group and the position 2 or 6 of the pyrimidine allows
the preparation of analogues in which the rotation of the
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.007
heterocyclic base around the glycosidic bond is restricted
and fixed in syn and anti conformation, respectively, impor-
tant aspect as far as the enzyme–substrate interaction and their
implication in the pharmacological activity is concerned.12,13

For some years, we have been interested in the synthesis and
study of 1,2-disubstituted analogues of dideoxy-nucleosides,
which have the hydroxymethyl group and the heterocyclic
base attached to contiguous positions of the carbocycle
(OTCs), being the pseudosugar a cyclopentane, cyclopen-
tene, or cyclohexene ring. Some of them have shown an
interesting profile of activity against the proliferation of
murine leukemia cells (L1210/0) and human T-lymphocyte
cells (Molt4/C8 and CEM/0).14–17 Previously, we have re-
ported the synthesis of 1-[2-(hydroxymethyl)cyclohexyl]-
pyrimidine analogues of nucleosides 1a–c.18 In the present
paper, we report the synthesis of O2- (compounds 3a–c,
Scheme 1) and O6-cyclonucleoside analogues (compounds
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Scheme 1. Reagents and conditions: (a) ClSO2CH3, rt, 2a: 55%, 2b: 62%, 2c: 57%; (b) DBU–acetonitrile, reflux, 3a: 89%, 3b: 93%, 3c: 89%.
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4a–c, Scheme 2) of the corresponding compounds above
mentioned with H, Cl, or Br on the 5-position of the pyri-
midine nucleus. Precursor compound for all of them was
(�)-cis-1-[2-(hydroxymethyl)cyclohexyl]uracil (1a) and
cyclization, in a regioselective and efficient way, could be
forced at position 2 or 6 of the pyrimidine ring.

Although some cyclonucleosides analogues had been syn-
thesized previously, cyclocarbanucleoside analogues of
pyrimidine are not so frequent in the literature.19–21 Cycliza-
tion in our compounds is helped due to contiguous position
of the hydroxymethyl group and the heterocyclic base,
affording a stable six-membered ring.

2. Results and discussion

The synthesis of O2,70-cyclonucleosides was performed by
activation of the hydroxymethyl group of carbocyclic moi-
ety using the carbonyl group at position 2 of the heterocyclic
base as a nucleophile. This is possible, because the 2-carbonyl
group is close to the atom of carbon, on the carbocyclic ring,
which is linked to the leaving group. Activation of the hy-
droxymethyl group was achieved by treatment of the corre-
sponding derivative of uracil 1a, 5-chlorouracil 1b, and
5-bromouracil 1c with methylsulphonyl chloride affording
2a, 2b, and 2c in 55, 62, and 57% yield, respectively.
Finally, the treatment of these intermediates with 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (DBU) in acetonitrile afforded
the compounds 3a–c in approximately 90% yield for all
of them.
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Scheme 2. Reagents and conditions: (a) NBS/HOAc, 80 �C, 1c: 45%, 4c:
10%; (b) NCS/DMF, rt, 5: 5%, 6: 92%; (c) NBS/DMF, rt, 4c: 83%; (d)
EtONa/EtOH, reflux, 4a: 38%, 4b: 31%.
The O6,70-cyclonucleosides were achieved in different ways
depending on the substituent at position 5. Treatment of 1a
with 1.2 equiv of N-bromosuccinimide (NBS) in acetic
acid gave a mixture of 5-bromouracil derivative 1c and an
unexpected compound, which was identified as O6-cyclo-
nucleoside 4c in 10% yield. A plausible mechanism for the
formation of 4c could be the following one: an additional
bromination at the 5-position of the intermediate 1c would
be initiated by an electrophilic attack of the bromonium
cation on the 5,6-double bond of the pyrimidine base, fol-
lowed by nucleophilic attack of the 70-hydroxyl group on
the electron-deficient 6-position, which would result in the
intramolecular 6,70-O-cyclization. Finally, dehydrohaloge-
nation took place in the basic conditions used to neutralize
the acetic acid in the reaction.9

However, when compound 1a was treated with N-chloro-
succinimide (NCS) in the conditions above mentioned, for-
mation of cyclonucleoside 4b was not observed. Then to
afford 4b, the conditions were changed using an excess of
NCS (3 equiv) in DMF the 5,5-dichlorocyclonucleoside 6
could be isolated. One more compound, identified as 5 was
additionally isolated in the same reaction, this compound
subjected again to the same reaction conditions afforded 6
quantitatively after 5 h. Finally, dehydrohalogenation of 6
to afford 4b was performed by treatment with EtONa. In
sight of this result, 4c was also prepared in only one step
starting from 1a with NBS (3 equiv) and DMF in 83% yield,
without observing the presence of dibromo precursor.

The O6-cyclonucleoside 4a was obtained by reaction of 1c
with alkoxide (EtONa/EtOH) in 38% yield. The reaction
proceeded via dihydropyrimide intermediate formed as a
result of nucleophilic attack of the 20-hydroxymethyl group
on C-6 of the pyrimidine ring.

Cyclic formation at different positions has been determined
by spectroscopic analysis. O2,70-Cyclonucleosides show the
signals corresponding to the vinylic protons in the 1H NMR
experiment (3a: d 5.84 and 7.60) while in the 13C NMR ex-
periment the signal corresponding to the carbonyl at position
2 of 2a is shifted from d 150.7 to 154.5 for 3a, the shift for
a,b-unsaturated carbonyl (4-position) let us to confirm that
cyclization takes place in 2-position as we previously ex-
pected instead of 4-position. For O6,70-cyclonucleosides,
the signals corresponding to the vinylic protons in the 1H
NMR experiment have disappeared. On the other hand, the
mass spectrum of 3a–c shows that H2O is lost in relation
to the acyclic precursors, whereas for 4a–c, M+ ion peaks
are 2 units lower than for the corresponding 1a–c.

In conclusion, a suitable methodology has been developed
and it will let to synthesize a large series of this type of cyclic
analogues of OTCs for their pharmacological evaluation.

3. Experimental

3.1. General

Melting points were determined using a Stuart Scien-
tific melting point apparatus and are uncorrected. IR
spectra were recorded on a Perkin–Elmer 1640 FT



9951D. Vi~na et al. / Tetrahedron 62 (2006) 9949–9952
spectrophotometer (n in cm�1). 1H and 13C NMR spectra
were recorded on Bruker DPX (250 MHz) and Bruker
AMX (500 MHz) spectrometers, using TMS as an internal
standard (chemical shifts as d in parts per million, J in hertz).
Mass spectra and HRMS (EI) were obtained using a Hewlett
Packard 5988A spectrometer and Micromass Autospec
spectrometer, respectively. Silica gel (Merck 60, 230–400
mesh) was used for flash chromatography (FC).

3.2. (±)-cis-1-[2-[[(Methylsulfonyl)oxy]methyl]cyclo-
hexyl]uracil (2a)

Compound 1a14 (130 mg, 0.58 mmol) was dissolved in pyr-
idine (8 mL) and CH3SO2Cl (0.08 mL) was dropwise added
at 0 �C. Then, the reaction was stirred at room temperature
for 2 h. As soon as the reaction had finished, the solvent
was evaporated under vacuum and the resulting residue
was purified by FC (CH2Cl2–MeOH, 98:2) to give 2a
(96 mg, 55%) as a white solid. Mp 164 �C. IR (KBr):
3330, 2959, 2852, 1676, 1330, 1142, 932, 864. 1H NMR
(CDCl3) d: 1.11–2.09 (m, 8H, (CH2)4), 2.72 (m, 1H, CH-
CH2-O), 2.96 (s, 3H, CH3), 4.29 (m, 2H, CH2-O), 4.60 (m,
1H, CH-N), 5.73 (d, 1H, H-5, J¼8.1 Hz), 7.24 (d, 1H,
H-6, J¼8.1 Hz), 8.41 (br s, 1H, NH). 13C NMR (CDCl3) d:
20.4, 25.7, 29.7, 31.2, 36.1, 37.6, 56.8, 66.3, 101.6, 141.4,
150.7, 162.5. MS m/z (%): 302 (M+, 10), 223 (M+�CH3SO2,
23), 207 (M+�CH3SO3, 9), 111 (N2C4O2H3, 17), 95 (100).

3.3. (±)-cis-5-Chloro-1-[2-[[(methylsulfonyl)oxy]-
methyl]cyclohexyl]uracil (2b)

According to the procedure described for 2a from 1a, reac-
tion of 1b (25 mg, 0.09 mmol) afforded 2b (20 mg, 62%) as
a white solid. Mp 186–189 �C. IR (KBr): 3114, 2955, 2830,
2795, 1659, 1330, 1102, 926. 1H NMR (CDCl3) d: 1.20–2.05
(m, 8H, (CH2)4), 2.68 (m, 1H, CH-CH2-O), 2.88 (s, 3H,
CH3), 4.25 (m, 2H, CH2-O), 4.52 (m, 1H, CH-N), 7.43 (s,
1H, H-6), 8.22 (br s, 1H, NH). 13C NMR (CDCl3) d: 20.4,
25.2, 29.1, 29.4, 32.4, 37.7, 63.9, 76.2, 110.6, 143.9,
148.2, 158.5. MS m/z (%): 336 (M+, 3), 240 (6), 205 (16),
147 (12), 95 (100).

3.4. (±)-cis-5-Bromo-1-[2-[[(methylsulfonyl)oxy]-
methyl]cyclohexyl]uracil (2c)

Prepared from 1c (42 mg, 0.14 mmol) in an analogous way to
2a from 1a, giving 2c (30 mg, 57%). Mp 181–184 �C. IR
(KBr): 3114, 2955, 2830, 2795, 1659, 1330, 1102, 926. 1H
NMR (DMSO-d6) d: 1.25–2.20 (m, 8H, (CH2)4), 2.17 (m,
1H, CH-CH2O), 3.15 (s, 3H, CH3), 4.33 (m, 3H, CH2-O+
CH-N), 7.98 (s, 1H, H-6), 11.78, (br s, 1H, NH). 13C NMR
(DMSO-d6) d: 20.1, 24.8, 25.8, 27.2, 36.4, 36.9, 57.4, 68.5,
95.4, 142.4, 150.8, 159.5. MS m/z (%): 382 ([M+2]+, 21),
380 (M+, 25), 303 (M+�CH3SO2, 7), 286 (M+�CH4SO3,
45), 205 (75), 190 (C4N2O2H2Br, 34), 149 (26), 95 (100).

3.5. (±)-cis-3H,6H-6a,7,8,9,10,10a-Hexahydropyr-
imido[1,2-a][3,1]benzoxazin-3-one (3a)

Compound 2a (30 mg, 0.10 mmol) was dissolved in aceto-
nitrile (3.3 mL) and DBU (0.22 mL) was added. The reaction
was refluxed for 1.5 h. Then the solvent was evaporated
under vacuum and the resulting residue was purified by FC
(CH2Cl2–MeOH, 95:5) to give 3a (18 mg, 89%) as a white
solid. Mp 207–208 �C. IR (KBr): 2886, 2761, 1631, 1608,
1511, 1438, 1295, 1250, 1182, 1080, 1034. 1H NMR
(DMSO-d6) d: 1.30–1.92 (m, 9H, (CH2)4+CH-CH2-O), 4.03
(q, 1H, CH-N, J¼5.3 Hz), 4.31 (dd, 1H, HCH-O, J¼3.6 and
11.2 Hz), 4.55 (t, 1H, HCH-O, J¼11.2 Hz), 5.84 (d, 1H,
CH]CH, J¼7.4 Hz), 7.60 (d, 1H, CH]CH, J¼7.4 Hz).
13C NMR (DMSO-d6) d: 20.3, 23.5, 24.7, 28.4, 29.8, 57.8,
66.5, 109.8, 142.3, 154.5, 166.0. MS m/z (%): 206 (M+, 99),
178 (8), 150 (20), 95 (100), 70 (73), 67 (54). HRMS (EI)
(M+) calcd for C11H14N2O2: 206.1055, found: 206.1058.

3.6. (±)-cis-2-Chloro-3H,6H-6a,7,8,9,10,10a-hexahydro-
pyrimido[1,2-a][3,1]benzoxazin-3-one (3b)

Prepared from 2b (30 mg, 0.09 mmol) in an analogous way
to 3a from 2a, affording 3b (20 mg, 93%). Mp 209–211 �C.
IR (KBr): 3001, 2864, 2773, 1631, 1499, 1466, 1307, 1233,
1159, 943. 1H NMR (CDCl3) d: 1.25–2.10 (m, 8H, (CH2)4),
2.70 (m, 1H, CH-CH2-O), 3.87 (m, 1H, CH-N), 4.30 (dd,
1H, HCH-O, J¼4.6 and 11.2 Hz), 4.53 (t, 1H, HCH-O,
J¼11.2 Hz), 7.29 (s, 1H, CH]). 13C NMR (CDCl3) d:
20.4, 23.3, 24.8, 29.3, 30.0, 59.0, 66.8, 118.5, 137.0,
153.5, 165.8. MS m/z (%): 242 ([M+2]+, 3), 240 (M+,
31), 205 (45), 95 (100). HRMS (EI) (M+) calcd for
C11H15ClN2O2: 242.0822, found: 242.0820.

3.7. (±)-cis-2-Bromo-3H,6H-6a,7,8,9,10,10a-hexahydro-
pyrimido[1,2-a][3,1]benzoxazin-3-one (3c)

Prepared from 2c (30 mg, 0.09 mmol) in an analogous way to
3a from 2a affording 3c (20 mg, 89%). Mp 207–209 �C. IR
(KBr): 2886, 2807, 1614, 1489, 1432, 1273, 1227, 1142,
920. 1H NMR (CDCl3) d: 1.39–2.12 (m, 8, (CH2)4), 2.63
(m, 1H, CH-CH2-O), 3.94 (m, 1H, CH-N), 4.39 (dd, 1H,
HCH-O, J¼4.8 and 11.3 Hz), 4.53 (t, 1H, HCH-O,
J¼11.3 Hz), 7.42 (s, 1H, CH]). 13C NMR (CDCl3) d:
22.8, 23.8, 25.3, 29.7, 30.5, 59.5, 67.0, 108.2, 139.7, 153.8,
159.5. MS m/z (%): 287 ([M+2]+, 3), 286 ([M+1]+, 25), 285
(M+, 4), 284 (25), 205 (46), 149 (15), 95 (100). HRMS (EI)
(M+) calcd for C11H13BrN2O2: 284.0160, found: 284.0157.

3.8. (±)-cis-4-Bromo-1H,6H-6a,7,8,9,10,10a-hexahydro-
pyrimido[1,6-a][3,1]benzoxazin-1,3-(2H)-dione (4c)

NBS (55 mg, 0.31 mmol) in AcOH (3.5 mL) was added to
a solution of the uracil derivative 1a (63 mg, 0.28 mmol)
in OHAc (2.5 mL) at room temperature. The mixture was
heated at 80 �C for 1 h, the solvent was evaporated (azeo-
tropic mixture with EtOH–toluene), and the residue was
redissolved in 0.5 M NaOH and neutralized with 0.5 M
HCl. The solvent was evaporated under vacuum (azeotropic
mixture with EtOH–toluene) affording a mixture of 1c14 and
4c, which was isolated by FC [hexane–(2-propanol), 9:1] to
give 4c (9 mg, 10%) as a white solid. Mp 246 �C. IR (KBr):
3182, 3091, 2977, 1784, 1705. 1H NMR (DMSO-d6) d:
1.10–1.81 (m, 8H, (CH2)4), 1.95 (m, 1H, CH-CH2-O), 4.18
(m, 1H, HCH-O-), 4.28 (m, 1H, HCH-O), 4.50 (t, 1H,
CH-N-, J¼12.6 Hz), 10.94 (br s, 1H, NH). 13C NMR (DMSO-
d6) d: 19.9, 24.2, 25.2, 26.0, 29.7, 51.6, 67.6, 76.1, 148.9,
156.4, 159.5. MS m/z (%): 302 ([M+2]+, 27), 300 (M+,
27), 149 (34), 95 (100), 80 (6). HRMS (EI) (M+) calcd for
C11H13BrN2O3: 300.0110, found: 300.0070. Compound 4c
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was also obtained in 83% yield from 1a (1 mmol) and NBS
(3 mmol) in DMF (25 mL) at room temperature for 5 h.

3.9. (±)-cis-1H,6H-6a,7,8,9,10,10a-Hexahydropyri-
mido[1,6-a][3,1]benzoxazin-1,3-(2H)-dione (4a)

A solution of 5-bromopyrimidine nucleoside 1c (36 mg,
0.12 mmol) in 1 N EtONa/EtOH (2 mL) was refluxed for
17 h. Then the solvent was evaporated under vacuum and
the resulting residue was purified by FC (CH2Cl2–MeOH,
98:2) to afford 4a (10 mg, 38%) as a white solid. Mp
234 �C. IR (KBr): 3003, 2932, 2850, 1714, 1644, 1591,
1485, 1244. 1H NMR (CDCl3) d: 1.25–1.87 (m, 7H,
(CH2)3+HCH), 2.19 (m, 1H, HCH), 2.21 (m, 1H, CH-CH2-
O), 4.23 (dd, 1H, CH-N, J¼5.4 and 11.0 Hz), 4.45 (m, 2H,
CH2-O), 5.1 (s, 1H, CH]), 8.5 (br s, 1H, NH). 13C NMR
(CDCl3) d: 20.5, 24.6, 26.2, 26.9, 30.7, 51.2, 66.6, 82.0,
150.1, 160.0, 163.6. MS m/z (%): 222 (M+, 100), 192
(M+�CH2O), 150 (5), 129 (30), 95 (72), 69 (71). HRMS
(EI) (M+) calcd for C11H14N2O3: 222.1004, found: 222.1001.

3.10. (±)-cis-4-Chloro-1H,6H-6a,7,8,9,10,10a-hexa-
hydropyrimido[1,6a][3,1]benzoxazin-1,3-(2H,4H)-dione
(5) and (±)-cis-4,4-dichloro-1H,6H-6a,7,8,9,10,10a-
hexahydropyrimido[1,6a][3,1]benzoxazin-1,3-(2H,4H)-
dione (6)

To a solution of 1a (54 mg, 0.24 mmol) in dry DMF (2 mL)
was added NCS (96 mg, 0.72 mmol) and the solution was
stirred at room temperature for 5 h. Then the solvent
was evaporated under vacuum and the resulting residue
was purified by FC (hexane–EtOAc, 8:2) to afford 5 (4 mg,
5%) and 6 (64 mg, 92%), both of them, as white solids.

Compound 5: mp 242 �C. IR (KBr): 3156, 3070, 1777, 1691,
1371, 1291, 1184, 842, 815, 639. 1H NMR (CDCl3) d: 1.25–
2.20 (m, 9H, (CH2)4+CH-CH2-O), 3.85 (dd, 1H, HCH-O,
J¼11.7 and 4.9 Hz), 4.11 (t, 1H, HCH-O, J¼11.9 Hz),
4.52–4.72 (m, 1H, CH-N), 4.90 (d, 1H, CH-Cl, J¼8.0 Hz),
5.01 (d, 1H, CH-O, J¼8.0 Hz), 10.90 (br s, 1H, NH). 13C
NMR (CDCl3) d: 20.7, 22.8, 25.1, 26.5, 33.1, 51.9, 54.6,
66.4, 82.0, 150.9, 164.4. MS m/z (%): 258 (M+, 37), 223
(2), 140 (34), 95 (18), 84 (31), 78 (32), 76 (87), 66 (100).
HRMS (EI) (M+) calcd for C11H15ClN2O3: 258.0771, found:
258.0776.

Compound 6: mp 296 �C. IR (KBr): 3027, 2921, 2846, 1745,
1664, 1440, 1269, 1114, 879, 666. 1H NMR (CDCl3)
d: 1.25–1.91 (m, 8H, (CH2)4), 2.33 (m, 1H, CH-CH2-O),
3.95 (dd, 1H, HCH-O, J¼11.7 and 4.9 Hz), 4.11 (t, 1H,
HCH-O, J¼11.9 Hz), 4.52–4.72 (m, 1H, CH-N), 5.12 (s,
1H, CH-O), 8.25 (br s, 1H, NH). 13C NMR (CDCl3) d:
20.3, 22.5, 24.6, 25.9, 32.3, 52.3, 54.9, 79.8, 82.9, 149.9,
160.8. MS m/z (%): 294 ([M+2]+, 21), 292 (M+, 37), 257
(7), 140 (100), 95 (91), 67 (70). HRMS (EI) (M+) calcd for
C11H14Cl2N2O3: 292.0381, found: 292.0368.

3.11. (±)-cis-4-Chloro-1H,6H-6a,7,8,9,10,10a-hexahydro-
pyrimido[1,6-a][3,1]benzoxazin-1,3-(2H)-dione (4b)

A solution of 6 (70 mg, 0.24 mmol) in 1 N EtONa/EtOH
(4 mL) was refluxed for 5 h. Then the solvent was evapo-
rated under vacuum and the resulting residue was purified
by FC (CH2Cl2–MeOH, 98:2) to afford 4b (19 mg, 31%)
as a white solid. Mp 277 �C. IR (KBr): 2932, 1713, 1654,
1584, 1483, 1184, 853, 655. 1H NMR (CDCl3) d: 1.52–
1.80 (m, 7H, (CH2)3+HCH), 2.13 (m, 1H, HCH), 2.15 (m,
1H, CH-CH2-O), 4.36–4.41 (m, 2H, CH2-O), 4.45 (t, CH-N,
J¼12.6 Hz), 8.1 (br s, 1H, NH). 13C NMR (CDCl3) d: 20.4,
24.5, 26.0, 26.9, 30.5, 52.1, 67.6, 79.23, 148.1, 158.1,
159.70. MS m/z (%): 258 ([M+2]+, 11), 256 (M+, 45), 103
(44), 95 (100), 83 (19). HRMS (EI) (M+) calcd for
C11H13ClN2O3: 256.0615, found: 256.0613.

Acknowledgements

The authors are grateful to the Xunta de Galicia (PGI-
DIT05PXIB20304PR and PGIDIT05BTF20302PR-2) for
partial financial support.

References and notes

1. Clark, V. M.; Todd, A. R.; Zussman, J. J. Chem. Soc. 1951,
2952–2958.

2. Hoshi, A.; Yoshida, M.; Kanzawa, F.; Kuretani, K.; Kanai, T.;
Ichino, M. Chem. Pharm. Bull. 1972, 20, 2286–2287.

3. Lokich, J. J.; Chawla, P. L.; Jaffe, N.; Frei, E. Cancer
Chemother. Rep. 1975, 59, 389–393.

4. Lipkin, D.; Cori, C.; Sano, M. Tetrahedron Lett. 1968, 9, 5993–
5996.

5. Maruyama, T.; Sato, S.; Honjo, M. Chem. Pharm. Bull. 1982,
30, 2688–2697.

6. Abdel-Megied, A. E. S.; Pedersen, E. B.; Nielsen, C. M.
Synthesis 1991, 313–317.

7. Lipkin, D.; Rabi, J. A. J. Am. Chem. Soc. 1971, 93, 3309–3310.
8. Sako, M.; Saito, T.; Kameyama, K.; Hirota, K.; Maki, Y.

Synthesis 1987, 829–831.
9. Maruyama, T.; Kimura, S.; Sato, Y.; Honjo, M. J. Org. Chem.

1983, 48, 2719–2723.
10. Lluis, J.; Matheu, M. I.; Castillon, S. Tetrahedron Lett. 1998,

39, 1807–1810.
11. Lipshutz, B. H.; Stevens, K. L.; Lowe, R. F. Tetrahedron Lett.

1995, 36, 2711–2712.
12. Wnuk, S. F.; Chowdhury, S. M.; Garcia, P. I.; Robins, M. J.

J. Org. Chem. 2002, 67, 1816–1819.
13. Megati, S.; Ealick, S. E.; Naguib, F. N. M.; el Kouni, M. H.;

Klein, R. S.; Otter, B. A. Nucleosides Nucleotides Nucleic
Acids 1994, 13, 2151–2168.

14. Santana, L.; Uriarte, E.; Balzarini, J.; De Clercq, E. Bioorg.
Med. Chem. Lett. 1998, 8, 1349–1352.

15. Estrada, E.; Uriarte, E.; Montero, A.; Teijeira, M.; Santana, L.;
De Clercq, E. J. Med. Chem. 2000, 43, 1975–1985.

16. Besada, P.; Gonz�alez-Moa, M. J.; Ter�an, C.; Santana, L.;
Uriarte, E. Synthesis 2002, 2445–2449.

17. Vi~na, D.; Santana, L.; Uriarte, E.; Ter�an, C. Tetrahedron 2005,
61, 473–478.

18. Vi~na, D.; Santana, L.; Uriarte, E.; Quezada, E.; Valencia, L.
Synthesis 2004, 2517–2522.

19. el Kouni, M. H.; Naguib, F. N. M.; Panzica, R. P.; Otter, B. A.;
Chu, S.-H.; Gosselin, G.; Chu, C. K.; Schinazi, R. F.; Shealy,
Y. F. Biochem. Pharmacol. 1996, 51, 1687–1700.

20. Shealy, Y. F.; O0Dell, C. A.; Shannon, W. M.; Arnett, G. J. Med.
Chem. 1986, 29, 483–488.

21. Shealy, Y. F.; O0Dell, C. A.; Thorpe, M. C.; Coburn, W. C.
J. Heterocycl. Chem. 1983, 20, 655–661.



Tetrahedron 62 (2006) 9953–9965
One-step three-component coupling of aromatic organozinc
reagents, secondary amines, and aromatic aldehydes into

functionalized diarylmethylamines

Erwan Le Gall,* Michel Troupel and Jean-Yves N�ed�elec

Laboratoire d’Electrochimie, Catalyse et Synth�ese Organique (LECSO), CNRS-Université Paris 12 Val de Marne,
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Abstract—Numerous functionalized diarylmethylamines have been synthesized in high yield according to a one-step three-component
coupling between an aromatic organozinc reagent, a secondary amine, and an aromatic aldehyde. Both organozinc species and aldehyde
can bear a functional group and either aromatic or non-aromatic amines can be used in this versatile procedure.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Diarylmethylamines constitute important intermediates in
the synthesis of pharmacologically active compounds.1

Although chiral diarylmethylamine blocks are found in many
substances displaying a biological activity, their asymmetric
synthesis has not gained much attention until these last
years. Among several efficient procedures, which have
been developed,2–5 there is a particular emphasis on stereo-
selective additions of carbon nucleophiles to imines.3–5

Thus, it was shown that arylmethylamine derivatives can
be obtained in good yields and enantiomeric excesses either
starting from chiral imines4 or using chiral mediators.5 The
antihistamine agent cetirizine was obtained under its enan-
tiomerically-pure form via a resolution technique employing
tartaric acid.6 In the field of racemate synthesis, reductive
procedures involving carbonyl compounds were employed
for the synthesis of several diarylmethylamines7,8 and other
methods like arylation of iminium salts,9 displacement of
polymer-supported benzotriazole10 using aromatic organo-
magnesium reagents, or addition of phenyllithium to sele-
noamides11 have been also reported.

Multi-component reactions are known to be among the most
powerful building tools available in organic synthesis, since
they rapidly increase the complexity of final products start-
ing from simple precursors. In the field of multi-component

Keywords: Diarylmethylamines; Multi-component reaction; Aromatic orga-
nozinc reagents; Aromatic aldehydes; Secondary amines.
* Corresponding author. Tel.: +33 149781136; fax: +33 149781148; e-mail:

legall@glvt-cnrs.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.008
processes leading to arylmethylamine derivatives, aromatic
Mannich reactions12 have been set as evident candidates
since they allow the potential synthesis of benzylamines,
mixed alkylarylmethylamines, or diarylmethylamines sim-
ply depending on starting compounds, which are involved
in the reaction. Thus, several years ago, Lubben and Feringa
described the aminomethylation of phenol derivatives
through a Mannich-type reaction among phenol derivatives,
amines and formaldehyde.13 Organoboronic acids were
employed in three-component couplings with salicylalde-
hydes14 or heteroaromatic aldehydes15 and amines to provide
arylmethylamine derivatives in moderate to good yield.
Recently, some diarylmethylamines were also efficiently
obtained using organotrifluoroborates instead of arylboronic
acids in a Petasis-related reaction.16 Despite their indubita-
ble interest, these methods suffer from some limitations.
Indeed, aromatic Mannich reactions require the use of elec-
tron-rich benzene derivatives to proceed and no control of
the regioselectivity of the carbon–carbon bond formation
can be envisaged. In the organoboronic Mannich reac-
tion,14–16 only aldehydes bearing an activating group (OH
or N atom) at the position a to the CHO function undergo
the three-component coupling.

In a recent paper,17 we reported preliminary results about
the possible use of aromatic organozinc reagents18 as
nucleophiles in expedient three-component couplings with
aromatic aldehydes and secondary amines leading to diaryl-
methylamines. It was shown that organozinc reagents consti-
tute valuable nucleophiles in this process and that the
reaction is efficient even with non-activated benzaldehyde
derivatives. In order to clarify the scope of the procedure,

mailto:legall@glvt-cnrs.fr
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several other experiments were realized and we report herein
our whole results concerning the possible use of aromatic
organozinc reagents in this multi-component reaction.

2. Results and discussion

In a previous work, we had noticed the possibility of using
aromatic organozinc reagents as nucleophiles in Bruylants-
type reactions with a-aminonitriles derived from piperidine,
yielding diarylmethylamines.19 Considering that a-amino-
nitriles are stable iminium equivalents, we anticipated that
organozinc compounds would also react with iminium inter-
mediates, which could be for instance generated in situ from
an aromatic aldehyde and a secondary amine. Hence we
undertook to scan the possibilities provided by a Mannich-
type reaction in which an organozinc reagent would be
used as the carbon nucleophile. Indeed, such a method could
allow the synthesis of numerous diarylmethylamines simply
according to the starting compounds.

In a first time, we had envisaged to form a-aminonitriles in
situ using a Strecker-type reaction.20 Unfortunately, protic
conditions found in classical syntheses20,21 are incompati-
ble with the subsequent use of organozinc reagents, which
are very basic species. Thus, in a second time we envisaged
to synthesize diarylmethylamines following a two-steps
procedure: in a first step, a transient hemiaminal formed
by reaction between an aldehyde and an amine would be
O-methylated into an a-aminoether. In a second step, an
organozinc reagent would be used as nucleophile for the
displacement of the methoxy group. As outlined in Scheme 1,
experiments were achieved starting from piperidine, benz-
aldehyde, and 4-methoxyphenylzinc bromide, prepared
separately in acetonitrile according to a procedure inspired
from the cobalt-catalyzed process previously developed in
the laboratory.22

Curiously, it was shown that the corresponding diaryl-
methylamine was obtained only when the methoxylating
agent MeI was used in understoichiometric amount. We
then envisaged to add the arylzinc compound to a solution
containing only piperidine and benzaldehyde and remarked
that reaction products started appearing within a few minutes
when at least 1 equiv of the arylzinc compound was used.
Furthermore, the optimum value for an efficient coupling
was found to be at least 2 equiv of the arylzinc reagent, the
reaction being almost quantitative beyond this value. The
need for such quantities of the organozinc may account for
a base-assisted elimination on the intermediate hemiaminal
leading to a formal iminium ion, which is further attacked
by the remaining arylzinc compound.

We then attempted to enhance the reaction rate by adding
copper salts to the reaction medium.23 We observed that
coupling occurred faster when CuI was added in catalytic
amount to the 4-methoxyphenylzinc bromide solution before
introduction of piperidine and benzaldehyde. Furthermore,
the reaction appeared to be more selective in the presence
of cuprous salts, fewer side products being detected.

Consequently, we envisaged to extend the reaction to several
organozinc compounds. These reagents were prepared effi-
ciently (77–97% GC yield) starting from 30 mmol of various
aromatic bromides. We made the observation that in a general
manner, electron-rich organozinc species can be activated
with cuprous iodide (coupling method A) whereas elec-
tron-deficient organozinc fast produces dimeric biaryl com-
pounds upon addition of cuprous iodide. The redox-type
mechanism of this unwanted reaction could be clearly con-
firmed by the concomitant production of copper powder.
Starting from electron-poor organozinc compounds, best
conditions for an efficient coupling were found as Barbier-
like reaction conditions. It consisted in the dropwise addition
of the organozinc into a pre-heated mixture of piperidine and
benzaldehyde (coupling method B). We could also remark
that this coupling method B was more versatile than coupling
method A since it could be applied to any organozinc
reagent, independently from its reactivity and stability.

Results are presented in Table 1.

Diarylmethylamines are obtained in moderate to excellent
yields (40–95%). The reaction proceeds efficiently with
both electron-donating substituents (entries 2–7 of Table 1)
and electron-withdrawing groups (entries 8–11 of Table 1)
connected to the phenyl ring.

Considering the presence of a nitrogen atom on the final
diarylmethylamine structures, the simplest work-up was
found as an acid–base treatment, which ensured the removal
of most by-products. Indeed, these compounds (hydro-
dehalogenation products ArH, biaryl Ar–Ar, or alcohol
sometimes arise from the addition of the organozinc to the
aldehyde) were easily separated from the diarylmethylamine
using this method provided they do not contain nitrogen.

Additional experiments were conducted using commercial
solutions of phenylzinc bromide and 4-methoxyphenylzinc
iodide in tetrahydrofuran24 following typical experimental
conditions of coupling method A as well as conditions of
coupling method B. Only traces of the expected product
were observed, even with a large excess of the starting orga-
nozinc (3 equiv). The addition of catalytic amounts of cobalt
and zinc bromide did not improve the production of diaryl-
methylamine. In order to confirm that cobalt salts were not
involved in the reaction mechanism, benzylzinc bromide
was synthesized in acetonitrile in the absence of a cobalt
catalyst. The organozinc thus obtained was allowed to react
with benzaldehyde and piperidine at room temperature for
N
H

CHO
1. tBuOK
2. MeI
    THF

N

OMe

ZnBrMeO
N

OMe

+

Scheme 1.
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Table 1. Coupling of functionalized organozinc reagents with piperidine and benzaldehyde

N
ZnBr + N

H
+ CHO

R
R

1a-k

MeCN

Entry Organozinc and GC yield (%) Reaction time (h) Product Isolated yield (%)a

1 ZnBr 80 18b
N

1a 59

2 ZnBr

Me

97 18b, 4c
N Me

1b 71b, 77c

3
ZnBr

Me

93 18b
N

Me 1c 56

4 ZnBrtBu 82 18b
N

tBu

1d 75

5 ZnBr

OMe

95 18b
N OMe

1e 95

6
ZnBr

MeO

92 18b
N

OMe 1f 62

7 ZnBrMeO 89 3b
N

OMe

1g 88

8 ZnBr

EtO2C

93 4c
N

CO2Et 1h 40

9 ZnBrEtO2C 92 4c
N

CO2Et

1i 70

(continued)
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Table 1. (continued)

Entry Organozinc and GC yield (%) Reaction time (h) Product Isolated yield (%)a

10 ZnBr

F3C

95 4c
N

CF3
1j 83

11 ZnBrNC 77 4c N

CN

1k 72

a Yields based on initial amine and aldehyde amounts (10 mmol).
b Coupling method A: CuI (ca. 0.3 equiv vs ArZnX) was added at room temperature into the organozinc (>20 mmol) solution before addition of the amine

(10 mmol) and the aldehyde (10 mmol).
c Coupling method B: The organozinc-containing (>20 mmol) solution was added dropwise into the pre-heated mixture (70 �C) of the amine (10 mmol) and

the aldehyde (10 mmol) in acetonitrile (15 mL).
3 h giving rise to the almost quantitative formation of the
Mannich reaction product (Scheme 2).

N
H

CHO

N

Br ZnBr

Zn
MeCN

Scheme 2.

This result clearly shows that the very poor reactivity of
these commercial organozinc compounds cannot be linked
with the absence of cobalt salts in the reaction medium.
This may account for a possible role of the solvent in the
reaction course. Considering the experimental conditions
used in coupling method B, in which a limited amount of
tetrahydrofuran is added in the acetonitrile solution in order
to stabilize the organozinc reagent during the course of time,
one can imagine that important amounts of tetrahydrofuran
can also noticeably slow down the coupling reaction. Never-
theless, the absence of reactivity of commercial organozinc
reagents may not be solely explained by solvent effects.

In order to test the reactivity of Grignard reagents in this
three-component procedure, an experiment involving phe-
nylmagnesium bromide was conducted. As it could be antic-
ipated, the use of phenylmagnesium bromide in a coupling
reaction with piperidine and benzaldehyde did not led to
the formation of the corresponding diarylmethylamine but
gave rise to an exclusive addition of phenylmagnesium
bromide to benzaldehyde producing diphenylmethanol.

It should also be mentioned that an attempt to synthesize
compound 1g in a one-step reaction was realized. Thus,
piperidine and benzaldehyde were placed along with 4-
methoxyphenyl bromide in the reaction mixture containing
cobalt salts and zinc dust. No cuprous iodide was added in
that case since the only result would have been the produc-
tion of copper(0) and zinc salts upon redox reaction of cop-
per(I) with zinc dust. An exothermic reaction occurred fast
and after 1 h at room temperature, the additional heating at
50 �C for 1 h allowed the formation of compound 1g in
85% GC yield. This procedure might be efficient especially
with electron-rich organozinc compounds since they react
clearly faster than electron-deficient organozinc compounds
and do not have a so affirmed tendency to yield biaryls upon
heating. Nevertheless, additional tests might be necessary to
clarify the scope of this one-step reaction.

Another series of experiments, involving benzaldehyde as
the aldehyde and 4-methoxyphenylzinc bromide as the
model organozinc reagent, was realized in order to test the
effect of the secondary amine on the course of the reaction.

Results are presented in Table 2.

Diarylmethylamines are again obtained in moderate to
excellent yields (50–96%). Both aromatic (entries 7 and 8
of Table 2) and non-aromatic amines (entries 1–6 of Table
2) are convenient substrates in this procedure, yields being
just a bit lower in the case of aromatic amines. This result
is consistent with their generally admitted lower reactivity
as nucleophiles. It is important to note that piperazine deriv-
atives, which are known to exhibit various biological activ-
ities, can be obtained using this procedure (entry 3 of Table
2). Yield is only moderate in that case but the coupling prod-
uct showed a lower stability during work-up and even after
purification, this compound fast darkened when exposed to
air and/or light. More accurate conditions for the reaction
and the isolation of products might certainly increase yields
for this class of compounds.

In a third series of experiments, we employed substituted
benzaldehydes to ensure that functionalities can be present
on the related phenyl ring. Moreover, we investigated the
possible use of heteroaromatic aldehydes in the process.

Results are presented in Table 3.

In most cases, yields are good to excellent (76–99%). It
appears that benzaldehyde derivatives react fairly well with
either electron-donating or -withdrawing groups connected
to the phenyl moiety. It should nevertheless be mentioned
that in some cases, electronic effects can play a role in the



9957E. Le Gall et al. / Tetrahedron 62 (2006) 9953–9965
Table 2. Coupling of 4-methoxyphenylzinc bromide with secondary amines and benzaldehyde

R
N

R'

OMe

ZnBrMeO +
R

N
R'

H
+ CHO

2a-h

MeCN

Entry Amine Reaction time (h)a Product Isolated yield (%)b

1 N

O

H

3
N

O

OMe

2a 90

2
N

S

H

3
N

S

OMe

2b 96

3

N

N

H

Me

4 N

N

OMe

Me

2c 50

4 N
H

3

N

OMe

2d 94

5 N
H

3 N

OMe

2e 89

6 N
H

3

N

OMe

2f 94

7 N
H

3
N

OMe

2g 80

8
N

Me

H

6
N

Me

OMe

2h 53

a Coupling method A: CuI (ca. 0.3 equiv vs ArZnX) was added at room temperature into the organozinc (>20 mmol) solution before addition of the amine
(10 mmol) and the aldehyde (10 mmol).

b Yields based on initial amine and aldehyde amounts (10 mmol).
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Table 3. Coupling of 4-methoxyphenylzinc bromide with piperidine and aromatic aldehydes

N

Ar

OMe

ZnBrMeO +
N
H

+ Ar CHO
3a-u

MeCN

Entry Aldehyde Reaction time (h) Product Isolated yield (%)a

1 CHONC 3b
N

OMeNC

3a 83

2 CHO

NO2

18c
N

OMe

NO2
3b 46

3 CHO

O2N

3c
N

OMe

O2N 3c 98

4 CHOO2N 3c
N

OMeO2N

3d 78

5 CHO

CF3

3b
N

OMe

CF3
3e 79

6 CHOF3C 3b
N

OMeF3C

3f 99

7 CHO

Cl

18b
N

OMe

Cl
3g 86

8 CHO

Cl

3b
N

OMe

Cl 3h 96

9 CHOCl 18b
N

OMeCl

3i 96

(continued)
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Table 3. (continued)

Entry Aldehyde Reaction time (h) Product Isolated yield (%)a

10 CHO

Br

3b
N

OMe

Br 3j 96

11 CHO

F

3b
N

OMe

F 3k 98

12
CHO

18b
N

OMe

3l 76

13 CHOBut 18b
N

OMeBut

3m 84

14 CHO

Me

18b
N

OMe

Me
3n 84

15 CHOMeS 3b
N

OMeMeS

3o 98

16 CHO

MeO

18b
N

OMe

MeO 3p 83

17 CHO
S

18b
N

OMe

S 3q 76

18 CHO
S

18b
N

OMe
S

3r 97

19 CHO
O

18b
N

OMe
O

3s 91

(continued)
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Table 3. (continued)

Entry Aldehyde Reaction time (h) Product Isolated yield (%)a

20 CHO
N

18b
N

OMe

N
3t 92d

21 CHON 18b N

OMe
N

3u 87d

a Yields based on initial amine and aldehyde amounts (10 mmol).
b Coupling method A: CuI (ca. 0.3 equiv vs ArZnX) was added at room temperature into the organozinc (>20 mmol) solution before addition of the amine

(10 mmol) and the aldehyde (10 mmol).
c Coupling method B: Conditions used in coupling method A but without CuI.
d An additional chromatographic purification was performed over silica gel using a diethyl ether–dichloromethane: 90/10 mixture as an eluent.
course of the reaction. Indeed, with nitrobenzaldehydes, the
coupling is achieved rapidly without using additional
cuprous iodide (entries 3 and 4 of Table 3). ortho-Substituted
benzaldehydes react slower than meta- and para-substituted
benzaldehydes and yields are generally lower. This behavior
can be particularly noticed in the case of nitrobenzaldehydes.
ortho-Nitrobenzaldehyde leads to only 46% yield (entry 2 of
Table 3) whereas couplings featuring meta- and para-benz-
aldehydes are very efficient (78–98%, entries 3 and 4 of Table
3). A similar behavior can be observed with heteroaromatic
aldehydes derived from thiophene. Indeed, the reaction is
clearly less efficient with thiophene-2-carboxaldehyde (entry
17 of Table 3) than with thiophene-3-carboxaldehyde (entry
18 of Table 3).

In the case of heteroaromatic aldehydes derived from pyri-
dine (entries 20 and 21 of Table 3), we could also observe
along the major product, diarylmethylpiperidine, the pres-
ence of the alcohol resulting from the addition of the arylzinc
compound to the aldehyde function. In these limited cases,
owing to the presence of nitrogen on both products, the
acid–base treatment was not sufficient to separate the diaryl-
methylpiperidine from the alcohol. Thus, an additional chro-
matographic purification over silica gel was applied to the
crude product.

3. Conclusion

In conclusion, the results presented in this paper show that
a three-component Mannich-type reaction involving aro-
matic organozinc reagents as nucleophile constitute a very
versatile methodology for the synthesis of diarylmethyl-
amines. Indeed, diarylmethylamines are obtained in high
yields and various functionalities can be introduced through
both organozinc reagents and benzaldehyde derivatives.
Heteroaromatic aldehydes are also efficient and either sec-
ondary aromatic or non-aromatic amines can be used in
the process thus highlighting the important scope of the
reaction. Nevertheless, additional developments might be
envisaged: can enolizable aldehydes be used in the proce-
dure and do aliphatic organozinc undergo the reaction?
What would be the behavior of primary amines or amides
in this reaction and furthermore would amino-acids deriva-
tives be efficient as amines? Additionally, could they induce
stereoselectivity in the reaction and in a general manner, can
enantioselective syntheses be realized toward the use of
chiral mediators?

4. Experimental

4.1. General

Solvents (acetonitrile and THF in analytical grades) and
starting materials were purchased from commercial sup-
pliers and used without further purification. All reactions
were monitored by gas chromatography (GC) using a Varian
3400 chromatograph equipped with a 5 m SGE BP1 column.
Melting points (mp) were determined on a Kofler apparatus
and were not corrected. Infrared spectra were recorded in
CHCl3 on a Perkin–Elmer Spectrum BX FTIR spectrometer.
NMR spectra were recorded in CDCl3 at 200 MHz (1H),
50 MHz (13C), and 188 MHz (19F) on a Bruker AC200 spec-
trometer. In the case of fluoride-containing compounds 1j,
3e, 3f, and 3k, in order to determine accurately C–F coupling
constants, 13C NMR spectra were recorded in CDCl3 at
100 MHz using a Bruker Avance II 400 spectrometer. Data
are presented as follows: chemical shift (multiplicity, cou-
pling constants, integration). Mass spectra were recorded
on a Finnigan GC–MS GCQ spectrometer. High-resolution
mass spectra were recorded at the ‘Service central d’analy-
ses’, Vernaison, France. The mode of ionization used was
electrospray (ES+). Compounds, which have been previ-
ously described in the literature are linked to relevant biblio-
graphic references whereas compounds labeled by asterisk
(*) are, to the best of our knowledge, new compounds.

4.2. Typical experimental procedure for the synthesis of
organozinc reagents

A dried 100 mL tricol was flushed with argon and charged
with acetonitrile (40 mL). Dodecane (0.2 mL, used as
internal standard), cobalt bromide (0.66 g, 3 mmol), zinc



9961E. Le Gall et al. / Tetrahedron 62 (2006) 9953–9965
bromide (0.68 g, 3 mmol), phenyl bromide (0.32 mL,
3 mmol), and zinc dust (6 g, 92 mmol) were added to the
solution. Trifluoromethanesulfonic acid (0.2 mL) was added
to the mixture under vigorous stirring. After ca. 15 min, the
aryl bromide (30 mmol) was added to the solution and as
soon as the exothermic reaction had began (ca. 5 min), a
water bath at room temperature was used to moderate the
temperature of the medium. The reaction time, which was
monitored using gas chromatography, did not exceed
30 min in most cases. Yield of organozinc compounds thus
obtained were estimated as follows: a sample of the reaction
medium was exposed to iodine crystals then sodium thiosul-
fate, and extracted with diethyl ether. The amount of iodin-
ated product was compared to the amount of the starting aryl
bromide via the internal standard using gas chromatography
(GC). After completion of the reaction, the acetonitrile
solution was taken up using a syringe whenever possible
or filtered over Celite at 0 �C.

4.3. Typical coupling method A

To the solution of the organozinc reagent was added under
stirring CuI (1.2 g, 6 mmol) and 5 min later, benzaldehyde
(1 mL, 10 mmol) and piperidine (1 mL, 10 mmol). Stirring
was continued for additional 3 h at room temperature.

4.4. Typical coupling method B

To the solution of the organozinc reagent was added 5 mL
THF. The resulting solution was added dropwise (2 h) under
stirring to a pre-heated mixture (ca. 70 �C) of benzaldehyde
(1 mL, 10 mmol) and piperidine (1 mL, 10 mmol) in aceto-
nitrile (15 mL). Stirring was continued for additional 2 h at
70 �C.

4.5. Typical acid–base work-up

The reaction mixture was poured in 150 mL of a 5% sodium
hydroxide aqueous solution and extracted with dichloro-
methane (2�100 mL). The combined organic fractions
were concentrated to dryness and diethyl ether (150 mL)
was added to the residue. After complete dissolution, con-
centrated sulfuric acid (0.5–0.75 mL) was added carefully
to the vigorously stirred solution and allowed to react
for 5 min. The resulting ammonium salt was filtered and
washed with diethyl ether (2�50 mL). The solid was then
poured, under stirring, into a mixture of a 5% sodium
hydroxide aqueous solution (100 mL) and dichloromethane
(100 mL). After complete dissolution, the aqueous phase
was extracted with additional 100 mL of dichloromethane.
The combined organic fractions were dried over sodium sul-
fate and concentrated to dryness yielding analytically pure
(>97% GC) diarylmethylamines. In the case of diaryl-
methylamines 3t and 3u derived from pyridine carbox-
aldehydes, an additional chromatographic purification was
performed over silica gel (SDS 70–200 mm) using a diethyl
ether–dichloromethane: 90/10 mixture as an eluent.

4.6. Analytical data

4.6.1. 1-Benzhydrylpiperidine (1a).8,11 Pale yellow solid,
mp: 70 �C; 1H NMR, d (ppm): 1.50–1.70 (m, 6H), 2.30–
2.50 (m, 4H), 4.36 (s, 1H), 7.20–7.61 (m, 10H); 13C NMR,
d (ppm): 24.84, 26.39, 53.29, 76.88, 126.78, 128.13,
128.43, 143.38; MS, m/z (relative intensity): 251 (19), 175
(14), 174 (100), 168 (12), 167 (60), 166 (12), 165 (38),
152 (19), 91 (10), 84 (20); HRMS calcd for C18H22N
[M+H]+: 252.1752, found: 252.1761.

4.6.2. 1-(Phenyl(2-tolyl)methyl)piperidine (1b).1c,17 Pale
yellow viscous oil; 1H NMR, d (ppm): 1.30–1.60 (m, 6H),
2.20–2.40 (m, 7H), 4.38 (s, 1H), 6.99–7.91 (m, 9H); 13C
NMR, d (ppm): 20.12, 25.03, 26.51, 53.66, 71.07, 126.37,
126.79, 127.37, 127.61, 128.38, 128.93, 130.62, 135.93,
141.82, 142.52; MS, m/z (relative intensity): 266 (7), 265
(17), 189 (6), 188 (35), 187 (27), 186 (11), 182 (12), 181
(72), 180 (100), 179 (61), 178 (17), 175 (6), 174 (45), 167
(14), 166 (65), 165 (65), 153 (7), 152 (6), 105 (7), 91 (10),
86 (30), 84 (7); HRMS calcd for C19H24N [M+H]+:
266.1909, found: 266.1927.

4.6.3. 1-(Phenyl(3-tolyl)methyl)piperidine (1c)*. Pale yel-
low viscous oil; 1H NMR, d (ppm): 1.40–1.80 (m, 6H), 2.20–
2.60 (m, 7H), 4.36 (s, 1H), 7.12–7.61 (m, 9H); 13C NMR,
d (ppm): 21.59, 24.82, 26.35, 53.31, 76.62, 125.16, 126.66,
127.53, 128.34, 128.70, 137.80, 143.27, 143.48; MS, m/z
(relative intensity): 266 (7), 265 (20), 189 (11), 188 (88),
182 (26), 181 (100), 179 (11), 178 (12), 175 (11), 174
(79), 167 (27), 166 (72), 165 (69), 153 (9), 152 (7), 105
(10), 91 (12), 84 (56); HRMS calcd for C19H24N [M+H]+:
266.1909, found: 266.1928.

4.6.4. 1-((4-tert-Butylphenyl)(phenyl)methyl)piperidine
(1d)*. Pale yellow solid, mp: 89 �C; 1H NMR, d (ppm):
1.32 (s, 9H), 1.38–1.70 (m, 6H), 2.30–2.45 (m, 4H), 4.26
(s, 1H), 7.16–7.50 (m, 9H); 13C NMR, d (ppm): 24.74,
26.28, 31.40, 53.16, 76.36, 125.12, 126.51, 127.50,
127.81, 128.13, 140.07, 143.50, 149.21; MS, m/z (relative
intensity): 308 (5), 307 (19), 231 (18), 230 (87), 224 (21),
223 (100), 208 (19), 193 (24), 181 (6), 179 (8), 178 (16),
174 (23), 167 (25), 166 (6), 165 (16), 91 (6), 84 (16);
HRMS calcd for C22H30N [M+H]+: 308.2378, found:
308.2384.

4.6.5. 1-((2-Methoxyphenyl)(phenyl)methyl)piperidine
(1e)*. Pale yellow solid, mp: 100 �C; 1H NMR, d (ppm):
1.40–1.60 (m, 6H), 2.20–2.40 (m, 4H), 3.69 (s, 3H), 4.77
(s, 1H), 6.70–7.66 (m, 9H); 13C NMR, d (ppm): 24.90,
26.36, 53.23, 55.41, 67.32, 110.77, 120.72, 126.32,
127.26, 128.06, 128.26, 131.72, 143.46, 157.13; MS, m/z
(relative intensity): 282 (10), 281 (39), 280 (16), 238 (6),
205 (13), 204 (100), 198 (17), 197 (70), 196 (17), 195 (8),
188 (5), 181 (19), 179 (15), 175 (8), 174 (51), 169 (8), 167
(6), 166 (6), 165 (25), 153 (9), 152 (20), 121 (6), 92 (6),
91 (90), 86 (28), 84 (11); HRMS calcd for C19H24NO
[M+H]+: 282.1858, found: 282.1861.

4.6.6. 1-((3-Methoxyphenyl)(phenyl)methyl)piperidine
(1f)*. Pale yellow viscous oil; 1H NMR, d (ppm): 1.40–
1.60 (m, 6H), 2.20–2.40 (m, 4H), 3.76 (s, 3H), 4.30 (s,
1H), 6.75–7.54 (m, 9H); 13C NMR, d (ppm): 25.02, 26.56,
53.40, 55.10, 76.82, 112.00, 113.95, 120.60, 127.00,
128.10, 128.45, 129.58, 143.35, 145.26, 159.91; MS, m/z
(relative intensity): 282 (6), 281 (11), 280 (6), 205 (12),
204 (77), 199 (15), 198 (100), 197 (78), 183 (19), 182
(44), 181 (20), 179 (10), 175 (13), 174 (80), 169 (21), 168
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(8), 167 (29), 166 (29), 165 (55), 164 (8), 155 (8), 154 (20),
153 (26), 152 (19), 121 (9), 91 (18), 84 (100); HRMS calcd
for C19H24NO [M+H]+: 282.1858, found: 282.1869.

4.6.7. 1-((4-Methoxyphenyl)(phenyl)methyl)piperidine
(1g).17 Pale yellow solid, mp: 60 �C; 1H NMR, d (ppm):
1.30–1.60 (m, 6H), 2.20–2.40 (m, 4H), 3.65 (s, 3H), 4.17
(s, 1H), 6.77 (d, J¼8.7 Hz, 2H), 7.06–7.40 (m, 9H); 13C
NMR, d (ppm): 24.81, 26.36, 53.17, 55.17, 75.95, 113.74,
126.61, 128.37, 129.021, 135.40, 143.69, 158.41; MS, m/z
(relative intensity): 281 (15), 204 (20), 198 (17), 197
(100), 182 (11), 167 (5), 166 (7), 165 (16), 154 (7), 153
(11), 152 (6); HRMS calcd for C19H24NO [M+H]+:
282.1858, found: 282.1874.

4.6.8. Ethyl 3-(phenyl(piperidin-1-yl)methyl)benzoate
(1h)*. Pale yellow viscous oil; IR, n (cm�1): 1710; 1H
NMR, d (ppm): 1.20–1.60 (m, 9H), 2.20–2.40 (m, 4H),
4.20–4.40 (m, 3H), 7.09–8.07 (m, 9H); 13C NMR,
d (ppm): 14.44, 24.76, 26.31, 53.22, 60.94, 76.41, 126.99,
128.09, 128.57, 129.19, 129.43, 130.69, 132.37, 142.77,
143.95, 166.70; MS, m/z (relative intensity): 324 (8), 323
(33), 322 (9), 294 (5), 247 (20), 246 (100), 240 (9), 239
(32), 218 (21), 211 (8), 195 (12), 194 (8), 193 (35), 175
(15), 174 (100), 168 (8), 167 (59), 166 (32), 165 (71), 164
(9), 152 (11), 91 (11), 84 (45); HRMS calcd for
C21H26NO2 [M+H]+: 324.1964, found: 324.1964.

4.6.9. Ethyl 4-(phenyl(piperidin-1-yl)methyl)benzoate
(1i).17 Pale yellow solid, mp: 98 �C; IR, n (cm�1): 1710;
1H NMR, d (ppm): 1.20–1.60 (m, 9H), 2.20–2.40 (m, 4H),
4.20–4.40 (m, 3H), 7.10–7.97 (m, 9H); 13C NMR,
d (ppm): 14.20, 24.53, 26.08, 52.97, 60.59, 76.24, 126.88,
127.70, 128.32, 128.85, 129.59, 142.16, 145.58, 166.29;
MS, m/z (relative intensity): 324 (8), 323 (33), 322 (8),
278 (5), 247 (17), 246 (100), 240 (9), 239 (45), 218 (19),
193 (6), 175 (9), 174 (79), 168 (8), 167 (55), 166 (38), 165
(62), 164 (5), 152 (14), 91 (10), 84 (41); HRMS calcd for
C21H26NO2 [M+H]+: 324.1964, found: 324.1940.

4.6.10. 1-(Phenyl(3-(trifluoromethyl)phenyl)methyl)-
piperidine (1j).17 Pale yellow viscous oil; 1H NMR,
d (ppm): 1.30–1.60 (m, 6H), 2.20–2.40 (m, 4H), 4.28 (s,
1H), 7.10–7.71 (m, 9H); 13C NMR, d (ppm): 24.61, 26.20,
53.05, 76.38, 123.72 (q, J¼4 Hz), 124.50 (q, J¼271 Hz),
124.78 (q, J¼4 Hz), 127.25, 128.19, 128.68, 128.92,
130.85 (q, J¼31 Hz), 131.47, 142.30, 144.73; 19F NMR,
d (ppm): �62.18; MS, m/z (relative intensity): 320 (11),
319 (40), 318 (12), 243 (13), 242 (85), 236 (11), 235 (45),
233 (6), 217 (11), 216 (8), 215 (49), 214 (9), 195 (13), 175
(16), 174 (100), 167 (13), 166 (39), 165 (61), 164 (6), 159
(10), 91 (11), 84 (45); HRMS calcd for C19H21F3N
[M+H]+: 320.1626, found: 320.1634.

4.6.11. 4-(Phenyl(piperidin-1-yl)methyl)benzonitrile
(1k)*. Pale yellow viscous oil; IR, n (cm�1): 2230; 1H
NMR, d (ppm): 1.30–1.60 (m, 6H), 2.20–2.40 (m, 4H),
4.27 (s, 1H), 7.14–7.35 (m, 5H), 7.52 (s, 4H); 13C NMR,
d (ppm): 24.55, 26.16, 53.02, 76.18, 110.42, 118.95,
127.29, 128.05, 128.53, 132.23, 141.54, 149.13; MS, m/z
(relative intensity): 276 (20), 275 (6), 200 (11), 199 (97),
193 (23), 192 (78), 191 (32), 190 (47), 177 (8), 175 (14),
174 (100), 166 (10), 165 (66), 164 (10), 163 (7), 152 (6),
116 (7), 91 (10), 84 (38); HRMS calcd for C19H21N2

[M+H]+: 277.1705, found: 277.1720.

4.6.12. 4-((4-Methoxyphenyl)(phenyl)methyl)morpho-
line (2a).10 Pale yellow solid, mp: 66 �C; 1H NMR,
d (ppm): 2.25–2.40 (m, 4H), 3.60–3.75 (m, 7H), 4.12 (s,
1H), 6.77 (d, J¼8.7 Hz, 2H), 7.08–7.42 (m, 7H); 13C
NMR, d (ppm): 52.55, 54.96, 67.06, 75.85, 113.81,
126.83, 127.70, 128.46, 128.85, 134.29, 142.65, 158.50;
MS, m/z (relative intensity): 283 (7), 198 (17), 197 (100),
182 (10), 166 (7), 165 (15), 154 (6), 153 (11), 152 (6);
HRMS calcd for C18H22NO2 [M+H]+: 284.1651, found:
284.1648.

4.6.13. 4-((4-Methoxyphenyl)(phenyl)methyl)thiomor-
pholine (2b).17 Pale brown solid, mp: 78 �C; 1H NMR,
d (ppm): 2.62 (s, 8H), 3.67 (s, 3H), 4.31 (s, 1H), 6.78 (d,
J¼8.7 Hz, 2H), 7.08–7.36 (m, 7H); 13C NMR, d (ppm):
28.12, 53.50, 55.06, 75.11, 113.82, 126.80, 127.85,
128.38, 129.02, 134.09, 142.54, 158.51; MS, m/z (relative
intensity): 299 (9), 271 (6), 198 (16), 197 (100), 182 (8),
166 (7), 165 (13), 153 (9), 152 (6); HRMS calcd for
C18H22NOS [M+H]+: 300.1422, found: 300.1432.

4.6.14. 1-((4-Methoxyphenyl)(phenyl)methyl)-4-methyl-
piperazine (2c).1b Pale yellow solid, mp: 78 �C; 1H NMR,
d (ppm): 2.24 (s, 3H), 2.41 (br s, 8H), 3.65 (s, 3H), 4.16 (s,
1H), 6.76 (d, J¼8.7 Hz, 2H), 7.10–7.42 (m, 7H); 13C
NMR, d (ppm): 46.05, 51.97, 55.11, 55.51, 75.58, 113.89,
126.79, 127.82, 128.52, 128.95, 134.97, 143.27, 158.56;
MS, m/z (relative intensity): 296 (20), 239 (7), 238 (41),
237 (100), 236 (32), 225 (11), 224 (42), 210 (7), 198 (11),
197 (60), 182 (12), 181 (8), 167 (5), 166 (10), 165 (25),
154 (10), 153 (22), 152 (10), 121 (5), 99 (17), 70 (8), 56
(13); HRMS calcd for C19H25N2O [M+H]+: 297.1967,
found: 297.1950.

4.6.15. 1-((4-Methoxyphenyl)(phenyl)methyl)pyrrolidine
(2d).9 Pale yellow solid, mp: 54 �C; 1H NMR, d (ppm):
1.80–2.00 (m, 4H), 2.50–2.70 (m, 4H), 3.76 (s, 3H), 4.28
(s, 1H), 6.93 (d, J¼8.7 Hz, 2H), 7.22–7.64 (m, 7H); 13C
NMR, d (ppm): 23.66, 53.66, 54.94, 75.80, 113.77,
126.74, 127.38, 128.50, 136.70, 144.79, 158.49; MS, m/z
(relative intensity): 267 (8), 198 (17), 197 (100), 190 (27),
182 (10), 165 (11), 154 (6), 153 (8), 152 (5); HRMS calcd
for C18H22NO [M+H]+: 268.1701, found: 268.1713.

4.6.16. 2-((4-Methoxyphenyl)(phenyl)methyl)-1,2,3,4-tet-
rahydro isoquinoline (2e)*. Pale yellow solid, mp: 96 �C;
1H NMR, d (ppm): 2.75–2.92 (m, 2H), 2.93–3.08 (m, 2H),
3.74 (s, 2H), 3.78 (s, 3H), 4.52 (s, 1H), 6.94–7.66 (m,
13H); 13C NMR, d (ppm): 29.63, 49.42, 55.34, 75.27,
75.56, 114.21, 125.80, 126.26, 127.09, 127.82, 128.11,
128.94, 129.26, 134.34, 135.27, 135.60, 143.63, 158.87;
MS, m/z (relative intensity): 329 (5), 252 (7), 198 (22),
197 (100), 182 (10), 167 (5), 166 (8), 165 (14), 154 (6),
153 (10), 133 (7), 132 (36); HRMS calcd for C23H24NO
[M+H]+: 330.1858, found: 330.1878.

4.6.17. N,N-Diethyl-N-((4-methoxyphenyl)(phenyl)-
methyl)amine (2f)*. Pale yellow viscous oil; 1H NMR,
d (ppm): 1.11 (t, J¼7.1 Hz, 6H), 2.71 (q, J¼7.1 Hz, 4H),
3.73 (s, 3H), 4.83 (s, 1H), 6.91 (d, J¼8.7 Hz, 2H), 7.20–7.60
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(m, 7H); 13C NMR, d (ppm): 11.60, 43.24, 55.15, 70.89,
113.94, 126.79, 128.15, 128.44, 129.43, 135.72, 144.18,
158.72; MS, m/z (relative intensity): 269 (5), 198 (17), 197
(100), 192 (10), 182 (10), 167 (5), 166 (7), 165 (11), 154
(5), 153 (8); HRMS calcd for C18H24NO [M+H]+:
270.1858, found: 270.1865.

4.6.18. 1-((4-Methoxyphenyl)(phenyl)methyl)indoline
(2g).17 Pale brown viscous oil; 1H NMR, d (ppm): 3.23 (t,
J¼8.1 Hz, 2H), 3.55 (t, J¼8.1 Hz, 2H), 4.01 (s, 3H), 5.89
(s, 1H), 6.60 (d, J¼7.8 Hz, 1H), 6.95–7.74 (m, 12H); 13C
NMR, d (ppm): 28.69, 51.75, 55.30, 66.30, 108.56,
114.13, 117.91, 124.62, 127.55, 128.80, 130.07, 130.64,
133.67, 142.05, 152.30, 159.11; MS, m/z (relative intensity):
315 (14), 198 (16), 197 (100), 182 (11), 166 (7), 165 (15),
154 (7), 153 (10), 152 (6); HRMS calcd for C22H22NO
[M+H]+: 315.1701, found: 316.1705.

4.6.19. N-((4-Methoxyphenyl)(phenyl)methyl)-N-methyl-
aniline (2h)*. Pale brown solid, mp: 110 �C; 1H NMR,
d (ppm): 2.67 (s, 3H), 3.69 (s, 3H), 6.09 (s, 1H), 6.62–6.80
(m, 5H), 7.01–7.30 (m, 9H); 13C NMR, d (ppm): 34.33,
55.11, 66.48, 112.37, 112.97, 113.75, 116.76, 127.06,
128.49, 129.15, 129.97, 132.73, 141.05, 150.18, 158.75; MS,
m/z (relative intensity): 303 (9), 198 (16), 197 (100), 182
(13), 166 (8), 165 (17), 154 (6), 153 (11), 152 (6); HRMS calcd
for C21H22NO [M+H]+: 304.1701, found: 304.1702.

4.6.20. 4-((4-Methoxyphenyl(piperidin-1-yl)methyl)ben-
zonitrile (3a).17 Pale yellow viscous oil; IR, n (cm�1):
2230; 1H NMR, d (ppm): 1.30–1.60 (m, 6H), 2.20–2.40
(m, 4H), 3.74 (s, 3H), 4.23 (s, 1H), 6.81 (AB, J¼8.7 Hz,
2H), 7.22 (AB, J¼8.7 Hz, 2H), 7.52 (s, 4H); 13C NMR,
d (ppm): 24.64, 26.24, 53.04, 55.23, 75.60, 110.34, 114.05,
119.07, 128.49, 129.19, 132.28, 133.60, 149.63, 158.86;
MS, m/z (relative intensity): 306 (9), 223 (18), 222 (100),
204 (20), 190 (9), 178 (7); HRMS calcd for C20H23N2O
[M+H]+: 307.1810, found: 307.1816.

4.6.21. 1-((4-Methoxyphenyl)(2-nitrophenyl)methyl)-
piperidine (3b)*. Pale orange viscous oil; IR, n (cm�1):
1527, 1247; 1H NMR, d (ppm): 1.39–1.51 (m, 6H), 2.27
(br s, 4H), 3.70 (s, 3H), 4.82 (s, 1H), 6.79 (d, J¼8.7 Hz,
2H), 7.19–7.33 (m, 3H), 7.46–7.62 (m, 2H), 8.02 (d,
J¼8.9 Hz, 1H); 13C NMR, d (ppm): 24.44, 26.03, 52.78,
54.92, 68.45, 113.60, 123.80, 127.15, 129.49, 129.67,
132.29, 137.66, 149.98, 158.61; MS, m/z (relative intensity):
326 (6), 310 (20), 309 (100), 279 (16), 278 (69), 242 (6), 227
(7), 226 (35), 225 (7), 211 (11), 196 (13), 195 (7), 183 (10),
181 (8), 165 (8), 154 (6), 153 (9), 152 (12), 135 (13), 123
(10), 84 (39); HRMS calcd for C19H23N2O3 [M+H]+:
327.1709, found: 327.1700.

4.6.22. 1-((4-Methoxyphenyl)(3-nitrophenyl)methyl)-
piperidine (3c)*. Pale orange viscous oil; IR, n (cm�1):
1530, 1353; 1H NMR, d (ppm): 1.42–1.62 (m, 6H), 2.31
(br s, 4H), 3.74 (s, 3H), 4.31 (s, 1H), 6.82 (AB, J¼8.7 Hz,
2H), 7.26 (AB, J¼8.7 Hz, 2H), 7.40 (t, J¼7.9 Hz, 1H),
7.75 (d, J¼7.8 Hz, 1H), 8.01 (d, J¼7.8 Hz, 1H), 8.29 (br s,
1H); 13C NMR, d (ppm): 24.61, 26.22, 52.98, 55.21,
75.16, 114.06, 121.74, 122.69, 129.18, 133.57, 133.84,
134.17, 146.34, 148.48, 158.86; MS, m/z (relative intensity):
327 (9), 326 (30), 243 (18), 242 (100), 226 (6), 225 (30), 204
(36), 196 (18), 195 (13), 181 (5), 165 (6), 153 (18), 152 (14),
84 (8); HRMS calcd for C19H23N2O3 [M+H]+: 327.1709,
found: 327.1712.

4.6.23. 1-((4-Methoxyphenyl)(4-nitrophenyl)methyl)-
piperidine (3d)*. Pale orange viscous oil; IR, n (cm�1):
1516, 1345; 1H NMR, d (ppm): 1.30–1.60 (m, 6H), 2.20–
2.40 (m, 4H), 3.72 (s, 3H), 4.29 (s, 1H), 6.81 (AB,
J¼8.7 Hz, 2H), 7.24 (AB, J¼8.7 Hz, 2H), 7.57 (AB,
J¼8.8 Hz, 2H), 8.09 (AB, J¼8.8 Hz, 2H); 13C NMR,
d (ppm): 24.64, 26.25, 53.06, 55.21, 75.39, 114.10, 123.75,
128.45, 129.20, 133.40, 146.68, 151.82, 158.92; MS, m/z
(relative intensity): 326 (9), 243 (16), 242 (100), 219 (5),
212 (8), 204 (19), 196 (20), 153 (8), 152 (7); HRMS calcd
for C19H23N2O3 [M+H]+: 327.1709, found: 327.1716.

4.6.24. 1-((4-Methoxyphenyl)(2-(trifluoromethyl)-
phenyl)methyl)piperidine (3e)*. Pale yellow viscous oil;
1H NMR, d (ppm): 1.44–1.52 (m, 6H), 2.16–2.37 (m, 4H),
3.68 (s, 3H), 4.60 (s, 1H), 6.78 (d, J¼8.8 Hz, 2H), 7.17 (t,
J¼7.6 Hz, 1H), 7.38–7.54 (m, 4H), 8.08 (d, J¼7.9 Hz,
1H); 13C NMR, d (ppm): 24.76, 26.40, 53.25, 55.11,
69.70, 113.75, 124.71 (q, J¼272 Hz), 125.57 (q, J¼6 Hz),
126.51, 128.05 (q, J¼29 Hz), 129.51, 129.63, 132.09,
134.47, 143.45, 158.60; 19F NMR, d (ppm): �56.14; MS,
m/z (relative intensity): 349 (20), 266 (17), 265 (100), 250
(7), 245 (10), 205 (6), 204 (30), 181 (6), 153 (6); HRMS
calcd for C20H23F3NO [M+H]+: 350.1732, found: 350.1711.

4.6.25. 1-((4-Methoxyphenyl)(4-(trifluoromethyl)-
phenyl)methyl) piperidine (3f)*. Pale yellow solid, mp:
59 �C; 1H NMR, d (ppm): 1.40–1.55 (m, 6H), 2.26–2.29
(m, 4H), 3.71 (s, 3H), 4.23 (s, 1H), 6.80 (AB, J¼8.7 Hz,
2H), 7.26 (AB, J¼8.7 Hz, 2H), 7.51 (s, 4H); 13C NMR,
d (ppm): 24.69, 26.29, 53.28, 55.27, 75.66, 113.97, 124.39
(q, J¼270 Hz), 125.37 (q, J¼4 Hz), 128.10, 128.83 (q,
J¼32 Hz), 129.15, 134.26, 148.11, 158.78; 19F NMR,
d (ppm): �62.18; MS, m/z (relative intensity): 349 (21),
330 (6), 266 (21), 265 (100), 250 (6), 233 (6), 204 (27),
196 (5), 181 (6), 165 (5), 153 (8); HRMS calcd for
C20H23F3NO [M+H]+: 350.1732, found: 350.1741.

4.6.26. 1-((2-Chlorophenyl)(4-methoxyphenyl)methyl)-
piperidine (3g)*. Pale yellow viscous oil; 1H NMR,
d (ppm): 1.41–1.54 (m, 6H), 2.28–2.30 (m, 4H), 3.67
(s, 3H), 4.70 (s, 1H), 6.76 (d, J¼8.7 Hz, 2H), 6.98–7.37
(m, 5H), 7.82 (d, J¼7.9 Hz, 1H); 13C NMR, d (ppm):
24.67, 26.16, 53.07, 54.96, 70.40, 113.52, 126.92, 127.26,
128.59, 128.90, 129.35, 129.58, 133.63, 141.15, 158.38;
MS, m/z (relative intensity): 317 (8), 316 (6), 315 (25),
234 (6), 233 (29), 232 (17), 231 (100), 204 (31), 197 (12),
196 (22), 195 (15), 181 (15), 165 (9), 153 (15), 152 (18),
84 (6); HRMS calcd for C19H23ClNO [M+H]+: 316.1468,
found: 316.1459.

4.6.27. 1-((3-Chlorophenyl)(4-methoxyphenyl)methyl)-
piperidine (3h).17 Pale yellow viscous oil; 1H NMR,
d (ppm): 1.30–1.60 (m, 6H), 2.20–2.40 (m, 4H), 3.71 (s,
3H), 4.14 (s, 1H), 6.79 (d, J¼8.6 Hz, 2H), 7.05–7.40 (m,
6H); 13C NMR, d (ppm): 24.79, 26.35, 53.13, 55.23, 75.53,
113.93, 126.02, 126.76, 127.92, 129.17, 129.77, 134.37,
146.09, 158.69; MS, m/z (relative intensity): 315 (12), 234
(7), 233 (33), 232 (17), 231 (100), 204 (26), 197 (7), 196
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(29), 195 (7), 181 (10), 165 (6), 153 (7), 152 (6); HRMS calcd
for C19H23ClNO [M+H]+: 316.1468, found: 316.1470.

4.6.28. 1-((4-Chlorophenyl)(4-methoxyphenyl)methyl)-
piperidine (3i)*. Pale yellow solid, mp: 94 �C; 1H NMR,
d (ppm): 1.40–1.54 (m, 6H), 2.25–2.28 (m, 4H), 3.74
(s, 3H), 4.15 (s, 1H), 6.80 (d, J¼8.7 Hz, 2H), 7.19–7.51
(m, 6H); 13C NMR, d (ppm): 24.80, 26.17, 52.93, 55.10,
75.11, 113.72, 128.40, 128.99, 132.04, 134.61, 142.19,
145.63, 158.43; MS, m/z (relative intensity): 317 (7), 315
(16), 233 (29), 232 (15), 231 (100), 204 (9), 196 (21), 195
(6), 181 (15), 165 (8), 153 (14), 152 (10); HRMS calcd for
C19H23ClNO [M+H]+: 316.1468, found: 316.1481.

4.6.29. 1-((3-Bromophenyl)(4-methoxyphenyl)methyl)-
piperidine (3j)*. Pale yellow viscous oil; 1H NMR,
d (ppm): 1.39–1.60 (m, 6H), 2.25–2.27 (m, 4H), 3.71
(s, 3H), 4.13 (s, 1H), 6.79 (d, J¼8.7 Hz, 2H), 7.05–7.33
(m, 5H), 7.56 (t, J¼1.7 Hz, 1H); 13C NMR, d (ppm): 24.49,
26.06, 52.87, 54.97, 75.27, 113.67, 122.34, 126.19, 128.92,
129.69, 130.42, 130.71, 134.19, 146.10, 158.42; MS, m/z
(relative intensity): 361 (16), 359 (20), 278 (17), 277 (97),
276 (24), 275 (100), 205 (10), 204 (56), 197 (14), 196 (53),
195 (16), 182 (7), 181 (35), 165 (15), 153 (24), 152 (23),
84 (12); HRMS calcd for C19H23BrNO [M+H]+: 360.0963,
found: 360.0950.

4.6.30. 1-((3-Fluorophenyl)(4-methoxyphenyl)methyl)-
piperidine (3k).25 Pale yellow viscous oil; 1H NMR,
d (ppm): 1.39–1.59 (m, 6H), 2.26–2.29 (m, 4H), 3.70
(s, 3H), 4.17 (s, 1H), 6.79 (d, J¼8.7 Hz, 2H), 7.13–7.29
(m, 6H); 13C NMR, d (ppm): 24.72, 26.29, 53.07, 55.17,
75.49, 113.46 (d, J¼22 Hz), 113.84, 114.52 (d, J¼21 Hz),
123.52 (d, J¼2 Hz), 129.14, 129.74 (d, J¼8 Hz), 134.54,
146.66 (d, J¼6 Hz), 158.63, 163.05 (d, J¼243 Hz); 19F
NMR, d (ppm): �112.80; MS, m/z (relative intensity): 299
(18), 216 (16), 215 (100), 204 (26), 200 (8), 184 (8), 183
(14), 172 (7), 171 (12), 170 (5), 165 (6), 84 (6); HRMS calcd
for C19H23FNO [M+H]+: 300.1764, found: 300.1771.

4.6.31. 1-((4-Methoxyphenyl)(naphthalen-1-yl)methyl)-
piperidine (3l)*. Pale yellow viscous oil; 1H NMR,
d (ppm): 1.43–1.61 (m, 6H), 2.37–2.46 (m, 4H), 3.60 (s,
3H), 4.98 (s, 1H), 6.74 (d, J¼8.7 Hz, 2H), 7.34–7.53 (m,
5H), 7.68–7.81 (m, 2H), 8.02 (d, J¼7.2 Hz, 1H), 8.44 (d,
J¼8.2 Hz, 1H); 13C NMR, d (ppm): 24.70, 26.47, 53.71,
55.00, 71.53, 113.58, 123.78, 124.90, 125.78, 127.33,
128.87, 129.62, 131.64, 134.13, 134.56, 139.50, 145.56,
158.32; MS, m/z (relative intensity): 331 (13), 248 (27),
247 (100), 233 (5), 232 (16), 231 (7), 217 (9), 216 (15),
215 (26), 204 (15), 203 (13), 202 (14), 84 (21); HRMS calcd
for C23H26NO [M+H]+: 332.2014, found: 332.2018.

4.6.32. 1-((4-tert-Butylphenyl)(4-methoxyphenyl)-
methyl)piperidine (3m)*. Pale yellow solid, mp: 110 �C;
1H NMR, d (ppm): 1.25 (s, 9H), 1.30–1.60 (m, 6H), 2.20–
2.40 (m, 4H), 3.68 (s, 3H), 4.14 (s, 1H), 6.77 (d, J¼
8.6 Hz, 2H), 7.20–7.40 (m, 6H); 13C NMR, d (ppm):
24.91, 26.43, 31.55, 34.47, 53.28, 55.18, 75.87, 113.75,
125.27, 127.56, 129.13, 135.76, 140.61, 149.28, 158.41;
MS, m/z (relative intensity): 337 (9), 253 (100), 238 (14),
223 (15), 204 (6); HRMS calcd for C23H32NO [M+H]+:
338.2484, found: 338.2503.
4.6.33. 1-((2-Methylphenyl)(4-methoxyphenyl)methyl)-
piperidine (3n)*. Pale yellow viscous oil; 1H NMR,
d (ppm): 1.40–1.54 (m, 6H), 2.08–2.38 (m, 7H), 3.67 (s,
3H), 4.31 (s, 1H), 6.76 (d, J¼8.7 Hz, 2H), 6.99–7.29 (m,
5H), 7.79 (d, J¼7.6 Hz, 1H); 13C NMR, d (ppm): 20.04,
25.03, 26.50, 53.64, 55.23, 71.37, 113.76, 126.31, 127.16,
129.92, 130.61, 134.43, 135.80, 142.17, 158.48; MS, m/z
(relative intensity): 296 (5), 295 (20), 212 (14), 211 (100),
210 (74), 209 (17), 204 (16), 196 (21), 195 (6), 188 (5),
187 (7), 181 (11), 180 (13), 179 (47), 166 (5), 165 (13),
153 (8), 152 (7), 105 (13); HRMS calcd for C20H26NO
[M+H]+: 296.2014, found: 296.2012.

4.6.34. 1-((4-Methoxyphenyl)(4-(methylthio)phenyl)-
methyl)piperidine (3o)*. Pale yellow solid, mp: 72 �C;
1H NMR, d (ppm): 1.30–1.60 (m, 6H), 2.20–2.35 (m, 4H),
2.37 (s, 3H), 3.69 (s, 3H), 4.14 (s, 1H), 6.78 (d, J¼8.7 Hz,
2H), 7.10–7.32 (m, 6H); 13C NMR, d (ppm): 15.82, 24.67,
26.21, 52.96, 55.03, 75.31, 113.64, 126.71, 128.27,
128.86, 135.05, 136.14, 140.63, 158.32; MS, m/z (relative
intensity): 327 (7), 245 (6), 244 (17), 243 (100), 196 (11),
195 (6), 181 (6), 153 (7), 152 (6); HRMS calcd for
C20H26NOS [M+H]+: 328.1735, found: 328.1749.

4.6.35. 1-((3-Methoxyphenyl)(4-(methoxy)phenyl)-
methyl)piperidine (3p)*. Pale yellow viscous oil;
1H NMR, d (ppm): 1.39–1.53 (m, 6H), 2.27–2.30 (m, 4H),
3.67 (s, 3H), 3.71 (s, 3H), 4.13 (s, 1H), 6.64–6.69 (m, 1H),
6.77 (AB, J¼8.7 Hz, 2H), 6.94–6.98 (m, 2H), 7.14 (t,
J¼7.8 Hz, 1H), 7.28 (AB, J¼8.7 Hz, 2H); 13C NMR,
d (ppm): 24.76, 26.30, 49.86, 53.10, 55.00, 75.93, 111.61,
113.47, 113.64, 120.25, 128.91, 129.11, 135.17, 145.56,
158.40, 159.62; MS, m/z (relative intensity): 311 (9), 229 (5),
228 (38), 227 (100), 212 (12), 204 (22), 197 (10), 196 (15),
195 (11), 181 (6), 169 (7), 141 (5), 121 (5), 84 (16); HRMS
calcd for C20H26NO2 [M+H]+: 312.1964, found: 312.1957.

4.6.36. 1-((4-Methoxyphenyl)(thiophen-2-yl)methyl)-
piperidine (3q)*. Pale yellow solid, mp: 60 �C; 1H NMR,
d (ppm): 1.36–1.60 (m, 6H), 2.33–2.38 (m, 4H), 3.71 (s, 3H),
4.60 (s, 1H), 6.80–6.86 (m, 4H), 7.12–7.15 (m, 1H), 7.28–
7.33 (m, 2H); 13C NMR, d (ppm): 24.66, 26.28, 52.40, 55.17,
70.65, 113.54, 124.65, 124.92, 126.19, 129.55, 133.12,
148.19, 158.72; MS, m/z (relative intensity): 287 (7), 205 (6),
204 (21), 203 (100), 172 (5), 171 (6), 160 (7); HRMS calcd
for C17H22NOS [M+H]+: 288.1422 found: 288.1435.

4.6.37. 1-((4-Methoxyphenyl)(thiophen-3-yl)methyl)-
piperidine (3r)*. Pale brown solid, mp: 67 �C; 1H NMR,
d (ppm): 1.38–1.54 (m, 6H), 2.30 (br s, 4H), 3.73 (s, 3H),
4.38 (s, 1H), 6.81 (d, J¼8.4 Hz, 2H), 7.02–7.29 (m, 5H);
13C NMR, d (ppm): 24.59, 26.21, 52.51, 55.02, 70.84,
113.43, 121.35, 125.24, 127.44, 129.17, 134.07, 144.26,
158.32; MS, m/z (relative intensity): 287 (11), 205 (7), 204
(24), 203 (100), 172 (6), 171 (6), 160 (5), 159 (6), 84 (5);
HRMS calcd for C17H22NOS [M+H]+: 288.1422, found:
288.1433.

4.6.38. 1-(Furan-3-yl(4-methoxyphenyl)methyl)piperi-
dine (3s)*. Pale yellow solid, mp: 60 �C; 1H NMR,
d (ppm): 1.36–1.59 (m, 6H), 2.29–2.34 (m, 4H), 3.74 (s,
3H), 4.30 (s, 1H), 6.34 (s, 1H), 6.82 (d, J¼8.7 Hz, 2H),
7.24–7.31 (m, 4H); 13C NMR, d (ppm): 24.65, 26.28,
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52.15, 55.05, 66.23, 110.42, 113.45, 126.74, 129.15, 133.72,
140.09, 142.75, 158.48; MS, m/z (relative intensity): 271
(17), 242 (7), 188 (18), 187 (100), 159 (9), 144 (19), 115
(8); HRMS calcd for C17H22NO2 [M+H]+: 272.1651, found:
272.1656.

4.6.39. 3-((4-Methoxyphenyl)(piperidin-1-yl)methyl)pyr-
idine (3t)*. Pale yellow solid, mp: 60 �C; 1H NMR, d (ppm):
1.40–1.60 (m, 6H), 2.30 (br s, 4H), 3.71 (s, 3H), 4.25 (s, 1H),
6.81 (AB, J¼8.7 Hz, 2H), 7.15 (dd, J¼7.9, 4.8 Hz, 1H), 7.26
(AB, J¼8.7 Hz, 2H), 7.69 (dt, J¼7.9, 1.8 Hz, 1H), 8.40 (dd,
J¼4.8, 1.5 Hz, 1H), 8.63 (d, J¼1.9 Hz, 1H); 13C NMR,
d (ppm): 24.33, 25.90, 52.68, 54.89, 73.15, 113.68, 123.13,
128.82, 133.65, 135.06, 138.63, 147.90, 149.40, 158.43;
MS, m/z (relative intensity): 282 (13), 204 (32), 199 (21),
198 (100), 183 (17), 167 (15), 155 (17), 154 (17); HRMS
calcd for C18H23N2O [M+H]+: 283.1810, found: 283.1815.

4.6.40. 4-((4-Methoxyphenyl)(piperidin-1-yl)methyl)pyr-
idine (3u)*. Pale yellow solid, mp: 70 �C; 1H NMR,
d (ppm): 1.39–1.54 (m, 6H), 2.09–2.28 (m, 4H), 3.70 (s,
3H), 4.18 (s, 1H), 6.80 (AB, J¼8.6 Hz, 2H), 7.23 (AB,
J¼8.6 Hz, 2H), 7.33 (d, J¼6.0 Hz, 2H), 8.47 (d, J¼6.0 Hz,
2H); 13C NMR, d (ppm): 24.36, 25.96, 52.64, 54.88,
74.69, 113.67, 122.72, 129.03, 132.84, 149.59, 152.52,
158.61; MS, m/z (relative intensity): 282 (23), 205 (14),
204 (100), 199 (29), 198 (85), 184 (5), 183 (19), 175 (5),
167 (24), 155 (16), 154 (15), 121 (8); HRMS calcd for
C18H23N2O [M+H]+: 283.1810, found: 283.1804.
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Abstract—The total synthesis of a marine cytotoxic cyclic depsipeptide obyanamide is reported. The synthesis has led to a reassignment of
the C-3 configuration in b-amino acid residue. And this revision is also supported by biological test.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Marine cyanobacteria are well known to be a rich source of
bioactive peptides and depsipeptides,1 many of which are
commonly synthetic focus in the quest for new leads in phar-
maceutical field. Structurally these molecules can be cyclic,
contain modified amino acid units and polyketide portions,
or be any combination thereof.

Obyanamide (1, Fig. 1) is a cyclic depsipeptide that was iso-
lated from the marine cyanobacterium Lyngbya confer-
voides by Moore and co-workers.2 Some other structural
analogues (Fig. 1) have also been isolated, namely guine-
amides A and B3 and ulongamides A–E.4 The structures of
obyanamide and its congeners were determined by a combi-
nation of NMR spectroscopy, MS, and chemical degradation.
Structurally these compounds consist of similar five sub-
units: b-amino acid residues, Ala (Thz) units, two N-methyl-
ated a-amino acids (including aromatic amino acids,
commonly Phe or Tyr), and a-hydroxy acids. Through
in vitro studies on cytotoxicity against several tumor cells,
all these compounds above were found to have low to moder-
ate activities. Structure–activity relationship (SAR) studies
on these compounds might help to find out more efficient
agents. So we decided to explore an efficient synthesis of
obyanamide and its analogues. Previous studies5 suggested
that the structure of the natural obyanamide should be
revised. And now, we would like to amend its stereochemis-
try at C-3 position.

Keywords: Total synthesis; Cyclic depsipeptide; Obyanamide; Stereochem-
istry revision.
* Corresponding author. Tel.: +86 53282032150; fax: +86 53282033054;

e-mail: liyx417@ouc.edu.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.002
2. Results and discussion

Our retrosynthetic analysis of 1 is displayed as Scheme 1.
The route required, therefore, the preparation of two pro-
tected fragments before macrocyclization.

The starting material (S)-2-aminobutyric acid 5 (Scheme 2)
was first converted to diazoketone via protection of amino
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group with tert-butyloxycarbonyl (Boc), activation of car-
bonyl group with ethyl chloroformate, and treatment with
diazomethane. Then this intermediate was directly subjected
to Wolff’s rearrangement in absolute methanol. Thus, the
desired b-amino acid moiety 7 was obtained in three steps
in a satisfied yield.6 Removal of the Boc protection of 7
with trifluoroacetic acid (TFA) and coupling with the free
acid from 47 gave dipeptide 2 in 98% yield.

In order to construct fragment 3 (Scheme 3), two N-methyl-
ated amino acid units, Cbz-MePhe-OH and Cbz-MeVal-OH,
were prepared with McDermott’s method.8 After protection
of the carboxylic acid of Cbz-MePhe-OH with tert-butyl
(tBu) group,9 the two units were coupled. 1-(3-Dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and the efficient additive 1-hydroxy-7-azabenzotriazole
(HOAt) were used as coupling reagents to form the hindered
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peptide. And this reaction gave moderate to high yield.
However, incorporation of (S)-lactic acid with the amine
H-MeVal-MePhe-OtBu from 8 in the presence of EDC–
HOAt or 2-bromo-1-ethyl pyridinium tetrafluoroborate
(BEP)10 gave complex products. This might result from
the nucleophilic competition between the amine and the
a-hydroxyl group of the acid. Thus, the hydroxy acid was
first treated with BnBr and sodium metal in liquid ammo-
nia,11 to give the corresponding (S)-2-benzyloxy lactic
acid 9, which was then used in the following coupling step
instead of lactic acid, giving satisfied result. Removal of
the benzyl group gave fragment 3 in 98% yield.

With two fragments in hand, we could now progress to the
cyclic depsipeptide (Scheme 4). However, coupling of the
alcohol 3 with the free acid from dipeptide 2 using EDC
and 4-(dimethylamino) pyridine (DMAP) as coupling
reagents in CH2Cl2 gave low yield, probably due to steric
limitations. Thus, Yamaguchi’s procedure12 was adopted
and worked well to produce the linear pentapeptide 11 in
94% yield. Treatment of 11 with TFA in CH2Cl2 and finally
cyclization gave compound 1 in 59% yield over two steps.
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94%; (c) TFA; (d) HATU, DIPEA, THF, 59% for two steps.

To our surprise, the analytical data of 1 were inconsistent
with those published for natural product, with some differ-
ences in both the 1H and 13C NMR spectra. What is more,
the value and sign of optical rotation of the synthetic sample
were also quite different from that of the natural product
{[a]D

28 �96.3 (c 0.06, MeOH) while lit.2 [a]D
27 +20 (c 0.04,

MeOH)}. We were confident that the structure of the syn-
thetic obyanamide is correct; we therefore turned our
thoughts to the source of stereochemical assignment. All
the compounds in Figure 1 are isolated from the species
Lyngbya, and all of the amino groups in b-amino acid resi-
dues are R configuration except for compound 1. So we doubt
the correctness of stereochemistry at this position. To this
end, we synthesized Boc-(R)-Apa-OMe following the same
synthesis as for 7, but starting with (R)-2-aminobutyric
acid. This was readily achieved, and Boc-(R)-Apa-OMe
was incorporated into the synthesis as previously performed
to afford 1a with no adverse consequences (Scheme 5). To
our glad, it was indeed found that the data for the newly syn-
thesized compound 1a was an excellent match for the litera-
ture data on obyanamide (Fig. 2). Notably, the consequence
of chemical shifts of five protons connecting to the chiral
carbon atoms of 1a (dH-3<dH-10<dH-23<dH-29<dH-13)
was consistent with the natural product, while that of com-
pound 1 (dH-3<dH-23<dH-13<dH-10<dH-29) was not.
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Figure 2. Differences in 13C NMR shifts between natural obyanamide, compound 1 (left), and compound 1a (right).
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Scheme 5. Synthesis of compound 1a.

Both of the two synthetic cyclic depsipeptides were sub-
jected to biological test on several cancer cell lines. At a
concentration of 10 mM, compound 1 showed no inhibition
of KB, LoVo, HL-60, P388, A-549, or BEL-7402. While
1a exhibited moderate cytotoxicity against KB, HL-60,
and LoVo cells with IC50 values of 6.7, 6.8, and 19.0 mM,
respectively.13

3. Conclusion

The marine cytotoxic cyclic depsipeptide obyanamide has
been synthesized. As a result, the configuration at C-3 posi-
tion has been amended as R.

4. Experimental

4.1. General information

Solvents were purified by standard methods. TLC was car-
ried out on Merck 60 F254 silica gel plates and visualized
by UV irradiation or by staining with iodine absorbed on
silica gel, ninhydrin solution, or with aqueous acidic ammo-
nium molybdate solution as appropriate. Flash column chro-
matography was performed on silica gel (200–300 mesh,
Qingdao, China). Optical rotations were obtained using a
JASCO P-1020 digital polarimeter. NMR spectra were
recorded on JEOL JNM-ECP 600 MHz spectrometers.
Chemical shifts are reported in parts per million (ppm), rel-
ative to the signals due to the solvent. Data are described
as the followings: chemical shift, multiplicity (s¼singlet,
d¼doublet, t¼triplet, q¼quartet, br¼broad, m¼multiplet),
coupling constants (Hz), integration, and assignment. Mass
spectra were obtained on a Q-Tof Ultima Global mass
spectrometer.
4.1.1. Synthesis of compound 1.
4.1.1.1. (S)-2-tert-Butoxycarbonylaminobutyric acid

(6). To a solution of (S)-2-aminobutyric acid 5 (1.55 g,
15.0 mmol) in 15 mL of 1 M NaOH and 10 mL MeOH
was added (Boc)2O (4.14 mL, 18.0 mmol) at 0 �C. The reac-
tion mixture was warmed to room temperature and stirred for
12 h. After most of the methanol was evaporated, the solu-
tion was acidified to pH 2 with 1 M HCl and extracted
with EtOAc (3�50 mL). The organic extracts were com-
bined and washed with brine (2�10 mL). Evaporation of
the solvent gave the title compound (2.77 g, 91%) as an
oil: Rf¼0.43 (n-hexane–EtOAc–HOAc¼10:10:1); [a]D

29

�15.2 (c 1.0, MeOH); 1H NMR (DMSO-d6) d 0.91
(t, J¼7.3 Hz, 3H, H-4), 1.42 (s, 9H, tBu), 1.56–1.64 (m,
1H, H-3a), 1.68–1.75 (m, 1H, H-3b), 3.81–3.84 (m, 1H,
H-2), 7.09 (d, J¼8.0 Hz, 1H, NH), 12.46 (s, 1H, CO2H);
HRESIMS calcd for C9H17NO4Na [M+Na]+ 226.1055,
found 226.1046.

4.1.1.2. (S)-Methyl 3-(tert-butoxycarbonylamino)-
pentanoate (7). Compound 6 (732 mg, 3.6 mmol) was
dissolved in dry THF (20 mL) and cooled to �20 �C under
argon. After addition of Et3N (510 mL, 3.6 mmol) and
ClCO2Et (345 mL, 3.6 mmol), the mixture was stirred
for 20 min at that temperature. Avery carefully dried, cooled
etheral solution of CH2N2 (obtained from 1.55 g, 15.0 mmol
of N-methyl-N-nitrosourea) was added. Stirring was contin-
ued for 4 h as the mixture was allowed to warm to room tem-
perature. Excess CH2N2 was destroyed by the addition of
a few drops of HOAc. The mixture was then diluted with
Et2O and washed with saturated NaHCO3 and brine. The
organic phase was dried over Na2SO4 and concentrated
in vacuo. The residue was purified by silica gel column chro-
matography (EtOAc–petroleum ether¼1:5 to 1:3) to give the
diazoketone, which was dried under high vacuum for 4 h and
then dissolved in dry methanol (20 mL). After addition of
Et3N (1.5 mL, 10.7 mmol) and AgOAc (66 mg, 0.4 mmol)
at �20 �C, the resulting mixture was allowed to warm to
room temperature and stirred for 3 h. The mixture was
then filtered through a pad of Celite and the resulting filtrate
was evaporated in vacuo. The residue was dissolved in
EtOAc and washed with saturated NaHCO3 solution and
brine, dried (Na2SO4), and evaporated to leave an oil. The
oil was purified by silica gel chromatography using EtOAc–
petroleum ether (1:9 to 1:6) as eluent to give the ester
7 (511 mg, 61% over two steps) as a white solid: Rf¼
0.39 (EtOAc–petroleum ether¼1:3); [a]D

20 �16.8 (c 1.0,
MeOH); 1H NMR (CDCl3) d 0.93 (t, J¼7.7 Hz, 3H, H-5),
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1.44 (s, 9H, tBu), 1.52–1.56 (m, 2H, H-4), 2.48–2.55 (m, 2H,
H-2), 3.68 (s, 3H, CO2CH3), 3.83–3.84 (m, 1H, H-3), 4.90 (br,
1H, NH); 13C NMR (CDCl3) d 10.6 (C-5), 27.6 (C-4), 28.3
((CH3)3COC]O), 38.8 (C-2), 49.0 (C-3), 51.6 (CO2CH3),
79.2 ((CH3)3COC]O), 155.4 ((CH3)3COC]O), 172.2
(C-1); HRESIMS calcd for C11H21NO4Na [M+Na]+

254.1368, found 254.1364.

4.1.1.3. Boc-Ala(Thz)-(S)-Apa-OMe (2). LiOH mono-
hydrate (126 mg, 3.0 mmol) was added to a solution of ester
47 (451 mg, 1.5 mmol) in THF–MeOH–H2O (4 mL/2 mL/
1 mL) at 0 �C. The reaction mixture was warmed to room
temperature and stirred for 2 h. After most of the solvent
was evaporated, the solution was acidified to pH 2 with
1 M HCl and extracted with EtOAc (3�20 mL). The organic
extracts were combined and washed with brine (2�5 mL).
Evaporation of the solvent gave the corresponding acid,
which was used directly in the next step.

TFA (3 mL) was added to a solution of 7 (347 mg, 1.5 mmol)
in 3 mL CH2Cl2 at 0 �C. The reaction mixture was warmed
to room temperature and stirred for 2 h. The solvent was
evaporated and the residual oil was dissolved twice in
CH2Cl2 (3 mL) with evaporation each time to give TFA
salt, which was used directly in the next step.

EDC (288 mg, 1.5 mmol) was added to a suspension of the
carboxylic acid, the TFA salt, and HOAt (204 mg,
1.5 mmol) in CH2Cl2 (5 mL) at 0 �C followed by DIPEA
(524 mL, 3.0 mmol). The reaction mixture was warmed to
room temperature and stirred overnight. After diluted with
EtOAc (80 mL), the whole mixture was washed with 10%
citric acid (3�10 mL), 5% NaHCO3 (3�10 mL), and brine
(3�10 mL), dried (Na2SO4), and concentrated in vacuo.
The residue was purified by column chromatography
(EtOAc–petroleum ether¼1:4 to 1:2) to give dipeptide 2
(566 mg, 98%) as a colorless oil: Rf¼0.30 (EtOAc–petrol-
eum¼1:1); [a]D

29 �21.3 (c 0.41, MeOH); 1H NMR (CDCl3)
d 0.98 (t, J¼7.3 Hz, 3H, H-5), 1.47 (s, 9H, tBu), 1.61 (d,
J¼6.5 Hz, 3H, H-11), 1.67–1.72 (m, 2H, H-4), 2.64 (dd,
J¼15.6, 5.4 Hz, 1H, H-2a), 2.66 (dd, J¼15.6, 5.4 Hz, 1H,
H-2b), 3.70 (s, 3H, CO2CH3), 4.32–4.38 (m, 1H, H-3),
5.06–5.08 (m, 1H, H-10), 5.13 (br, 1H, NH), 7.63 (d,
J¼9.2 Hz, 1H, NH), 8.00 (s, 1H, H-8); 13C NMR (CDCl3)
d 10.7 (C-5), 21.6 (C-11), 27.3 (C-4), 28.3 ((CH3)3COC]O),
38.5 (C-2), 47.6 (C-3), 48.7 (C-10), 51.7 (CO2CH3), 80.2
((CH3)3COC]O), 123.0 (C-8), 150.0 (C-7), 155.0, 160.6,
171.9 and 174.0 (4 quat. C); HRESIMS calcd for
C17H27N3O5SNa [M+Na]+ 408.1569, found 408.1581.

4.1.1.4. Cbz-MePhe-OtBu. To a solution of Cbz-MePhe-
OH8 (1.57 g, 5.0 mmol) and tBuOH (7.41 g, 100.0 mmol) in
CH2Cl2 (25 mL) were added EDC (1.44 g, 7.5 mmol) and
DMAP (307 mg, 2.5 mmol) at 0 �C. The reaction mixture
was warmed to room temperature and stirred overnight.
The solvent was evaporated and the residue was dissolved
in EtOAc (200 mL) and washed with 10% citric acid (3�
20 mL), 5% NaHCO3 (3�20 mL), and brine (3�20 mL).
The organic layer was dried over Na2SO4 and concentrated.
The residue was purified by column chromatography
(EtOAc–petroleum¼1:12 to 1:8) to give the title compound
(1.57 g, 85%) as a colorless oil: Rf¼0.40 (EtOAc–petroleum
ether¼1:4); [a]D

20 �73.0 (c 0.2, MeOH); 1H NMR (CDCl3,
one rotamer of two) d 1.42 (s, 9H, tBu), 2.80 (s, 3H, N-
CH3), 2.95 (dd, J¼14.5, 11.2 Hz, 1H, H-3a), 3.24 (dd,
J¼14.7, 5.0 Hz, 1H, H-3b), 4.74 (dd, J¼10.6, 5.0 Hz, 1H,
H-2), 4.95–5.11 (m, overlapped, 2H, C6H5CH2OC]O),
7.11–7.33 (m, 10H, Ar H); HRESIMS calcd for
C22H27NO4Na [M+Na]+ 392.1838, found 392.1835.

4.1.1.5. Cbz-MeVal-MePhe-OtBu (8). Palladium on
charcoal (75 mg, 10 wt %) was added to a solution of Cbz-
MePhe-OtBu (739 mg, 2.0 mmol) in EtOAc (10 mL). The
reaction mixture was purged with hydrogen three times
and stirred for 2 h at room temperature. The suspension
was filtered through a pad of Celite, washed with EtOAc
(3�5 mL), and concentrated in vacuo. The amine was dried
under high vacuum for 4 h and used directly in the next step.

DIPEA (542 mL, 3.0 mmol) and EDC (460 mg, 2.4 mmol)
were added successively to a suspension of Cbz-MeVal-
OH (531 mg, 2.0 mmol), amine, and HOAt (327 mg,
2.4 mmol) in CH2Cl2 (10 mL) at 0 �C. The reaction mixture
was allowed to stir at that temperature for 2 h and at room
temperature for another 18 h. After diluted with EtOAc
(50 mL), the whole mixture was washed with 10% citric
acid (3�5 mL), 5% NaHCO3 (3�5 mL), and brine (3�
5 mL), dried (Na2SO4), and concentrated in vacuo. The
residue was purified by column chromatography (EtOAc–
petroleum ether¼1:6 to 1:4) to give dipeptide 8 as a colorless
oil (750 mg, 78%): Rf¼0.35 (EtOAc–petroleum ether¼1:3);
[a]D

29 �102.3 (c 1.0, MeOH); 1H NMR (CDCl3, one main
rotamer of four) d 0.79 (d, J¼7.0 Hz, 3H, H-14), 0.89 (d,
J¼6.6 Hz, 3H, H-15), 1.45 (s, 9H, tBu), 2.09–2.12 (m, 1H,
H-13), 2.86 (s, 3H, N-CH3), 2.91 (s, 3H, N-CH3), 3.30 (dd,
J¼10.3, 4.7 Hz, 1H, H-3a), 3.34 (dd, J¼10.9, 5.1 Hz, 1H,
H-3b), 4.58 (d, J¼10.7 Hz, 1H, H-12), 5.00–5.41 (d and
dd like, overlapped, 3H, H-2 and C6H5CH2OC]O), 7.03–
7.51 (m, 10H, Ar H); 13C NMR (CDCl3, one main rotamer
of four) d 17.6 (C-14), 19.4 (C-15), 26.3 (C-13), 27.9
(C(CH3)3), 28.6 (N-CH3), 29.5 (N-CH3), 34.3 (C-3), 58.3
(C-2), 60.0 (C-12), 67.1 (C6H5CH2OC]O), 81.7
(C(CH3)3), 126.4, 126.9, 128.4, 128.9, 129.1 and 129.3
(Ar CH), 136.8 and 137.1 (Ar C), 156.6, 169.8 and 170.3
(C]O �3); HRESIMS calcd for C28H38N2O5Na [M+Na]+

505.2678, found 505.2695.

4.1.1.6. BnO-Lac-OH (9). Freshly cut sodium metal
(575 mg, 25.0 mmol) was added to anhydrous ammonia
(60 mL) at �70 �C, and 10 min later (S)-lactic acid
(900 mg, 10.0 mmol) was added with vigorous stirring
under argon. To the mixture was added BnBr (2.4 mL,
20.0 mmol) after another 10 min. The turbid solution was
stirred for 1 h at �50 �C. The ammonia was then removed
by slow evaporation. The residue was dissolved in distilled
water (50 mL) and the solution was extracted with Et2O (3�
10 mL). The aqueous phase was chilled and acidified to pH 2
with 2 M HCl, and extracted with EtOAc (5�20 mL). The
combined organic layers were washed with brine (2�
10 mL), dried (Na2SO4), and concentrated in vacuo. The
residue was purified by column chromatography (CHCl3–
MeOH¼60:1 to 30:1) followed by recrystallization from
n-hexane to give the acid (609 mg, 34%) as a colorless solid:
Rf¼0.40 (CHCl3–MeOH¼10:1); [a]D

26 �74.2 (c 4.6, C6H6)
{lit.14 [a]D

25 �53 (c 4.6, C6H6)}; 1H NMR (DMSO-d6)
d 1.32 (d, J¼6.9 Hz, 3H, H-3), 4.00 (q, J¼6.9 Hz, 1H,
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H-2), 4.41 (d, J¼11.9 Hz, 1H, C6H5CHaHb), 4.59 (d,
J¼11.9 Hz, 1H, C6H5CHaHb), 7.29–7.35 (m, 5H, Ar H),
12.72 (s, 1H, CO2H); 13C NMR (DMSO-d6) d 18.5 (C-3),
70.8 (C6H5CH2), 73.4 (C-2), 127.5, 127.6, 128.2 (Ar CH),
138.1 (Ar C), 174.2 (CO2H); HRESIMS calcd for
C10H12O3Na [M+Na]+ 203.0684, found 203.0692.

4.1.1.7. BnO-Lac-MeVal-MePhe-OtBu (10). To a solu-
tion of Cbz-MeVal-MePhe-OtBu 8 (965 mg, 2.0 mmol)
in EtOAc (10 mL) was added palladium on charcoal
(100 mg, 10 wt %). The reaction mixture was purged with
hydrogen three times and stirred for 2 h at room temperature.
The suspension was filtered through a pad of Celite, washed
with EtOAc (3�5 mL), and concentrated in vacuo. The
amine was dried under high vacuum for 4 h and used directly
in the next step.

DIPEA (542 mL, 3.0 mmol) and EDC (460 mg, 2.4 mmol)
were added successively to a suspension of BnO-Lac-OH
9 (531 mg, 2.0 mmol), amine, and HOAt (327 mg,
2.4 mmol) in CH2Cl2 (10 mL) at 0 �C. The reaction mixture
was allowed to stir at that temperature for 2 h and at room
temperature for another 12 h. After diluted with EtOAc
(50 mL), the whole mixture was washed with 10% citric
acid (3�5 mL), 5% NaHCO3 (3�5 mL), and brine
(3�5 mL), dried (Na2SO4), and concentrated in vacuo.
The residue was purified by column chromatography
(EtOAc–petroleum ether¼1:5 to 1:2) to give 10 as a colorless
oil (950 mg, 93%): Rf¼0.52 (EtOAc–petroleum ether¼1:1);
[a]D

20 �124.6 (c 1.0, MeOH); 1H NMR (CDCl3, one main
rotamer of four) d 0.81 (d, J¼6.4 Hz, 3H, H-14), 0.94 (d,
J¼6.4 Hz, 3H, H-15), 1.21 (d, J¼6.4 Hz, 3H, H-19), 1.46
(s, 9H, tBu), 2.18–2.28 (m, 1H, H-13), 2.39 (s, 3H, N-
CH3), 2.85 (s, 3H, N-CH3), 2.93–2.95 (dd like, overlapped,
1H, H-3a), 3.36 (dd, J¼14.6, 4.1 Hz, 1H, H-3b), 4.15 (q, J¼
6.4 Hz, 1H, H-18), 4.25 (d, J¼11.4 Hz, 1H, C6H5CHaHbO),
4.54 (d, J¼11.9 Hz, 1H, C6H5CHaHbO), 5.09 (d, J¼10.5 Hz,
1H, H-12), 5.47 (dd, J¼11.4, 4.1 Hz, 1H, H-2), 7.16–7.32
(m, 10H, Ar H); 13C NMR (CDCl3, one main rotamer of
four) d 17.5 (C-19), 18.0 (C-14), 19.6 (C-15), 26.6 (C-13),
28.0 (C(CH3)3), 29.1 (N-CH3), 31.8 (N-CH3), 34.3 (C-3),
58.0 (C-2), 58.3 (C-12), 70.7 (C6H5CH2O), 72.1 (C-18),
81.9 (C(CH3)3), 126.5, 126.9, 127.9, 128.4, 128.8 and
129.5 (Ar CH), 137.2 and 137.6 (Ar C), 169.7, 170.1 and
171.8 (C]O �3); HRESIMS calcd for C30H42N2O5Na
[M+Na]+ 533.2991, found 533.2974.

4.1.1.8. HO-Lac-MeVal-MePhe-OtBu (3). Palladium on
charcoal (75 mg, 10 wt %) was added to a solution of BnO-
Lac-MeVal-MePhe-OtBu 10 (709 mg, 1.4 mmol) in EtOAc
(10 mL). The reaction mixture was purged with hydrogen
three times and stirred for 3 h at room temperature. The sus-
pension was filtered through a pad of Celite, washed with
EtOAc (3�5 mL), and concentrated in vacuo to give the
alcohol 3 (572 mg, 98%) as a wax solid: Rf¼0.39 (EtOAc–
petroleum ether¼1:1); [a]D

20 �103.8 (c 1.0, MeOH); 1H
NMR (CDCl3) d 0.75 (d, J¼6.8 Hz, 3H, H-14), 0.94 (d,
J¼6.8 Hz, 3H, H-15), 1.05 (d, J¼6.4 Hz, 3H, H-19), 1.47
(s, 9H, tBu), 2.27–2.31 (m, 1H, H-13), 2.33 (s, 3H, N-
CH3), 2.79 (s, 3H, N-CH3), 2.93 (dd, J¼15.1, 12.4 Hz, 1H,
H-3a), 3.39 (dd, J¼15.1, 4.6 Hz, 1H, H-3b), 3.63 (br, 1H,
Lac OH), 4.27–4.31 (m, 1H, H-18), 4.99 (d, J¼10.5 Hz,
1H, H-12), 5.52 (dd, J¼12.4, 4.6 Hz, 1H, H-2), 7.16–7.33
(m, 5H, Ar H); 13C NMR (CDCl3) d 17.8 (C-14), 19.6
(C-15), 20.9 (C-19), 27.9 (C(CH3)3), 29.0 (C-13), 29.5 (N-
CH3), 31.4 (N-CH3), 34.2 (C-3), 57.8 (C-2), 59.0 (C-12),
64.3 (C-18), 82.0 (C(CH3)3), 126.6 (C-7), 128.8 and 129.4
(C-5, C-6, C-8, and C-9), 137.1 (C-4), 169.5, 169.6 and
175.3 (C]O �3); HRESIMS calcd for C23H36N2O5Na
[M+Na]+ 443.2522, found 443.2520.

4.1.1.9. Pentapeptide (11). LiOH monohydrate (21 mg,
0.50 mmol) was added to a solution of ester 2 (88 mg,
0.23 mmol) in THF–MeOH–H2O (1 mL/0.5 mL/0.3 mL) at
0 �C. The reaction mixture was warmed to room temperature
and stirred for 2 h. After most of the solvent was evaporated,
the solution was acidified to pH 2 with 1 M HCl and
extracted with EtOAc (3�5 mL). The organic extracts were
combined and washed with brine (2�2 mL). Evaporation
of the solvent gave the corresponding acid, which was dried
under high vacuum for 4 h and then dissolved in 2 mL dry
THF followed by addition of DIPEA (156 mL, 0.89 mmol)
and 2,4,6-trichlorobenzoyl chloride (105 mL, 0.67 mmol).
The reaction mixture was allowed to stir at room temperature
for 3 h before it was concentrated to dryness under argon.
The residue was dissolved in dry toluene (3 mL), and alcohol
3 (84 mg, 0.20 mmol) and DMAP (110 mg) were added. The
mixture was stirred for 3 h at room temperature, diluted with
EtOAc (20 mL), and washed with 10% citric acid (3�2 mL),
5% NaHCO3 (3�2 mL), and brine (3�2 mL). The organic
layer was dried (Na2SO4) and concentrated in vacuo. The
residue was purified by column chromatography (EtOAc–
petroleum¼1:5 to 1:2) to give the pentapeptide 11 as a
white foam (146 mg, 94%): Rf¼0.31 (EtOAc–petroleum
ether¼2:1); [a]D

20 �87.4 (c 0.1, MeOH); 1H NMR (CDCl3,
one main rotamer) d 0.49 (d, J¼6.4 Hz, 3H, H-14), 0.72
(d, J¼6.9 Hz, 3H, H-15), 0.94–0.98 (t like, overlapped,
3H, H-24), 1.41 (d, J¼6.8 Hz, 3H, H-19), 1.45 (s, 9H,
tBu), 1.46 (s, 9H, Boc), 1.59 (d, J¼6.9 Hz, 3H, H-30),
1.62–1.70 (m, 2H, H-23), 2.14–2.26 (m, 1H, H-13), 2.64–
2.70 (dd and dd like, overlapped, 2H, H-21a and H-21b),
2.82 (s, 3H, N-CH3), 2.94 (s, 3H, N-CH3), 2.95–2.99 (dd
like, overlapped, 1H, H-3a), 3.35 (dd, J¼15.1, 5.0 Hz, 1H,
H-3b), 4.38–4.39 (m, 1H, H-22), 4.95 (d, J¼10.6 Hz, 1H,
H-12), 5.07 (q, J¼6.9 Hz, 1H, H-18), 5.27–5.30 (m, overlap-
ped, 2H, H-2 and H-29), 7.15–7.25 (m, 5H, Ar H), 7.58 (d,
J¼9.1 Hz, 1H, 22-NH), 8.00 (s, 1H, H-27); 13C NMR
(CDCl3, one main rotamer) d 10.6 (C-24), 16.4 (C-19),
17.7 (C-15), 19.0 (C-14), 21.5 (C-30), 27.2 (C-13), 27.3
(C-23), 28.0 ((CH3)3C), 28.3 ((CH3)3COC]O), 29.7 (N-
CH3), 32.2 (N-CH3), 34.3 (C-3), 38.4 (C-21), 47.5 (C-22),
48.7 (C-29), 58.2 (C-12), 58.8 (C-2), 67.3 (C-18), 81.7
((CH3)3C), 81.9 ((CH3)3COC]O), 123.0 (C-27), 126.6
(C-7), 128.4 and 128.6 (C-5, C-6, C-8, and C-9), 137.1
(C-4), 149.8 (C-26), 154.9, 160.6, 169.6, 170.0, 170.8 and
170.9 (quat. C); HRESIMS calcd for C39H59N5O9SNa
[M+Na]+ 796.3931, found 796.3948.

4.1.1.10. Obyanamide (1). To a solution of pentapeptide
11 (65.0 mg, 0.084 mmol) in CH2Cl2 (0.5 mL) was added
TFA (1 mL) at 0 �C. The reaction mixture was warmed to
room temperature and stirred for 4 h. Residual TFA was
removed by successive addition and evaporation of
CH2Cl2 (3�2 mL). The residue was dissolved in dry THF
(170 mL), and then HATU (160 mg, 0.42 mmol) and DIPEA
(117 mL, 0.67 mmol) were added successively. The resultant
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mixture was stirred for 3 days at room temperature and con-
centrated in vacuo. The residue was dissolved in EtOAc
(20 mL) and washed with 10% citric acid (3�2 mL), 5%
NaHCO3 (3�2 mL), and brine (3�2 mL). The organic layer
was dried (Na2SO4) and concentrated in vacuo. The residue
was purified by silica gel column (CHCl3–MeOH¼80:1 to
40:1) followed by Pharmadex LH-20 (CHCl3–MeOH¼1:1)
to give compound 1 (29.3 mg, 59%) as a colorless solid:
Rf¼0.46 (CHCl3–MeOH¼20:1); [a]D

28 �96.3 (c 0.06,
MeOH); 1H NMR (CDCl3) d 0.59 (d, J¼6.4 Hz, 3H, H-
25), 0.87 (d, J¼6.4 Hz, 3H, H-26), 1.01 (t, J¼7.4 Hz, 3H,
H-5), 1.45 (d, J¼6.4 Hz, 3H, H-11), 1.49 (d, J¼6.2 Hz,
3H, H-30), 1.69–1.76 (m, 1H, H-4a), 1.94–2.01 (m, 1H, H-
4b), 2.26–2.32 (m, 1H, H-24), 2.73 (dd, J¼16.5, 4.1 Hz,
1H, H-2a), 2.79–2.84 (m, overlapped, 2H, H-2b and H-
14a), 3.07 (s, 3H, H-21), 3.20 (s, 3H, H-27), 3.44 (dd,
J¼13.5, 8.7 Hz, 1H, H-14b), 4.09–4.14 (m, 1H, H-3), 5.02
(d, J¼10.5 Hz, 1H, H-23), 5.15 (dd, J¼8.7, 5.9 Hz, 1H,
H-13), 5.30–5.34 (m, 1H, H-10), 5.41 (q, J¼6.4 Hz, 1H,
H-29), 7.16 (t like, J¼7.3, 6.8 Hz, 1H, H-18), 7.18–7.24 (d
and dd like, overlapped, 4H, H-16, H-17, H-19, and H-20),
7.95 (s, 1H, H-8), 7.99 (d, J¼7.3 Hz, 1H, 10-NH), 8.81 (d,
J¼9.1 Hz, 1H, 3-NH); 13C NMR (CDCl3) d 11.4 (C-5),
16.3 (C-30), 18.8 (C-26), 18.9 (C-25), 23.4 (C-11), 27.6
(C-4), 27.7 (C-24), 29.0 (C-21), 30.1 (C-27), 36.5 (C-14),
37.8 (C-2), 46.6 (C-10), 47.9 (C-3), 57.3 (C-23), 61.0 (C-
13), 67.4 (C-29), 122.2 (C-8), 127.0 (C-18), 128.8 (C-16
and C-20), 129.4 (C-17 and C-19), 136.4 (C-15), 150.5
(C-7), 160.4 (C-6), 167.3 (C-12), 168.9 (C-9), 170.0 (C-1),
170.4 (C-22), 171.9 (C-28); HRESIMS calcd for
C30H42N5O6S [M+H]+ 600.2856, found 600.2848.

4.1.2. Synthesis of compound 1a.
4.1.2.1. (R)-2-tert-Butoxycarbonylaminobutyric acid.

Obtained from the (R)-2-aminobutyric acid according to
the preparation of 6. A colorless oil: Rf¼0.43 (n-hexane–
EtOAc–HOAc¼10:10:1); [a]D

29 +17.3 (c 1.02, MeOH); 1H
NMR (DMSO-d6) d 0.87 (t, J¼7.3 Hz, 3H, H-4), 1.38 (s,
9H, tBu), 1.52–1.59 (m, 1H, H-3a), 1.64–1.71 (m, 1H, H-
3b), 3.76–3.80 (m, 1H, H-2), 7.05 (d, J¼8.0 Hz, 1H, NH),
12.42 (s, 1H, CO2H); HRESIMS calcd for C9H17NO4Na
[M+Na]+ 226.1055, found 226.1049.

4.1.2.2. (R)-Methyl 3-(tert-butoxycarbonylamino)-
pentanoate. Obtained from the (R)-2-tert-butoxycarbonyl-
aminobutyric acid according to the preparation of 7. A
colorless solid: Rf¼0.38 (EtOAc–petroleum ether¼1:3);
[a]D

29 +17.4 (c 1.1, MeOH); 1H NMR (CDCl3) d 0.93 (t,
J¼7.3 Hz, 3H, H-5), 1.44 (s, 9H, tBu), 1.52–1.56 (m, 2H,
H-4), 2.48–2.55 (m, 2H, H-2), 3.68 (s, 3H, CO2CH3), 3.81–
3.86 (m, 1H, H-3), 4.91 (br, 1H, NH); 13C NMR (CDCl3)
d 10.6 (C-5), 27.5 (C-4), 28.3 ((CH3)3COC]O), 38.7
(C-2), 49.0 (C-3), 51.6 (CO2CH3), 79.2 ((CH3)3COC]O),
155.4 ((CH3)3COC]O), 172.2 (C-1); HRESIMS calcd for
C11H21NO4Na [M+Na]+ 254.1368, found 254.1357.

4.1.2.3. Boc-Ala(Thz)-(R)-Apa-OMe. Obtained from the
Boc-(R)-Apa-OMe and Boc-Ala(Thz)-OEt 4 according to
the preparation of 2. A colorless oil: Rf¼0.30 (EtOAc–petro-
leum ether¼1:1); [a]D

29 �24.5 (c 0.28, MeOH); 1H NMR
(CDCl3) d 0.98 (t, J¼7.3 Hz, 3H, H-5), 1.47 (s, 9H, tBu),
1.62 (d, J¼6.6 Hz, 3H, H-11), 1.67–1.73 (m, 2H, H-4),
2.64 (dd, J¼16.1, 5.9 Hz, 1H, H-2a), 2.67 (dd, J¼15.8,
5.5 Hz, 1H, H-2b), 3.70 (s, 3H, CO2CH3), 4.32–4.38 (m,
1H, H-3), 5.08 (br, 1H, H-10), 5.14 (br, 1H, NH), 7.64 (d,
J¼8.8 Hz, 1H, NH), 8.00 (s, 1H, H-8); 13C NMR (CDCl3)
d 10.7 (C-5), 21.6 (C-11), 27.3 (C-4), 28.3
((CH3)3COC]O), 38.4 (C-2), 47.5 (C-3), 48.7 (C-10),
51.7 (CO2CH3), 80.3 ((CH3)3COC]O), 123.0 (C-8),
149.9 (C-7), 155.0, 160.6, 171.9 and 174.0 (4 quat. C);
HRESIMS calcd for C17H27N3O5SNa [M+Na]+ 408.1569,
found 408.1586.

4.1.2.4. Linear pentapeptide Boc-Ala(Thz)-(R)-Apa-
Lac-MeVal-MePhe-OtBu. Obtained from Boc-Ala(Thz)-
(R)-Apa-OMe and compound 3 according to the preparation
of 11. A white foam: Rf¼0.11 (EtOAc–petroleum
ether¼3:2); [a]D

27 �96.6 (c 0.15, MeOH); 1H NMR
(CDCl3, one main rotamer) d 0.77 (d, J¼6.5 Hz, 3H, H-
14), 0.91 (d, J¼6.2 Hz, 3H, H-15), 0.95 (t, J¼7.4 Hz, 3H,
H-24), 1.15 (d, J¼6.6 Hz, 3H, H-19), 1.46 (s, 9H, tBu),
1.47 (s, 9H, Boc), 1.49 (d like, overlapped, 3H, H-30),
1.56–1.65 (m, 2H, H-23), 2.23–2.28 (m, 1H, H-13), 2.44
(s, 3H, N-CH3), 2.64–2.76 (dd and dd like, overlapped,
2H, H-21a and H-21b), 2.79 (s, 3H, N-CH3), 2.90–2.95
(m, 1H, H-3a), 3.38 (dd, J¼15.0, 4.4 Hz, 1H, H-3b), 4.33–
4.38 (m, 1H, H-22), 4.95 (d, J¼10.6 Hz, 1H, H-12), 5.05–
5.11 (m, overlapped, 2H, H-29 and H-18), 5.53 (dd,
J¼12.0, 4.0 Hz, 1H, H-2), 7.17–7.28 (m, 5H, Ar H), 7.82
(d, J¼8.8 Hz, 1H, 22-NH), 8.00 (s, 1H, H-27); 13C NMR
(CDCl3, one main rotamer) d 10.7 (C-24), 16.1 (C-19),
17.8 (C-15), 19.7 (C-14), 21.5 (C-30), 26.8 (C-13), 27.2
(C-23), 28.0 ((CH3)3C), 28.3 ((CH3)3COC]O), 29.2 (N-
CH3), 31.4 (N-CH3), 34.3 (C-3), 38.3 (C-21), 47.6 (C-22),
48.7 (C-29), 57.6 (C-12), 58.3 (C-2), 67.0 (C-18), 80.3
((CH3)3COC]O), 81.9 ((CH3)3COC]O), 122.9 (C-27),
126.6 (C-7), 128.4 and 128.8 (C-5, C-6, C-8, and C-9),
137.2 (C-4), 150.1 (C-26), 154.9, 160.6, 169.6, 170.0,
170.8 (quat. C); HRESIMS calcd for C39H59N5O9SNa
[M+Na]+ 796.3931, found 796.3962.

4.1.2.5. Cyclic depsipeptide (1a). The same preparation
as of compound 1. A colorless solid: Rf¼0.45 (CHCl3–
MeOH¼20:1); [a]D

27 +22.2 (c 0.07, MeOH); 1H NMR
(CDCl3) d 0.50 (d, J¼6.4 Hz, 3H, H-25), 0.86 (d,
J¼6.9 Hz, 3H, H-26), 1.07 (t, J¼7.3 Hz, 3H, H-5), 1.24 (d,
J¼6.8 Hz, 3H, H-30), 1.43 (d, J¼6.9 Hz, 3H, H-11), 1.61–
1.69 (m, 2H, H-4), 2.28–2.34 (m, 1H, H-24), 2.41 (dd,
J¼11.9, 2.8 Hz, 1H, H-2a), 2.79 (dd, J¼11.9, 5.0 Hz, 1H,
H-2b), 2.90 (dd, J¼13.7, 6.4 Hz, 1H, H-14a), 3.13 (s, 3H,
H-27), 3.14 (s, 3H, H-21), 3.28 (dd, J¼13.7, 8.2 Hz, 1H,
H-14b), 4.40–4.46 (m, 1H, H-3), 5.04–5.07 (m, overlapped,
1H, H-10), 5.07 (d, J¼10.1 Hz, 1H, H-23), 5.20 (q,
J¼6.8 Hz, 1H, H-29), 5.45 (t like, J¼8.2, 6.9 Hz, 1H, H-
13), 7.08 (t, J¼7.3 Hz, 1H, H-18), 7.17 (d, J¼7.8 Hz, 1H,
H-16 and H-20), 7.19–7.22 (dd like, 2H, H-17 and H-19),
7.94 (d, J¼6.0 Hz, 1H, 10-NH), 8.02 (s, 1H, H-8), 9.14 (d,
J¼10.1 Hz, 1H, 3-NH); 13C NMR (CDCl3) d 11.2 (C-5),
15.8 (C-30), 18.5 (C-25 and C-26), 24.1 (C-11), 25.9
(C-4), 27.4 (C-24), 29.0 (C-21), 29.8 (C-27), 37.0 (C-14),
38.8 (C-2), 47.3 (C-3), 48.0 (C-10), 57.8 (C-23), 60.7
(C-13), 67.5 (C-29), 123.1 (C-8), 127.0 (C-18), 128.7
(C-16 and C-20), 129.1 (C-17 and C-19), 136.3 (C-15),
148.6 (C-7), 160.4 (C-6), 168.0 (C-12), 169.5 (C-9), 169.9
(C-22), 170.3 (C-1), 172.9 (C-28); HRESIMS calcd for
C30H42N5O6S [M+H]+ 600.2856, found 600.2875.
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Abstract—Highly modular N,Y,Z,Y,N-ligands (Y¼N, O, S; Z¼N, NO, OH, OMe) have been prepared using bis(oxazoline) building blocks
either as nucleophiles or as electrophiles in coupling reactions with central aromatic units. This way, a great variety of pentadentate bis(oxazo-
line) ligands in diastereo- and enantiomerically pure form become readily available, which are useful for the construction of helical metal
complexes with predetermined chirality.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Modular ligand design allows for the facile tailoring of
properties of the corresponding metal complexes for a given
application. This concept has especially been utilized in
asymmetric catalysis for the fine-tuning of reactivity as
well as the geometric environment of a chiral catalyst.

One of the most successful ligand motifs for this purpose
over the last decades has been the oxazoline moiety.1 Since
their chiral information in most cases stems from readily
available enantiopure amino acids, oxazoline ligands with
broad stereochemical diversity are available. Beyond this
intrinsic modularity, many successful oxazoline-based
ligand systems have been developed with additional degrees
of structural variability.2–5 Generally, oxazoline ligands are
build up by coupling of an amino acid derivative—most
prominently amino alcohols—to a backbone followed by
cyclization, the latter step often requiring forcing conditions.
The incorporation of already preformed oxazoline moieties
into a backbone has hardly been explored so far,6 despite
the potential advantage of a more convergent assembly of
such structures. Difficulties with respect to the stability of
the oxazoline units are often encountered in such trans-
formations,6a,6h which have prevented by enlarge the
identification of suitable oxazoline building blocks as trans-
ferable units and reaction conditions amenable for such an
approach.

We recently reported on metal complexes of pentadentate
bis(oxazoline) ligands 1 (Z¼pyridinyl) for the construction
of enantiomerically pure helical assemblies, including

* Corresponding author. Tel.: +49 941 9434631; fax: +49 941 9434121;
e-mail: oliver.reiser@chemie.uni-regensburg.de
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.003
mononuclear metal complexes as well as polymeric
organic–inorganic hybrid materials.7 As part of our efforts
to extend the versatility of this system we have worked out
a modular synthesis for a variety of diverse bis(oxazoline)
ligands of the general structure 1 (Scheme 1), demonstrating
the use of oxazolines both as nucleophilic and electrophilic
building blocks.

The generic structure 1 features a number of attractive char-
acteristics to be explored for metal complexes. Firstly, the
range of central units Z can be broadly varied. Besides a pyr-
idine moiety that proved to be useful to generate a number of
mononucleating complexes,7 we also aimed at the synthesis
of ligands with pyridine-N-oxide and related phenol/anisol
building blocks being known to be able to accommodate
two metal centers in close proximity, which could lead to bi-
nucleating ligands that could bear significance for a number
of applications like asymmetric catalysis8 or bioinorganic
chemistry.9 Secondly, the benzylic heteroatoms Y allow for
facile variation of the donor set around the metal. In addi-
tion, they also serve as the nucleophilic part in the connec-
tion of the central unit Z and the peripheral oxazolines via
a synthetically universal nucleophilic displacement reaction
(Scheme 1, reaction between 2 and 5, 4 and 7). Thirdly, the
variation of R1 and R2 on the oxazoline moieties enables the
tuning of the steric bulk around the metal center in a straight-
forward manner.

The outlined synthetic strategy has the following advantages:
(a) Generation of diversity is efficiently achieved in the final
assembly step by the coupling of entire oxazoline units with
the central building blocks Z. This appears to be more eco-
nomic than in many other oxazoline containing systems
with early introduction of the diversifying element (usually
amino alcohols) followed by subsequent manipulations

mailto:oliver.reiser@chemie.uni-regensburg.de
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Scheme 1. Synthetic strategy for the modular bis(oxazoline) ligand system 1.
(e.g., ring closure to the oxazoline); (b) The final SN2 reaction
in principle has an almost universal scope. In addition, the
reaction partners Z and the oxazoline can both serve as nucleo-
philes (4 or 5), as well as electrophiles (2 or 7), making this
process very flexible. Conveniently, each set of building
blocks can be derived from common precursors (Scheme 1,
3 for 2 and 4, 6 for 5 and 7).

2. Results and discussion

2.1. Synthesis of the central units

For the synthesis of the electrophilic pyridine building blocks
(Scheme 2), commercially available 2,6-bis(hydroxymethyl)-
pyridine was converted to the dibenzyl chloride 8 with SOCl2
and subsequent treatment with base.10 The corresponding
N-oxide 10 was prepared under standard conditions with
AcOH/H2O2.11 The more reactive dibenzyl bromide 9 was
accessible from 2,6-lutidine by radical bromination with
NBS.12 The phenol- or anisol-based electrophilic building
blocks 11–13 were readily accessible from 4-methyl- and
4-tert-butylphenol.13

N
X X

N
Cl Cl

O
8: X = Cl
9: X = Br 10

CH3

BrBr

OH

R

BrBr

O

11 12: R = Me
13: R = t-Bu

Scheme 2. Pyridine, phenol, and anisol building blocks used as electro-
philes.

The preparation of nucleophilic pyridine building
blocks again started from 2,6-bis(hydroxymethyl)pyridine
(Scheme 3). Oxidation with SeO2
14 to bis(aldehyde) 14

and formation of the bis(imine) with methylamine in anal-
ogy to a reported procedure15 was followed by reduction
with NaBH4 to yield the previously unknown air-sensitive
bis(amine) 15. Equally air-sensitive bis(thiol) 16 was acces-
sible with improved yields from dibenzyl chloride 8 in a
modified7d two-step procedure reported by Chiotellis10 and
co-workers.

N

1. MeNH3Cl, K2CO3

2. NaBH4, EtOH N

N N

14 15

8 16

51%O O NH HN
Me Me

1. thiourea, EtOH, 
    reflux, Ar-atmosphere

2. NaOH, H2O, reflux

64%
SH SHCl Cl

Scheme 3. Synthesis of pyridine building blocks used as nucleophiles.

2.2. Synthesis of the oxazoline units

The range of nucleophilic oxazoline units was restricted to
compounds of type 6 having alcohol functionalities. The cor-
responding primary amines and thiols proved to be unstable
due to the formation of the corresponding imidazolines and
thiazolines by attack on the oxazoline ring. The stable
primary alcohol building blocks 20, 22–24 were prepared
from amino alcohols and imidates or nitriles (Scheme 4).
Compound 20 was synthesized by condensation of imidate
18a with (S)-serine methyl ester hydrochloride (17), followed
by reduction of the corresponding methyl ester 19 with
LiAlH4.16 Oxazoline 23 was accessible starting from benzo-
nitrile and commercially available aminodiol 21.17 The
methyl substituted analog 22 could also be prepared by this
methodology, whereas the tert-butyl derivative 24 required
the use of more reactive imidate 18b instead of pivalonitrile.

Transformation of these nucleophilic building blocks to
electrophiles was conveniently achieved by their conversion
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to the corresponding sulfonic acid esters (Scheme 5). Com-
pounds 25a18a and 25b18b were synthesized according to
literature precedence. For the sterically more hindered oxa-
zolines 22–24, the tosylates proved to be ineffective in
subsequent transformations. Therefore, the more reactive
mesylates 26–28 were prepared.

OH

O

N
Ph

20 25a (R1 = Ms): 96%
25b (R1 = Ts): 78%

Ms-Cl, NEt3

OH

O

N
R

SMe

22 (R = Me)
23 (R = Ph)
24 (R = t-Bu)

CH2Cl2, rt OMs

O

N

SMe

26 (R = Me): 89%
27 (R = Ph): 92%
28 (R = t-Bu): 68%

R

MsCl or TsCl
OR1

O

N
Ph

NEt3

Scheme 5. Synthesis of oxazoline building blocks used as electrophiles.

2.3. Assembly of the bis(oxazoline) ligands

The connection between the central aromatic unit and the
peripheral oxazolines was achieved via SN2 displacement
reactions, combining the appropriate electrophilic and
nucleophilic building blocks. Oxazolines 20, 23, and 24
smoothly reacted as nucleophiles upon deprotonation with
sodium hydride with the biselectrophiles 8–13 to give rise
to the bis(oxazolines) 29,7b 30–35 (Scheme 6). Likewise,
oxazolines 25–28 could be reacted as nucleophiles to yield
the ligands 36,7d 37–41 (Scheme 7), however, for the bis-
amine 15 K2CO3 instead of NaH had to be employed.

NH
OEtPhNH3Cl

MeO2C

reflux, 20 h
90%

LiAlH4

  THF 
–35°C to 0°C

64%

18a

17 19

(CH2Cl)2

NH2
OH

OH

MeS

R-CN
K2CO3, ∆

21

OH

O

N
R

SMe

22 (R = Me): 70%
23 (R = Ph): 86%

OH

O

N
But

SMeNH

OEtBut

Ph-Cl, reflux
62%

18b

24

O

N
Ph

20

CO2Me

O

N
Ph

OH

OH

Scheme 4. Synthesis of oxazoline building blocks used as nucleophiles.
While with 20, 23, and 24 the reactions proceeded already at
0 �C, the sterically more hindered oxazolines 26–28 required
elevated temperatures (70–80 �C) and more reactive electro-
philes (benzyl bromide 9 and mesylates 26–28). In the case
of 2-methyl substituted oxazolines 22 and 26, only the thio-
ether ligand 37 (reaction of 16 with 26) but not the corre-
sponding oxoether ligand (reaction of 9 with 22 in analogy
to the preparation of 30–31) could be obtained and only in
low yield, presumably due to side reactions originating
from competing deprotonation at the methyl group.

All ligands were obtained as single stereoisomers, as judged
by their NMR spectra, HPLC traces, and spectroscopical
data (NMR, CD) of their corresponding metal complexes.7

Consequently, no racemization of the oxazoline building
blocks introduced here for the modular assembly of the pen-
tadentate bis(oxazoline) ligands should have occurred.

In conclusion, we have developed oxazoline building blocks
that can be employed both as nucleophiles as well as
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O O

O
N N

O
R R

Ar Ar
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O
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O
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O
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Cl Cl

OH

O

N
R

Ar

23-24

9

N
Br Br

OH
O
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20N
O
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Cl Cl

OH
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N
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20

11-13

NaH, DMF 
0°C to rt

Scheme 6. Ligand synthesis with nucleophilic oxazoline building blocks.
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electrophiles, this way opening up a facile strategy to new
structures containing such moieties. This approach was
applied to the synthesis of pentacoordinating bis(oxazoline)
ligands containing a central pyridine unit, which have shown
a rich coordination chemistry to arrive at helical metal com-
plexes.7 Moreover, the strategy could be extended to novel
ligands with central pyridine-N-oxide, phenol, and anisole
units that might have potential for the construction of bi-
nucleating complexes.

3. Experimental

3.1. General

All reactions were carried out under a dry, oxygen-free
atmosphere of N2 using Schlenk technique, unless otherwise
noted. Commercially available reagents were used as
received. DMF, CH3CN, and CH2Cl2 were distilled over
P4O10 and stored under N2 over molecular sieves 3 Å.
EtOH and MeOH were dried over Mg and stored under
N2. THF, 1,4-dioxane, and Et2O were dried with Na/benzo-
phenone and stored over Na wire under N2. EtOAc, CH2Cl2,

NaH, DMF

N
S S

O
N N

O
R R

Ar Ar60°C

NaH, DMF

N
S S

O
N N

O
Ph Ph

0°C to rt

16

OTs
O

N
Ph

25b

36 (72%)

37 (R = Me): 32%
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(Ar = 4-MeS-Ph)
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R

Ar

26-28

N
NMe MeN

O
N N

O
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N
NMe MeN

O
N N

O
Ph Ph

reflux

K2CO3, CH3CN
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15

OMs
O

N
Ph
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40 (62%)

41 (51%)

(Ar = 4-MeS-Ph)

OMs
O

N
Ph

Ar

27

Scheme 7. Ligand synthesis with electrophilic oxazoline building blocks.
MeOH, and hexanes for chromatographic separations were
distilled before use. For column chromatography silica gel
Geduran 60 (Merck, 0.063–0.200 mm) was used. TLC
analysis was done on silica gel 60 F254 (Merck) coated on
aluminum sheets.

3.1.1. 2,6-Bis(N-methylaminomethyl)pyridine (15). A so-
lution of methylamine hydrochloride (3.95 g, 58.5 mmol,
2.4 equiv) in MeOH (100 mL) was cooled to 0 �C and
treated with K2CO3 (9.42 g, 68.2 mmol, 2.8 equiv). After
stirring for 1 h in an ice bath, pyridine-2,6-dicarbaldehyde
(14) (3.29 g, 24.3 mmol, 1.0 equiv) was added. The mixture
was stirred at ambient temperature for further 3 h and the
solvent was evaporated. The solid residue was taken up in
150 mL CH2Cl2 and the suspension stirred for 1 h. After
filtering off the solid, the solvent was evaporated to yield
2,6-bis(methyliminomethyl)pyridine as a yellow oil (2.97 g,
76%). No further purification of the product was necessary
for the next step. The analytical data correspond with the
literature.15 1H NMR (300 MHz, CDCl3): d 8.31 (s, 1H),
8.32 (s, 1H), 7.85 (d, J¼7.7 Hz, 2H), 7.68 (t, J¼7.7 Hz,
1H), 3.48 (s, 3H), 3.47 (s, 3H); 13C NMR (75.5 MHz,
CDCl3): d 163.0, 154.2, 137.0, 121.9, 48.0.

To a solution of 2,6-bis(methyliminomethyl)pyridine (2.62 g,
16.3 mmol, 1.0 equiv) in dry EtOH (40 mL) was added
NaBH4 (1.23 g, 32.5 mmol, 2.0 equiv) in portions. The solu-
tion was stirred for 16 h and water (40 mL) was added cau-
tiously. This solution was extracted with 3�40 mL CH2Cl2,
the combined organic phases dried (MgSO4), and the solvent
evaporated. The residue was distilled (bp 97–100 �C/
0.08 mbar) to yield 15 as a yellow oil (1.81 g, 67%), which
was stored under nitrogen at 4 �C. 1H NMR (300 MHz,
CDCl3): d 7.60 (t, J¼7.6 Hz, 1H), 7.16 (d, J¼7.6 Hz, 2H),
3.85 (s, 4H), 2.48 (s, 6H), 1.78 (br s, 2H); 13C NMR
(75.5 MHz, CDCl3): d 159.3, 136.7, 120.4, 57.2, 36.2; MS
(DCI, NH3): m/z (%)¼167.2 (10), 166.2 (100); HRMS (EI)
calcd for C9H14N3 [M�H]+ 164.1188, found 164.1189.

3.1.2. 2,6-Bis(mercaptomethyl)pyridine10 (16). 2.49 g
(14.2 mmol, 1.0 equiv) of 2,6-bis(chloromethyl)pyridine
(8) was reacted under Argon atmosphere with 2.16 g
(28.4 mmol, 2.0 equiv) of thiourea in refluxing ethanol
(30 mL, degassed) for 30 min. After cooling to ambient tem-
perature, 11.2 mL of 5 M NaOH (degassed) was added and
the solution was refluxed for additional 4 h. Afterward the
pH was adjusted to 5–6 with 6 M HCl and the mixture
extracted twice with 30 mL CHCl3. The organic layers
were combined and dried over MgSO4. Evaporation of the
solvent followed by vacuum Kugelrohr distillation afforded
1.53 g (9.0 mmol, 63%) of 16 as a colorless oil. 1H NMR
(300 MHz, CDCl3): d 7.62 (t, J¼7.7 Hz, 1H), 7.21 (d,
J¼7.7 Hz, 2H), 3.82 (d, J¼8.0 Hz, 4H), 2.03 (t, J¼8.0 Hz,
2H); 13C NMR (75.5 MHz, CDCl3): d 159.9, 137.8, 120.5,
30.8.

3.1.3. (4S,5S)-4-Hydroxymethyl-2-methyl-5-(4-methyl-
sulfanylphenyl)-oxazoline (22). (1S,2S)-2-Amino-1-
(4-methylsulfanylphenyl)-1,3-propandiol (21) (5.00 g,
23.4 mmol, 1.00 equiv) and K2CO3 (0.500 g, 3.60 mmol,
0.15 equiv) were suspended in a mixture of ethylene glycol
(10 mL) and glycerine (5 mL). Acetonitrile (2.5 mL, 1.92 g,
46.8 mmol, 2.0 equiv) was added and the resulting mixture
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stirred at 110 �C for 24 h. The product crystallized upon
cooling to room temperature. The crystallization was com-
pleted by adding water (100 mL). The precipitate was col-
lected on a B€uchner funnel, washed with water (100 mL),
and n-hexane (50 mL). The crude product was recrystallized
from dichloromethane yielding 22 as a colorless solid
(3.87 g, 70%). Rf 0.27 (CHCl3/MeOH 19:1); mp 99–100 �C;
[a]D

20 �154.0 (c 1.01, CHCl3); 1H NMR (400 MHz, DMSO-
d6): d 7.27–7.20 (m, 4H), 5.24 (d, J¼6.3 Hz, 1H), 4.88 (t,
J¼5.7 Hz, 1H), 3.80–3.74 (m, 1H), 3.61–3.54 (m, 1H),
3.45–3.38 (m, 1H), 2.45 (s, 3H), 1.97 (d, J¼1.3 Hz, 3H);
13C NMR (100.6 MHz, DMSO-d6): d 163.3, 138.2, 137.7,
126.1, 126.0, 82.0, 76.6, 63.0, 14.7, 13.6; IR (KBr): 3240,
2950, 2921, 2867, 1673; MS (PI-DCI, NH3): m/z
(%)¼238.0 (100, [MH]+); elemental analysis calcd (%) for
C12H15NO2S (237.32): C 60.73, H 6.37, N 5.90, found: C
60.49, H 6.21, N 5.84.

3.1.4. (4S,5S)-4-Hydroxymethyl-5-(4-methylsulfanyl-
phenyl)-2-tert-butyl-oxazoline (24). 2,2-Dimethyl-propio-
nimidic acid ethyl ester (18b) (0.381 g, 2.95 mmol,
1.0 equiv) was dissolved in dry chlorobenzene (10 mL)
and (1S,2S)-2-amino-1-(4-methylsulfanylphenyl)-1,3-prop-
andiol (21) (0.756 g, 3.54 mmol, 1.2 equiv) was added.
The resulting mixture was refluxed for 18 h. After cooling
to room temperature, the solvent was evaporated and the
residue purified by column chromatography (SiO2, hex-
anes/EtOAc 1:3) to yield 24 (0.513 g, 62%) as a colorless
solid. Rf 0.12 (hexanes/EtOAc 1:3); mp 66–68 �C; [a]D

20

�62.6 (c 1.25, CHCl3); 1H NMR (400 MHz, CDCl3):
d 7.23–7.15 (m, 4H), 5.20 (d, J¼7.5 Hz, 1H), 3.97 (ddd,
J¼7.5, 4.4, 4.3 Hz, 1H), 3.82 (dd, J¼11.6, 4.3 Hz, 1H),
3.64 (dd, J¼11.6, 4.4 Hz, 1H), 2.44 (s, 3H), 1.28 (s, 9H);
13C NMR (100.6 MHz, CDCl3): d 175.5, 138.6, 137.8,
126.9, 126.1, 82.5, 76.4, 63.9, 33.5, 27.9, 15.8; IR (KBr):
3360, 3222, 2974, 2930, 2870, 1735, 1657, 1600; MS (CI,
NH3): m/z (%)¼280.1 (100, [MH]+); elemental analysis
calcd (%) for C15H21NO2S (279.40): C 64.48, H 7.58, N
5.01, found: C 64.01, H 7.21, N 4.68.

3.1.5. (S)-2-Phenyl-4-mesyloxymethyl-oxazoline (25a).
Under N2 (R)-4-hydroxymethyl-2-phenyl-oxazoline (20)
(3.01 g, 17.0 mmol, 1.0 equiv) was dissolved in 40 mL dry
THF and cooled to �25 �C (external temperature). Dry
NEt3 (2.60 mL, 1.89 g, 18.7 mmol, 1.1 equiv) and methane-
sulfonyl chloride (1.38 mL, 2.04 g, 17.8 mmol, 1.05 equiv)
were added subsequently. The mixture was stirred at
�25 �C for 30 min, before water (50 mL) and CH2Cl2
(80 mL) were added. The organic layer was separated, dried
(MgSO4), and the solvent evaporated under reduced pres-
sure. The crude yellow oil (4.17 g, 96%) was used for the
subsequent steps without further purification. An analytical
sample of 25a was obtained by column chromatography
(SiO2, hexanes/EtOAc 1:1). [a]D

20 +54.5 (c 1.56, CH2Cl2);
1H NMR (300 MHz, CDCl3): d 8.00–7.88 (m, 2H), 7.57–
7.36 (m, 3H), 4.69–4.49 (m, 2H), 4.47–4.30 (m, 3H), 3.03
(s, 3H); 13C NMR (75.5 MHz, CDCl3): d 166.1, 131.9,
128.5, 128.4, 127.0, 70.4, 69.3, 65.4, 37.6; IR (film): 3080,
3040, 2980, 2950, 2920, 1728, 1645, 1603, 1580, 1496,
1452, 1356, 1277, 1242, 1174, 1061, 1025, 961, 833, 786,
695; MS (DCI, NH3): m/z (%)¼258.2 (9), 257.2 (20),
256.1 (100, [MH]+); HRMS (EI) calcd for C11H13NO4S
([M]+) 255.0565, found 255.0565.
3.2. General procedure (GP1) for the synthesis
of mesylates 26–28

The oxazoline (22–24) (1.0 equiv) and triethylamine
(2.0 equiv) were dissolved in dry dichloromethane (20 mL)
and cooled down to 0 �C. Methanesulfonyl chloride
(2.0 equiv) was added dropwise. The mixture was allowed
to warm up to room temperature and stirred for additional
12 h, before satd NaHCO3 (20 mL) was added. The organic
phase was separated and the aqueous layer was extracted
three times with dichloromethane (20 mL). The combined
organic layers were dried (MgSO4) and the solvent evapo-
rated under reduced pressure. The crude product was puri-
fied by chromatography or recrystallization.

3.2.1. (4S,5S)-2-Methyl-4-mesyloxymethyl-5-(4-methyl-
sulfanylphenyl)-oxazoline (26). Compound 22 (1.00 g,
4.21 mmol) was reacted according to GP1 to yield 26
(1.18 g, 89%) as a colorless solid after recrystallization
from CH3CN. Rf 0.41 (CHCl3/MeOH 19:1); mp 70–73 �C;
[a]D

20 �46.5 (c 0.99, CHCl3); 1H NMR (250 MHz, CDCl3):
d 7.28–7.18 (m, 4H), 5.28 (d, J¼6.9 Hz, 1H), 4.39 (dd,
J¼10.4, 4.6 Hz, 1H), 4.34 (dd, J¼10.4, 5.0 Hz, 1H), 4.21
(dddq, J¼6.9, 5.0, 4.6, 1.3 Hz, 1H), 3.06 (s, 3H), 2.48 (s,
3H), 2.11 (d, J¼1.3 Hz, 3H); 13C NMR (62.0 MHz,
CDCl3): d 166.8, 139.5, 136.2, 126.9, 126.2, 82.7, 73.4,
69.8, 37.7, 15.7, 14.2; IR (KBr): 3011, 2928, 1672; MS
(PI-DCI, NH3): m/z (%)¼316.0 (100, [MH]+); elemental
analysis calcd (%) for C13H17NO4S2 (315.41): C 49.50, H
5.43, N 4.44, found: C 48.97, H 5.41, N 4.34.

3.2.2. (4S,5S)-4-Mesyloxymethyl-5-(4-methylsulfanyl-
phenyl)-2-phenyl-oxazoline (27). Compound 23 (0.500 g,
1.67 mmol) was reacted according to GP1 to yield 27
(0.58 g, 92%) as a slightly yellow solid after recrystalliza-
tion from CH3CN. Rf 0.34 (hexanes/EtOAc 1:1); mp 102–
104 �C; [a]D

20 +29.6 (c 0.90, CHCl3); 1H NMR (250 MHz,
CDCl3): d 8.05–8.00 (m, 2H), 7.59–7.40 (m, 3H), 7.34–
7.28 (m, 4H), 5.50 (d, J¼6.6 Hz, 1H), 4.52–4.47 (m, 2H),
4.46–4.38 (m, 1H), 3.05 (s, 3H), 2.46 (s, 3H); 13C NMR
(100.6 MHz, CDCl3): d 165.3, 139.5, 136.3, 132.0, 128.6,
128.5, 126.9, 126.7, 126.2, 82.7, 73.8, 69.9, 37.7, 15.6; IR
(KBr): 3012, 2923, 1645, 1494, 1450, 1357, 1329, 1170,
1090, 1063, 978, 958, 916, 844, 800, 692, 534; MS (PI-
DCI, NH3): m/z (%)¼378.1 (100, [MH]+); elemental analy-
sis calcd (%) for C18H19NO4S2 (377.48): C 57.27, H 5.07, N
3.71, found: C 57.26, H 5.06, N 3.79.

3.2.3. (4S,5S)-4-Mesyloxymethyl-5-(4-methylsulfanyl-
phenyl)-2-tert-butyl-oxazoline (28). Compound 24
(0.500 g, 1.79 mmol) was reacted according to GP1 to yield
28 (0.436 g, 68%) as a slightly yellow solid after purification
by column chromatography (SiO2, hexanes/EtOAc 1:1). Rf

0.44 (hexanes/EtOAc 1:3); mp 107–108 �C; [a]D
20 �103.8

(c 1.05, CHCl3); 1H NMR (300 MHz, CDCl3): d 7.29–7.23
(m, 2H), 7.20–7.15 (m, 2H), 5.28 (d, J¼6.5 Hz, 1H), 4.40
(dd, J¼10.3, 4.0 Hz, 1H), 4.32 (dd, J¼10.3, 5.5 Hz, 1H),
4.19 (ddd, J¼6.5, 5.5, 4.0 Hz, 1H), 3.06 (s, 3H), 2.48 (s,
3H), 1.29 (s, 9H); 13C NMR (75.5 MHz, CDCl3): d 176.2,
139.2, 136.9, 126.8, 126.0, 82.4, 73.3, 70.1, 37.6, 33.5,
27.8, 15.7; IR (KBr): 3431, 2962, 2929, 2372, 2734, 1656,
1600, 1489, 1474, 1414, 1344, 1209, 1175, 1141, 1082,
1032, 1000, 977, 953, 881, 827, 809, 771, 714, 530, 447;
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MS (CI, NH3): m/z (%)¼358.1 (100, [MH]+); elemental
analysis calcd (%) for C16H23NO4S2 (357.49): C 53.76, H
6.48, N 3.92, found: C 53.68, H 6.08, N 3.75.

3.3. Assembly of the bis(oxazoline) ligands

3.3.1. Ligand 29. (R)-4-Hydroxymethyl-2-phenyl-oxazo-
line (20) (13.86 g, 78.2 mmol, 2.2 equiv) was dissolved in
dry DMF (200 mL) under N2 and cooled to 0 �C. NaH
(60% suspension in mineral oil) (3.27 g, 81.5 mmol,
2.3 equiv) was added in portions and the mixture was stirred
for 15 min. 2,6-Bis(chloromethyl)pyridine (8) (6.26 g,
35.6 mmol, 1.0 equiv) was added as a solid and the ice
bath was removed. Stirring was continued at ambient tem-
perature for 20 h. Water (200 mL) and CH2Cl2 (150 mL)
were added cautiously and the phases were separated. The
aqueous layer was extracted with CH2Cl2 (2�150 mL).
The combined organic layers were washed with water
(3�100 mL) and dried (Na2SO4). After removal of the sol-
vent in vacuo the residue was purified by column chromato-
graphy (SiO2, EtOAc to EtOAc/MeOH 24:1) to yield 29 as
a colorless solid (14.37 g, 88%). Mp 68–69 �C; [a]D

20 +62.5
(c 0.80, CH2Cl2); 1H NMR (300 MHz, CDCl3): d 8.00–
7.86 (m, 4H), 7.65 (t, J¼7.7 Hz, 1H), 7.51–7.35 (m, 6H),
7.31 (d, J¼7.7 Hz, 2H), 4.68 (s, 4H), 4.61–4.46 (m, 4H),
4.41–4.34 (m, 2H), 3.88–3.80 (m, 2H), 3.66–3.58 (m, 2H);
13C NMR (75.5 MHz, CDCl3): d 165.0, 157.7, 137.2,
131.4, 128.31, 128.30, 127.6, 120.0, 74.2, 72.9, 70.5, 66.4;
IR (KBr): 3060, 3040, 2985, 2958, 2947, 2936, 1642; MS
(DCI, NH3): m/z (%)¼459.2 (25), 458.1 (100, [MH+]);
elemental analysis calcd (%) for C27H27N3O4 (457.52): C
70.88, H 5.95, N 9.18, found: C 70.73, H 5.93, N 9.04.

3.4. General procedure (GP2) for the synthesis of ligands
30, 31, 33–35, 37–39

NaH (2.2 equiv, 60% suspension in mineral oil) was sus-
pended in dry DMF (3–7 mL) and cooled to 0 �C. The nucleo-
phile (16, 20, 23 or 24) was dissolved in dry DMF (5–10 mL)
under N2 and added dropwise. The mixture was stirred until
the evolution of hydrogen had ceased. The electrophile (9,
11–13, 26–28) was dissolved in dry DMF (5–10 mL) and
also added dropwise. The ice bath was removed and stirring
was continued at ambient temperature or at 60 �C (reactions
with 26–28) overnight. DMF was evaporated and water
(10 mL) and EtOAc (20 mL) were added and the phases
were separated. The aqueous layer was extracted with
EtOAc (3�20 mL) and dried (MgSO4). After removal of
the solvent in vacuo, the residue was purified by chromato-
graphy and/or recrystallization.

3.4.1. Ligand 30. Compound 23 (0.659 g, 2.20 mmol) and 9
(0.265 g, 1.00 mmol) were reacted according to GP2 to yield
30 (0.588 g, 83%) as a colorless solid after recrystallization
from CH3CN. Rf 0.14 (EtOAc); mp 128–129 �C; [a]D

20 +24.1
(c 0.94, CHCl3); 1H NMR (300 MHz, CDCl3): d 8.07–8.01
(m, 4H), 7.71–7.63 (m, 1H), 7.56–7.48 (m, 2H), 7.47–7.40
(m, 4H), 7.37–7.22 (m, 10H), 5.55 (d, J¼6.8 Hz, 2H), 4.72
(s, 4H), 4.39 (ddd, J¼6.8, 6.7, 4.3 Hz, 2H), 3.93 (dd,
J¼9.8, 4.3 Hz, 2H), 3.77 (dd, J¼9.8, 6.7 Hz, 2H), 2.47 (s,
6H); 13C NMR (75.5 MHz, CDCl3): d 164.3, 157.7, 138.7,
137.6, 131.7, 128.5, 128.4, 127.4, 126.8, 126.5, 126.3,
120.0, 83.6, 74.9, 74.2, 72.5, 15.8; IR (KBr): 3429, 3247,
3059, 2919, 2869, 1899, 1648; MS (ESI): m/z (%)¼702.3
(100, [MH+]); elemental analysis calcd (%) for
C41H39N3O4S2 (701.90): C 70.16, H 5.60, N 5.99, found:
C 70.17, H 5.75, N 5.71.

3.4.2. Ligand 31. Compound 24 (0.307 g, 1.10 mmol) and 9
(0.132 g, 0.50 mmol) were reacted according to GP2 to yield
31 (0.205 g, 62%) as a colorless solid after recrystallization
from CH3CN. Rf 0.13 (EtOAc); mp 98–99 �C; [a]D

20 �122.7
(c 0.88, CHCl3); 1H NMR (300 MHz, CDCl3): d 7.70 (t,
J¼7.7 Hz, 1H), 7.34 (d, J¼7.7 Hz, 2H), 7.28–7.17 (m,
8H), 5.36 (d, J¼6.3 Hz, 2H), 4.69 (s, 4H), 4.16 (ddd,
J¼6.8, 6.3, 3.8 Hz, 2H), 3.84 (dd, J¼9.6, 3.8 Hz, 2H),
3.65 (dd, J¼9.6, 6.8 Hz, 2H), 2.48 (s, 6H), 1.30 (s, 18H);
13C NMR (75.5 MHz, CDCl3): d 174.8, 157.8, 138.4,
138.3, 137.2, 126.8, 126.0, 119.8, 83.2, 74.4, 75.1, 72.7,
33.4, 27.8, 15.9; IR (KBr): 2964, 2920, 2876, 1656, 1595;
MS (ESI): m/z (%)¼662.4 (100, [MH+]); elemental analysis
calcd (%) for C37H47N3O4S2 (661.92): C 67.14, H 7.16, N
6.35, found: C 66.87, H 6.76, N 6.20.

3.4.3. Ligand 33. Compound 20 (372 mg, 2.1 mmol) and 11
(294 mg, 1.0 mmol) were reacted according to GP2 to yield
33 (171 mg, 35%) as a slightly yellow oil after column chro-
matography (SiO2, hexanes/EtOAc 1:1). Rf 0.19 (hexanes/
EtOAc 1:1); [a]D

20 +106.6 (c 1.02, CHCl3); 1H NMR
(300 MHz, CDCl3): d 8.32 (br s, 1H), 8.05–7.90 (m, 4H),
7.47–7.35 (m, 6H), 6.96 (s, 2H), 4.73–4.43 (m, 8H), 4.27
(dd, J¼7.3, 6.5 Hz, 2H), 3.74 (dd, J¼9.9, 5.4 Hz, 2H),
3.64 (dd, J¼9.9, 6.1 Hz, 2H), 2.22 (s, 3H); 13C NMR
(75.5 MHz, CDCl3): d 165.2, 152.1, 131.6, 129.7, 128.6,
128.4, 128.4, 127.4, 123.8, 72.4, 70.5, 70.4, 66.4, 20.4; IR
(ATR): 3371, 3063, 2904, 2863, 1644, 1484, 1450, 1358,
1267, 1220, 1086, 1061, 963, 693 cm�1; MS (ESI): m/z
(%)¼509.3 (15), 488.3 (33), 487.3 (100); HRMS (EI) calcd
for C29H30N2O5 ([M+]) 486.2155, found 486.2154.

3.4.4. Ligand 34. Compound 20 (186 mg, 1.05 mmol) and
12 (154 mg, 0.50 mmol) were reacted according to GP2 to
yield 34 (173 mg, 69%) as a colorless oil after purification
by column chromatography (SiO2, hexanes/EtOAc 1:2).
Rf 0.18 (hexanes/EtOAc 1:2); [a]D

20 +26.1 (c 1.00, CHCl3);
1H NMR (300 MHz, CDCl3): d 7.99–7.92 (m, 4H), 7.52–
7.36 (m, 6H), 7.12 (s, 2H), 4.63–4.30 (m, 10H), 3.85–3.78
(m, 2H), 3.72 (s, 3H), 3.60–3.52 (m, 2H), 2.25 (s, 3H); 13C
NMR (75.5 MHz, CDCl3): d 164.9, 154.6, 133.7, 131.4,
130.7, 130.5, 128.3, 128.3, 127.6, 72.6, 70.8, 68.4, 66.5,
62.8, 20.8 ppm. IR (ATR): 2957, 2904, 2867, 1648, 1477,
1359, 1231, 1098, 1009, 694 cm�1; MS (ESI): m/z
(%)¼502.2 (33), 501.2 (100); HRMS (EI) calcd for
C30H32N2O5 ([M+]) 500.2311, found 500.2308.

3.4.5. Ligand 35. Compound 20 (186 mg, 1.05 mmol) and
13 (175 mg, 0.50 mmol) were reacted according to GP2 to
yield 35 (147 mg, 54%) as a colorless solid after purification
by column chromatography (SiO2, hexanes/EtOAc 1:2).
Rf 0.24 (hexanes/EtOAc 1:2); mp 123–126 �C; [a]D

20

+23.2 (c 1.02, CHCl3); 1H NMR (300 MHz, CDCl3):
d 7.99–7.92 (m, 4H), 7.52–7.36 (m, 6H), 7.32 (s, 2H),
4.66–4.30 (m, 10H), 3.84–3.77 (m, 2H), 3.73 (s, 3H),
3.64–3.53 (m, 2H), 1.24 (s, 9H); 13C NMR (75.5 MHz,
CDCl3): d 165.0, 154.4, 146.9, 131.5, 130.3, 128.4, 128.3,
127.5, 126.8, 72.4, 70.8, 68.6, 66.4, 62.6, 34.4, 31.4. IR
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(ATR): 2961, 2901, 2856, 1647, 1483, 1450, 1356, 1086,
1058, 1025, 735, 694 cm�1; MS (EI): m/z (%)¼542.2 (6),
383.2 (26), 382.2 (100), 205.1 (40), 161.1 (47), 146.1 (22),
118.1 (11), 105.0 (51), 91.0 (13); HRMS (EI) calcd for
C33H38N2O5 ([M+]) 542.2781, found 542.2780.

3.4.6. Ligand 37. Compound 16 (0.087 g, 0.51 mmol) and
26 (0.354 g, 1.12 mmol) were reacted according to GP2 to
yield 37 (0.098 g, 32%) as a colorless solid after recrystalli-
zation from CH3CN. Rf 0.29 (EtOAc/MeOH 9:1); mp 62–
65 �C; [a]D

20 +8.7 (c 0.87, CHCl3); 1H NMR (300 MHz,
CDCl3): d 7.53 (t, J¼7.7 Hz, 1H), 7.25–7.11 (m, 10H),
5.13 (d, J¼6.5 Hz, 2H), 4.06 (dddd, J¼8.0, 6.5, 5.0,
1.4 Hz, 2H), 3.75 (s, 4H), 2.85 (dd, J¼13.2, 5.0 Hz, 2H),
2.62 (dd, J¼13.2, 8.0 Hz, 2H), 2.47 (s, 6H), 2.05 (d,
J¼1.4 Hz, 6H); 13C NMR (75.5 MHz, CDCl3): d 165.0,
158.0, 138.7, 137.4, 137.3, 126.7, 126.3, 121.3, 85.0, 74.1,
38.0, 36.5, 15.8, 14.1; IR (KBr): 3399, 3081, 2920, 1653;
MS (CI, NH3): m/z (%)¼610.1 (100, [MH+]); HRMS (EI)
calcd for C31H35N3O2S4 ([M+]) 609.1612, found 609.1613.

3.4.7. Ligand 38. Compound 16 (0.142 g, 0.83 mmol) and
27 (0.689 g, 1.83 mmol) were reacted according to GP2 to
yield 38 (0.430 g, 71%) as a colorless solid after recrystalli-
zation from CH3CN. Rf 0.19 (hexanes/EtOAc 1:1); mp 124–
125 �C; [a]D

20 +87.5 (c 1.94, CHCl3); 1H NMR (300 MHz,
CDCl3): d 8.03–7.96 (m, 4H), 7.56–7.37 (m, 7H), 7.28–
7.14 (m, 10H), 5.36 (d, J¼6.3 Hz, 2H), 4.31 (ddd, J¼8.2,
6.3, 4.7 Hz, 2H), 3.81 (s, 4H), 3.00 (dd, J¼13.4, 4.7 Hz,
2H), 2.74 (dd, J¼13.4, 8.2 Hz, 2H), 2.46 (s, 6H); 13C
NMR (75.5 MHz, CDCl3): d 163.8, 158.1, 138.7, 137.4,
137.3, 131.6, 128.5, 128.4, 127.4, 126.7, 126.4, 121.4,
84.9, 74.7, 38.1, 36.5, 15.8; IR (KBr): 3071, 2919, 2806,
1635, 1605; MS (ESI): m/z (%)¼734.2 (100, [MH+]); ele-
mental analysis calcd (%) for C41H39N3O2S4 (734.03): C
67.09, H 5.36, N 5.72, found: C 67.01, H 5.24, N 5.78.

3.4.8. Ligand 39. Compound 16 (0.044 g, 0.26 mmol) and 28
(0.227 g, 0.63 mmol) were reacted according to GP2 to yield
39 (0.117 g, 65%) as a colorless solid after recrystallization
from CH3CN. Rf 0.47 (EtOAc); [a]D

20 �32.6 (c 0.92,
CHCl3); 1H NMR (300 MHz, CDCl3): d 7.57–7.50 (m, 1H),
7.28–7.12 (m, 10H), 5.16 (d, J¼6.0 Hz, 2H), 4.10 (ddd,
J¼8.2, 6.0, 4.2 Hz, 2H), 3.79 (s, 4H), 2.89 (dd, J¼13.3,
4.2 Hz, 2H), 2.64 (dd, J¼13.3, 8.2 Hz, 2H), 2.47 (s, 6H),
1.28 (s, 18H); 13C NMR (75.5 MHz, CDCl3): d 174.4,
158.1, 138.4, 138.0, 137.3, 126.7, 126.1, 121.3, 84.4, 74.2,
38.2, 36.7, 33.4, 27.8, 15.8; IR (KBr): 3441, 2968, 2921,
1590; MS (ESI): m/z (%)¼694.2 (100, [MH+]); HRMS (EI)
calcd for C37H47N3O2S4 ([M+]) 693.2551, found 693.2546.

3.4.9. Ligand 32. (R)-4-Hydroxy-2-phenyl-oxazoline (20)
(3.70 g, 20.9 mmol, 2.0 equiv) was dissolved in dry DMF
(30 mL) under nitrogen and the solution was cooled to
0 �C. NaH (60% suspension in mineral oil) (923 mg,
23.0 mmol, 2.2 equiv) was added in portions and the mixture
was stirred for 15 min. A solution of 2,6-bis(chloromethyl)-
pyridine-N-oxide (10) (2.00 g, 10.4 mmol, 1.0 equiv) in dry
DMF (5 mL) was added and the ice bath was removed. Stir-
ring was continued at ambient temperature for 20 h. Water
(50 mL) and CH2Cl2 (70 mL) were added cautiously and
the phases were separated. The aqueous layer was extracted
with CH2Cl2 (2�50 mL). The combined organic layers were
washed with water (3�20 mL) and dried (Na2SO4). After
removal of the solvent in vacuo the residue was purified by
column chromatography (SiO2, EtOAc to EtOAc/MeOH
5:2) to yield a colorless solid (2.62 g, 53%). Mp 112 �C;
[a]D

20 +66.8 (c 1.29, EtOH); 1H NMR (300 MHz, CDCl3):
d 8.01–7.99 (m, 4H), 7.53–7.04 (m, 8H), 7.25 (t, J¼
7.7 Hz, 1H), 4.84–4.83 (m, 4H), 4.62–4.43 (m, 6H), 3.92–
3.87 (m, 2H), 3.83–3.78 (m, 2H); 13C NMR (75.5 MHz,
CDCl3): 165.13, 148.77, 131.54, 128.36, 127.55, 125.67,
121.22, 73.45, 70.19, 67.50, 66.44; MS (ESI, NH4OAc):
m/z (%)¼474.3 (100, [MH]+), 475.3 (31); elemental analysis
calcd (%) for C27H27N3O5 (473.52): C 68.48, H 5.75, N
8.87, found: C 68.12, H 5.63, N 8.75.

3.4.10. Ligand 40. A solution of (S)-2-phenyl-4-mesyloxy-
methyl-oxazoline (25a) (1.11 g, 4.35 mmol, 2.1 equiv) in
20 mL dry CH3CN was added dropwise to a solution of
2,6-bis(N-methylaminomethyl)pyridine (15) (0.342 mg,
2.07 mmol, 1.0 equiv) in 10 mL dry CH3CN. K2CO3

(1.14 g, 8.28 mmol, 4.0 equiv) was added and the mixture
was heated to reflux for 31 h. After cooling down, the sus-
pension was filtered and the solvent evaporated. The residue
was purified by column chromatography (SiO2, CH2Cl2/
MeOH 19:1) to give 40 as a yellow oil (623 mg, 62%) that
eventually solidified after a few weeks. [a]D

20 �14.6 (c
0.84, MeOH); 1H NMR (300 MHz, CDCl3): d 7.98–7.84
(m, 4H), 7.59 (t, J¼7.7 Hz, 1H), 7.50–7.33 (m, 6H), 7.30
(d, J¼7.7 Hz, 2H), 4.56–4.38 (m, 4H), 4.32–4.17 (m, 2H),
3.81 (d, J¼14.3 Hz, 2H), 3.68 (d, J¼14.3 Hz, 2H), 2.90–
2.74 (m, 2H), 2.66–2.47 (m, 2H), 2.37 (s, 6H); 13C NMR
(75.5 MHz, CDCl3): d 164.2, 158.7, 136.8, 131.3, 128.3,
128.2, 127.8, 121.2, 72.0, 65.4, 64.5, 62.1, 43.5; IR (film):
3420, 3076, 2952, 2908; MS (DCI, NH3): m/z (%)¼485.3
(27), 484.2 (100, [MH]+), 337.1 (7); HRMS (EI) calcd for
C29H33N5O2 ([M+]) 483.2634, found 483.2635.

3.4.11. Ligand 41. A mixture of (4S,5S)-4-mesyloxy-
methyl-5-(4-methylsulfanylphenyl)-2-phenyl-oxazoline (27)
(100 mg, 0.26 mmol, 2.2 equiv), 2,6-bis(N-methylamino-
methyl)pyridine (15) (20 mg, 0.12 mmol, 1.0 equiv), and
K2CO3 (66 mg, 0.48 mmol, 4.0 equiv) in 5 mL dry CH3CN
was heated to reflux for 72 h. After cooling down, the suspen-
sion was filtered and the solvent evaporated. The residue was
purified by column chromatography (SiO2, EtOAc) to yield
41 as a colorless solid (45 mg, 52%). Rf 0.08 (EtOAc); mp
143–145 �C; [a]D

20 +35.7 (c 0.85, CHCl3); 1H NMR
(300 MHz, CDCl3): d 8.03–7.96 (m, 4H), 7.62–7.55 (m,
1H), 7.52–7.46 (m, 2H), 7.44–7.35 (m, 4H), 7.33–7.19 (m,
10H), 5.41 (d, J¼6.6 Hz, 2H), 4.31 (ddd, J¼8.6, 6.6,
4.9 Hz, 2H), 3.80 (d, J¼14.0 Hz, 2H), 3.70 (d, J¼14.0 Hz,
2H), 2.88 (dd, J¼12.6, 4.9 Hz, 2H), 2.68 (dd, J¼12.6,
8.6 Hz, 2H), 2.46 (s, 6H), 2.30 (s, 6H); 13C NMR
(75.5 MHz, CDCl3): d 163.5, 158.6, 138.4, 138.1, 136.7,
131.5, 128.3, 128.4, 127.2, 126.8, 126.3, 121.3, 84.9, 74.0,
64.6, 43.3, 15.8; IR (KBr): 3460, 3062, 2919, 1647; MS
(ESI): m/z (%)¼728.5 (100, [MH+]); HRMS (EI) calcd for
C43H45N5O2S2 ([M+]) 727.3015, found 727.3012.
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Abstract—(E)-Alkenyl halides were transformed into (E)-alkenyl sulfides by the nickel(0) triethyl phosphite complex-catalyzed reaction
with thiols, whereas (Z)-alkenyl halides gave alkynes under the same reaction conditions. Aryl halides were also transformed into aryl sulfides
using the same reagent system.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Alkenyl sulfides are useful synthetic intermediates and are
employed as precursors for acyl anion equivalents,1 equiva-
lents of enolates,2 Michael acceptors,3 components of
[2+2] cycloadditions,4 and synthetic intermediates for cer-
tain cyclic compounds.5 Among various methods for their
preparations, the transition metal-catalyzed transformation
of alkenyl halides or triflates into alkenyl sulfides has
attracted much attention in recent years. A variety of palla-
dium(0) complexes have been found to serve as effective
catalysts.6 Transformation of alkenyl halides into sulfides us-
ing a stoichiometric7 or a catalytic8 amount of copper(I) com-
plexes has also been reported. Alkenyl sulfides are obtained
by the s-aryl-Ni[PPh3]2Cl-catalyzed reaction of alkenyl ha-
lides with thiols under phase transfer conditions.6b Bis(bipyr-
idine)nickel(II) bromide also catalyzes the transformation
though rather drastic conditions are indispensable.9

In connection with our study on the titanocene(II)-promoted
reaction of alkenyl sulfones with unsaturated compounds,10

we required a practical method for the stereoselective prep-
aration of disubstituted alkenyl sulfides from alkenyl ha-
lides. Despite the above extensive studies, a little has been
known about the stereochemistry of the transformation.8

The foregoing reactions catalyzed by transition metals re-
quire rather high reaction temperature and long reaction
time. The catalysts used in these reactions are either expen-
sive or difficult to be handled in an uncontrolled environ-
ment. Then we explored an alternative practical method

Keywords: Cross coupling; Nickel(0) complexes; Thiols; Sulfides.
* Corresponding author. Tel./fax: +81 42 388 7034; e-mail: takeda-t@cc.

tuat.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.001
for the stereoselective transformation of alkenyl halides
into sulfides using a less expensive and air-stable catalyst
and found that nickel(0) triethyl phosphite complex 111

was extremely effective for the conversion. The nickel cata-
lyst 1 is easily prepared by the treatment of nickel(II) chlo-
ride with triethyl phosphite and is stable in air.

2. Results and discussion

The treatment of b-bromostyrene 2a (E/Z¼85:15–90:10)
with benzenethiol 4a (1.2 equiv) at 120 �C in the presence
of 1 (5 mol %) and triethylamine (2 equiv) in DMF produced
b-(phenylthio)styrene 3a in 90% yield (Table 1, entry 1).
The decrease in the yield of 3a was observed when the reac-
tion was carried out at lower temperature (50 �C) (entry 2).
The quantitative formation of 3a was achieved by the reac-
tion using N,N-diethylaniline (2.0 equiv) as a base at 70 �C
(entry 3). The alkenyl sulfide 3a was obtained in satisfactory
yield using 1.5 equiv of N,N-diethylaniline even at 50 �C
(entry 4). On the contrary, the reaction of 2a with cyclo-
hexanethiol 4b under the same reaction conditions gave
no alkenyl sulfide. To increase the nucleophilicity of the
alkanethiol 4b, sodium hydride was used as a base, and the
alkenyl sulfide 3b was obtained in 44% yield along with
40% recovery of the starting material (entry 6). Lengthening
of reaction time gave a similar result, but the starting mate-
rial was completely consumed in a short period of time by
the use of THF as a co-solvent to produce 3b in good yield
(entry 7) (Scheme 1).

The alkenyl sulfides 3 obtained by the reaction of b-bromo-
styrene 2a were the mixtures of stereoisomers with predom-
inance of E-configuration. We considered the possibility that

mailto:takeda-t@cc.tuat.ac.jp
mailto:takeda-t@cc.tuat.ac.jp
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Table 1. Reaction of b-bromostyrene 2aa with thiols 4

Entry Thiol 4 Base (equiv) Solvent Temp (�C) Time (h) Product (yield/%,b

ratio of stereoisomers)

1

4a

SH Et3N (2.0) DMF 120 23

3a (90, 93:7)

S

2 4a Et3N (2.0) DMF 50 23 3a (53, 99:1)
3 4a PhNEt2 (2.0) DMF 70 23 3a (98, 89:11)
4 4a PhNEt2 (1.5) DMF 50 24 3a (88, 89:11)

5c 4a PhNEt2 (1.5) DMF 50 24

5a (93, 100:0)

S

O

6

4b

SH NaH (1.5) DMF 50 24

3b (44, 88:12)

S

7 4b NaH (1.5) DMF/THF 50 2.5 3b (93, 88:12)

8
4c

SH NaH (1.5) DMF/THF 50 2.5

3c (91, 91:9)

S

9c 4c NaH (1.5) DMF/THF 50 2.5

6 (78, 100:0)

S
OO

10

4d

SH NaH (1.5) DMF/THF 50 2.5

3d (95, 90:10)

S

11

4e

SH
NaH (1.5) DMF/THF 50 8

3e (90, 90:10)

S

12

4f

SHCl NaH (1.5) DMF/THF 50 4

3f (85, 87:13)

S

Cl

a E/Z¼85:15–90:10.
b Isolated yield.
c The alkenyl sulfide 3 was oxidized with MCPBA in the same vessel without any isolation or purification.
the concomitant formation of Z-alkenyl sulfides was due to
the photoisomerization of the E-isomers during and after iso-
lation, since such isomerization has been known.12 Then the
reactions of 2a with 4a and 4c were performed in the dark,
and a dichloromethane solution of m-chloroperbenzoic
acid (MCPBA) (10 equiv) was added to the mixtures to
oxidize the resulting alkenyl sulfides 3a and 3c. The sulfox-
ide 5a formed from the reaction with 4a and the sulfone 5b
formed from that with 4c were single isomers with E-config-
uration (entries 5 and 9).13 These facts indicate that the reac-
tion is stereoselective. If the reaction is stereospecific, it is

R3SH 4, Ni[P(OEt)3]4 1R1
R1

R2

X

R2 Base

SR3

2
3

Scheme 1. Formation of alkenyl sulfides by the reaction of alkenyl halides
with thiols.
undeniable that (Z)-b-bromostyrene 2a isomerizes to the
E-isomer under the reaction conditions; such isomerization
explains the excess formation of E-isomers over theoretical
amount estimated by the ratio of stereoisomers of the start-
ing material 2a.

The reactions of (E)-1-alkenyl halides 2 and thiols 4 also
gave (E)-alkenyl sulfides 3 in high yields (Table 2). Al-
though the reaction of 2a with 4a gave the alkenyl sulfide
3g as a mixture of stereoisomers, the corresponding sulfox-
ide 5b was obtained as a single stereoisomer by the reaction
in the dark and subsequent oxidation. What is striking is that
the reaction of (Z)-2c with 2-methyl-2-propanethiol 4d gave
no alkenyl sulfide but the alkyne 7a was selectively produced
(entry 6). The elimination also took place in the absence of
the thiol 4d. The result marks a sharp contrast with the con-
ventional transition metal-catalyzed transformations.6a,8
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Table 2. Reaction of 1-alkenyl halides 2 with thiols 4a

Entry Alkenyl halide 2 Thiol 4 Base (equiv) Solvent Time (h) Product (yield/%,b ratio of stereoisomers)

1
2b (E:Z = 100:0)

Hex
I

4a PhNEt2 (1.5) DMF 24 Hex
S

3g (90, 52:48)

2c 2b 4a PhNEt2 (1.5) DMF 24 Hex
S
O

5b (86, 100:0)

3 2b 4d NaH (1.5) DMF/THF 3 Hex
S

3h (91, 100:0)

4 2b 4e NaH (1.5) DMF/THF 1
Hex

S 3i (93, 100:0)

5 2b 4f NaH (1.5) DMF/THF 4
Hex

S

Cl
3j (89, 82:18)

6

2c (E:Z = 0:100)
Br

Ph Ph
4d NaH (1.5) DMF/THF 4 Ph

Ph

7a (70, 81d)

7

2d (E:Z = 100:0)

I
Pr

Pr 4a PhNEt2 (1.5) DMF 26

S
Pr

Pr 3k (85, 87:13)

8 2d 4d NaH (1.5) DMF/THF 3
S

Pr
Pr

3l (98, 100:0)

9

2e (E:Z = 100:0)

I
Ph(CH2)3

Ph(CH2)3
4d NaH (1.5) DMF/THF 2.5

S
Ph(CH2)3

Ph(CH2)3
3m (91, 100:0)

10

2e (E:Z = 12:88)
I

Ph
Ph

4d NaH (1.5) DMF/THF 1
Ph

Ph

7b (51)e

11

2f (E:Z = 100:0)

Hex
I

Me3Si 4a PhNEt2 (1.5) DMF 24
Hex

S

Me3Si 3n (87, 100:0)

12 2f 4f PhNEt2 (1.5) DMF 26 Hex
S

Me3Si
Cl

3o (86, 100:0)

a All reactions were carried out at 50 �C.
b Isolated yield.
c The alkenyl sulfide 3 was oxidized with MCPBA in the same vessel without any isolation or purification.
d In the absence of 4d.
e The corresponding alkenyl sulfide 3m was formed in 7% yield as a single isomer. 1,8-Diphenyl-4-octene was also obtained (9%) and (Z)-2e was recovered

(11%).
Similar to the reactions of 1-alkenyl halides, the reaction
mode of highly substituted alkenyl halides was also depen-
dent on its configuration; the treatment of E-2e with 4d in
the presence of 1 produced the E-alkenyl sulfide 3m selec-
tively whereas a similar treatment of Z-2e gave the internal
alkyne 7b (see entries 9 and 10). The loss of stereoselectiv-
ity observed in the reaction of 2d with 4a (entry 7) would be
due to the photoisomerization since the alkenyl sulfide 3k
(E/Z¼83:17) was readily transformed into a one-to-one
mixture of the stereoisomers on standing under fluorescent
light.
A plausible pathway for the nickel(II) 1-promoted reaction of
(E)-alkenyl halides 2 with thiols is illustrated in Scheme 2.
Ligand exchange of the vinylnickel species 8, generated by
the oxidative addition of the halide 2 to 1, with the thiolate
anion and subsequent reductive elimination afford alkenyl
sulfides 3. It is suggested that the b-hydride elimination of or-
ganonickel species is more difficult than that of organopalla-
dium compounds.14 Therefore, the observed preferential
formation of alkynes 7 in the reaction of (Z)-alkenyl halides
2 with thiols would be attributable to the ‘E2 elimination’
shown in Scheme 3 rather than the b-hydride elimination.
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Since the elimination proceeds in an anti-fashion, the substi-
tution is more favorable to the (E)-alkenyl halides than the E2
elimination.

Ni(0) 1

R1

R1

R1

R1

R2

R2

R2

R2

X

SR3

E-2

3

Ni(II)X R3S

X

Ni(II)SR3

8

Scheme 2. A plausible mechanism for the formation of alkenyl sulfides from
(E)-alkenyl halides.

H
X

R1

R1 R2

R1

R2R2
Z-2

Ni(0) 1
H

Ni(II) — X

Base

+ 1

7

- Base: HX

Scheme 3. A plausible mechanism for the formation of alkynes from
(Z)-alkenyl halides.

The formation of p-chlorophenyl sulfides 3f, 3j, and 3o indi-
cates that aryl chlorides are inactive toward the nickel(0)–
thiol system. In fact, the reaction of chlorobenzene 9a with
cyclohexanethiol 4b gave no sulfide and the starting material
was recovered quantitatively. On the contrary, bromobenz-
ene 9b and iodobenzene 9c do react with thiols 4 to produce
aryl sulfides 10 under similar conditions (Scheme 3, Table 3).
The synthetic utility of the present method was demonstrated
by the gram-scale reaction of 9c with 4b (entry 4). The yield
of the sulfide 10a was comparable to the other reactions,
which were performed on a 0.3 mmol scale (Scheme 4).

RSH 4, Ni[P(OEt)3]4 1X

Base

SR

9
10

Scheme 4. Formation of aryl sulfides by the reaction of aryl halides with
thiols.

Since aryl sulfides and sulfones are important compounds in
pharmaceutical industry, transition metal-catalyzed coupling
reactions of aryl halides and triflates with thiols have been
extensively studied and a variety of palladium complexes
are employed as a catalyst for the transformation.6b,d,e,g,15

Both stoichiometric16 and catalytic17 amounts of copper(I)
species are also employed. Recently cesium hydroxide
monohydrate-promoted coupling of aryl halides with
thiols was reported.18 Nickel compounds, such as s-aryl-
Ni[PPh3]2Cl,6b o-phenylene-bis[diphenylphosphino]nickel(II)
bromide complex,19 and the nickel(0) species generated
from a nickel(II) bromide-1,10-bis(diphenylphosphino)ferro-
cene–zinc powder system,20 have also been investigated as
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catalysts for this transformation. The reactions catalyzed
by these nickel complexes, however, suffer from high reac-
tion temperature or long reaction time. The results described
here indicate that nickel(0) triethyl phosphite complex 1 is
a good alternative to the above catalysts.

3. Conclusion

We have developed a practical method for the transformation
of (E)-alkenyl halides into the corresponding (E)-alkenyl sul-
fides using the inexpensive and air-stable nickel(0) catalyst.
In addition, aryl halides are transformed into aryl sulfides
by the same procedure. These reactions proceed under mild
conditions and afford the sulfides in good to high yields. Fur-
ther study on the nickel(0) triethyl phosphite complex-cata-
lyzed CeX bond scission is currently in progress.

4. Experimental

4.1. General

DMF was distilled from calcium hydride under reduced
pressure. THF was distilled from sodium and benzophenone.
Preparative thin-layer chromatography (PTLC) was carried
out using Wakogel B-5F. Tetrakis(triethyl phosphite)-
nickel(0) was prepared according to the literature proce-
dure.11 1H (300 MHz) and 13C (75 MHz) NMR spectra

Table 3. Formation of aryl sulfides 10a

Entry Aryl halide 9 Thiol 4 Time (h) Aryl sulfide 10
(yield/%)

1

9a

Cl
4b 4

10a (-)

S

2

9b

Br
4b 4 10a (78)

3b

9c

I
4a 24

10b (90)

S

4c 9c 4b 4 10a (90)

5 9c 4e 8

10c (91)

S

6 9c 4f 4

10d (88)

S

Cl

7

9d

Br

4c 4

10e (81)

S

a All reactions were carried out in DMF/THF at reflux and 1.5 equiv of NaH
was used as a base, unless otherwise noted.

b Carried out in DMF at 70 �C using 1.5 equiv of PhNEt2 as a base.
c Performed on a 10 mmol scale.
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were recorded in CDCl3 on a JEOL AL300. Chemical shifts
(d) were quoted in parts per million from tetramethylsilane
for 1H and CDCl3 for 13C NMR spectroscopies. IR spectra
were measured on a JASCO FTIR 460 plus and absorptions
were reported in cm�1. Elemental analyses were performed
on a Perkin–Elmer 2400II analyzer.

4.2. Transformation of alkenyl and aryl halides into
sulfides

Typical procedure using benzenethiol: tetrakis(triethyl phos-
phite)nickel(0) (11 mg, 0.015 mmol) was placed in a flask
with DMF (0.3 mL) under argon. A DMF (0.6 mL) solution
of b-bromostyrene (2a) (55 mg, 0.3 mmol), a DMF (0.6 mL)
solution of N,N-diethylaniline (67 mg, 0.45 mmol), and
benzenethiol (4a) (0.94 M in DMF, 0.34 mL, 0.36 mmol)
were successively added to the flask at room temperature.
The mixture was heated to 50 �C and stirred for 24 h. The
reaction was quenched by the addition of 1 M NaOH and
the organic materials were extracted with ether. The organic
layer was washed with 1 M NaOH and dried over Na2SO4.
The solvent was evaporated under reduced pressure and the
residue was purified by PTLC (hexane) to give 3a (56 mg,
88%; E/Z¼89:11).

Typical procedure using p-chlorobenezenethiol or alkane-
thiols: cyclohexanethiol (4b) (0.97 M in DMF, 0.35 mL,
0.36 mmol) was added to sodium hydride (55 wt % in min-
eral oil, 20 mg, 0.45 mmol) under argon and the mixture
was stirred for 10 min at room temperature. Tetrakis(triethyl
phosphite)nickel(0) (11 mg, 0.015 mmol), DMF (0.3 mL),
and a THF (1.2 mL) solution of b-bromostyrene (2a)
(55 mg, 0.3 mmol) were successively added to the mixture,
which was stirred for 2.5 h at 50 �C. The reaction was
quenched by the addition of 1 M KOH and the organic ma-
terials were extracted with ether. The organic layer was
washed with 1 M KOH and dried over Na2SO4. The solvent
was evaporated under reduced pressure and the residue was
purified by PTLC (hexane) to afford 3b (61 mg, 93%;
E/Z¼88:12).

4.2.1. 1-Phenyl-2-(phenylthio)ethene (3a)8 (E/Z¼89:11).
IR (neat): 3058, 3023, 1598, 1582, 1494, 1476, 1088, 1025,
945, 737, 691; 1H NMR: 6.50 (d, J¼10.8 Hz, 0.11H), 6.59
(d, J¼10.6 Hz, 0.11H), 6.73 (d, J¼15.4 Hz, 0.89H), 6.88 (d,
J¼15.4 Hz, 0.89H), 7.20–7.55 (m, 10H); 13C NMR: 123.3,
126.0, 126.9, 127.1, 127.16, 127.20, 127.6, 128.3, 128.65,
128.72, 129.0, 129.1, 129.8, 130.0, 131.8, 135.2, 136.5.

4.2.2. 1-(Cyclohexylthio)-2-phenylethene (3b)8 (E/Z¼
88:12). IR (neat): 3022, 2928, 2852, 1597, 1570, 1446,
1266, 998, 939, 737, 691; 1H NMR: 1.19–1.53 (m, 5H),
1.57–1.69 (m, 1H), 1.71–1.89 (m, 2H), 1.94–2.12 (m, 2H),
2.82–3.05 (m, 1H), 6.33 (d, J¼11.0 Hz, 0.12H), 6.43 (d,
J¼11.0 Hz, 0.12H), 6.56 (d, J¼15.6 Hz, 0.88H), 6.76 (d, J¼
15.6 Hz, 0.88H), 7.14–7.52 (m, 5H); 13C NMR (E-isomer):
25.6, 26.0, 33.6, 45.3, 124.0, 125.5, 126.9, 128.6, 137.1.

4.2.3. 1-(Ethylthio)-2-phenylethene (3c)21 (E/Z¼91:9). IR
(neat): 3021, 2971, 2925, 1597, 1570, 1495, 1446, 1265,
937, 738, 691; 1H NMR: 1.36 (t, J¼7.4 Hz, 3H), 2.83 (q,
J¼7.4 Hz, 2H), 6.26 (d, J¼11.0 Hz, 0.09H), 6.46 (d,
J¼15.6 Hz, 1.00H), 6.73 (d, J¼15.6 Hz, 0.91H), 7.14–7.50
(m, 5H); 13C NMR: 14.5, 15.4, 26.5, 124.8, 125.4, 126.5,
126.7, 126.8, 127.1, 128.2, 128.5, 128.6, 137.1.

4.2.4. 1-Phenyl-2-(tert-butylthio)ethene (3d)8 (E/Z¼
90:10). IR (neat): 3023, 2961, 2924, 2898, 1597, 1457,
1445, 1365, 1162, 944, 740, 691; 1H NMR: 1.41 (s, 8.1H),
1.43 (s, 0.9H), 5.43 (d, J¼11.2 Hz, 0.10H), 5.49 (d,
J¼11.5 Hz, 0.10H), 6.71 (d, J¼15.3 Hz, 0.90H), 6.88 (d,
J¼15.3 Hz, 0.90H), 7.17–7.52 (m, 5H); 13C NMR (E-iso-
mer): 31.0, 44.3, 122.0, 125.8, 127.2, 128.6, 132.0, 137.0.

4.2.5. 1-(Benzylthio)-2-phenylethene (3e)8 (E/Z¼90:10).
IR (neat): 3027, 1590, 1494, 1451, 935, 739, 712, 690;
1H NMR: 3.99 (s, 1.80H), 4.01 (s, 0.20H), 6.25 (d,
J¼11.0 Hz, 0.10H), 6.42 (d, J¼10.8 Hz, 0.10H), 6.52 (d, J¼
15.6 Hz, 0.90H), 6.71 (d, J¼15.6 Hz, 0.90H), 7.15–7.46 (m,
10H); 13C NMR: 37.3, 124.3, 125.6, 127.0, 127.3, 127.4,
127.9, 128.5, 128.6, 128.7, 128.8, 129.4, 136.9, 137.2.

4.2.6. 1-(4-Chlorophenylthio)-2-phenylethene (3f) (E/Z¼
87:13). IR (neat): 3080, 1474, 1445, 1393, 1096, 959, 953,
817, 741, 690; 1H NMR: 6.41 (d, J¼10.6 Hz, 0.13H), 6.62
(d, J¼10.6 Hz, 0.13H), 5.74 (d, J¼15.4 Hz, 0.87H), 5.82 (d,
J¼15.4 Hz, 0.87H), 7.17–7.54 (m, 9H); 13C NMR: 122.4,
125.1, 126.1, 127.3, 127.8, 128.0, 128.3, 128.7, 129.3,
130.9, 131.2, 137.7, 132.9, 133.8, 136.2. Anal. Calcd for
C14H11ClS: C, 68.14; H, 4.49. Found: C, 68.11; H, 4.56.

4.2.7. 1-(Phenylthio)-1-octene (3g)8 (E/Z¼52:48). IR
(neat): 3006, 2925, 2855, 1584, 1478, 1465, 1440, 1090,
1025, 949, 738, 689; 1H NMR: 0.89 (t, J¼6.1 Hz, 3H),
1.20–1.50 (m, 8H), 2.17 (dt, J¼7.1, 7.0 Hz, 0.52H), 2.25
(dt, J¼7.1, 5.8 Hz, 0.48H), 5.83 (dt, J¼9.2, 7.2 Hz, 0.48H),
6.00 (dt, J¼15.0, 7.1 Hz, 0.52H), 6.13 (d, J¼14.8 Hz,
0.52H), 6.19 (d, J¼9.2 Hz, 0.48H), 7.14–7.37 (m, 5H); 13C
NMR: 14.1, 22.6, 28.8, 28.9, 29.0, 29.1, 31.6, 31.7, 33.1,
120.5, 122.5, 126.0, 126.1, 128.3, 128.7, 128.90, 128.92,
133.8, 137.9.

4.2.8. (E)-1-(tert-Butylthio)-1-octene (3h). IR (neat): 2925,
2856, 1457, 1364, 1161, 950; 1H NMR: 0.88 (t, J¼6.8 Hz,
3H), 1.21–1.43 (m, 17H), 2.11 (dt, J¼6.7, 6.7 Hz, 2H),
5.89 (dt, J¼15.0, 6.8 Hz, 1H), 6.06 (dt, J¼14.7, 1.1 Hz,
1H); 13C NMR: 14.1, 22.6, 28.7, 29.1, 30.8, 31.6, 33.3,
43.5, 119.6, 138.2. Anal. Calcd for C12H24S: C, 71.93; H,
12.07. Found: C, 71.72; H, 12.24.

4.2.9. (E)-1-(Benzylthio)-1-octene (3i).8 IR (neat): 3064,
3029, 3005, 2925, 2854, 1495, 1454, 1236, 943, 698; 1H
NMR: 0.87 (t, J¼6.9 Hz, 3H), 1.15–1.38 (m, 8H), 2.03 (dt,
J¼6.7, 6.7 Hz, 2H), 3.83 (s, 2H), 5.67 (dt, J¼15.0, 7.2 Hz,
1H), 5.89 (d, J¼14.8 Hz, 1H), 7.18–7.36 (m, 5H); 13C
NMR: 14.1, 22.6, 28.6, 29.1, 31.6, 33.1, 37.6, 121.8, 127.0,
128.4, 128.8, 132.7, 137.9.

4.2.10. 1-(4-Chlorophenylthio)-1-octene (3j) (E/Z¼82:18).
IR (neat): 2955, 2926, 2855, 1475, 1094, 1012, 815; 1H
NMR: 0.87–0.91 (m, 3H), 1.18–1.49 (m, 8H), 2.13–2.27 (m,
2H), 5.86 (dt, J¼9.2, 7.3 Hz, 0.18H), 5.98–6.13 (m, 1.82H),
7.19–7.17 (m, 4H); 13C NMR: 14.1, 22.6, 28.8, 28.88, 28.93,
29.1, 31.59, 31.63, 33.1, 120.0, 121.8, 128.97, 129.0, 129.4,
129.8, 131.8, 132.0, 134.7, 135.1, 135.3, 138.9. Anal. Calcd
for C14H19ClS: C, 65.99; H, 7.52. Found: C, 66.09; H, 7.56.
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4.2.11. (E)-4-(Phenylthio)-4-octene (E-3k).22 IR (neat):
3072, 2958, 2930, 2871, 1583, 1476, 1463, 1439, 740, 690;
1H NMR: 0.86 (t, J¼7.3 Hz, 3H), 0.94 (t, J¼7.4 Hz, 3H),
1.38–1.57 (m, 4H), 2.09–2.19 (m, 4H), 5.88 (t, J¼7.4 Hz,
1H), 7.14–7.33 (m, 5H); 13C NMR: 13.7, 13.8, 21.7, 22.7,
31.2, 33.0, 126.1, 128.8, 129.8, 133.5, 136.0, 137.4.

4.2.12. (Z)-4-(Phenylthio)-4-octene (Z-3k). IR (neat):
2958, 2924, 2871, 1583, 1476, 1463, 740, 691; 1H NMR:
0.82 (t, J¼7.4 Hz, 3H), 0.93 (t, J¼7.3 Hz, 3H), 1.37–1.53
(m, 4H), 2.13 (t, J¼7.3 Hz, 2H), 2.32 (dt, J¼7.3, 7.3 Hz,
2H), 5.91 (t, J¼7.1 Hz, 1H), 7.12–7.26 (m, 5H); 13C NMR:
13.3, 13.8, 21.5, 22.7, 31.9, 39.6, 125.6, 128.7, 129.1,
132.9, 136.8.

4.2.13. (E)-4-(tert-Butylthio)-4-octene (3l). IR (neat): 2959,
2871, 1457, 1378, 1362, 1164, 1148, 900; 1H NMR: 0.89 (t,
J¼7.2 Hz, 3H), 0.93 (t, J¼7.1 Hz, 3H), 1.31 (s, 9H), 1.33–
1.58 (m, 4H), 2.10 (dt, J¼7.2, 7.5 Hz, 2H), 2.26 (t, J¼
7.5 Hz, 2H), 5.93 (t, J¼7.5 Hz, 1H); 13C NMR: 13.7, 13.8,
21.8, 22.7, 31.38, 31.44, 36.8, 45.4, 133.1, 142.9. Anal. Calcd
for C12H26S: C, 71.21; H, 12.95. Found: C, 71.64; H, 12.63.

4.2.14. 4-(tert-Butylthio)-1,8-diphenyl-4-octene (3m). IR
(neat): 3026, 2936, 2857, 1496, 1454, 1362, 1162, 746,
698; 1H NMR: 1.29 (s, 9H), 1.70 (tt, J¼7.5, 7.5 Hz, 2H),
1.83 (tt, J¼7.7, 7.7 Hz, 2H), 2.09 (dt, J¼4.4, 7.4 Hz, 2H),
2.28 (t, J¼7.5 Hz, 2H), 2.58 (t, J¼8.0 Hz, 2H), 2.60 (t,
J¼7.8 Hz, 2H), 5.96 (t, J¼7.4 Hz, 1H), 7.10–7.32 (m,
10H); 13C NMR: 28.9, 30.1, 31.2, 31.4, 34.2, 35.4, 35.5,
45.5, 125.6, 125.8, 128.2, 128.3, 128.4, 128.4, 133.5,
142.1, 142.3, 142.4. Anal. Calcd for C24H32S: C, 81.76; H,
9.15. Found: C, 82.12; H, 9.49.

4.2.15. (E)-1-(Phenylthio)-1-(trimethylsilyl)-1-octene
(3n). IR (neat): 3072, 3060, 1585, 1476, 1439, 1247, 837,
738, 690; 1H NMR: 0.21 (s, 9H), 1.05 (t, J¼6.8 Hz, 3H),
1.36–1.65 (m, 8H), 2.57 (dt, J¼7.7, 6.9 Hz, 2H), 6.77 (t,
J¼6.8 Hz, 1H), 7.23–7.44 (m, 5H); 13C NMR: �1.2, 14.0,
22.6, 28.8, 29.0, 30.9, 31.6, 124.9, 127.8, 128.5, 133.1,
138.0, 153.5. Anal. Calcd for C17H28SSi: C, 69.79; H,
9.65. Found: C, 69.36; H, 9.79.

4.2.16. (E)-1-(4-Chlorophenylthio)-1-(trimethylsilyl)-1-
octene (3o). IR (neat): 2956, 2925, 2855, 1474, 1247,
1092, 837, 815; 1H NMR: 0.20 (s, 9H), 1.03 (t, J¼6.8 Hz,
3H), 1.32–1.63 (m, 8H), 2.53 (dt, J¼7.5, 7.1 Hz, 2H), 6.77
(t, J¼6.8 Hz, 1H), 7.26 (d, J¼6.8 Hz, 2H), 7.35 (d,
J¼6.6 Hz, 2H); 13C NMR: �1.2, 14.0, 22.6, 28.7, 29.0,
31.0, 31.6, 128.6, 128.7, 130.6, 132.8, 136.7, 154.2. Anal.
Calcd for C17H27ClSSi: C, 62.44; H, 8.32. Found: C, 62.59;
H, 8.56.

4.2.17. 3-Benzyl-4-phenyl-1-butyne (7a). IR (neat): 3293,
3062, 3028, 2923, 1496, 1454, 752, 735, 699; 1H NMR:
2.05 (d, J¼2.4 Hz, 1H), 2.74–2.82 (m, 4H), 2.89–2.95 (m,
1H), 7.19–7.31 (m, 10H); 13C NMR: 35.4, 40.6, 71.0,
86.5, 126.4, 128.2, 129.2, 139.1. Anal. Calcd for C17H16:
C, 92.68; H, 7.32. Found: C, 92.63; H, 7.31.

4.2.18. 1,8-Diphenyl-4-octyne (7b).23 IR (neat): 3084,
3061, 3026, 2938, 2858, 1603, 1496, 1454, 1433, 745,
699; 1H NMR: 1.82 (tt, J¼7.3 Hz, 4H), 2.19 (t, J¼7.0 Hz,
4H), 2.73 (t, J¼7.6 Hz, 4H), 7.16–7.31 (m, 10H); 13C
NMR: 18.2, 30.7, 34.8, 90.3, 125.8, 128.3, 128.5, 141.8.

4.2.19. Cyclohexyl phenyl sulfide (10a).8 IR (neat): 3053,
2972, 2925, 1564, 1502, 1262, 976, 788, 769; 1H NMR:
1.15–1.45 (m, 5H), 1.51–1.66 (m, 1H), 1.69–1.85 (m, 2H),
1.89–2.06 (m, 2H), 3.11 (tt, J¼10.4, 3.7 Hz, 1H), 7.17–
7.32 (m, 3H), 7.36–7.42 (m, 2H); 13C NMR: 25.7, 26.0,
33.3, 46.5, 126.6, 128.7, 131.8, 135.1.

4.2.20. Diphenyl sulfide (10b).8 IR (neat): 3059, 1579,
1475, 1439, 1080, 1024, 737, 688; 1H NMR: 7.21–7.49
(m, 10H); 13C NMR: 127.0, 129.2, 131.0, 135.8.

4.2.21. Benzyl phenyl sulfide (10c).8 IR (neat): 3058, 3046,
1480, 1454, 1438, 730, 715, 686; 1H NMR: 4.12 (s, 2H),
7.10–7.30 (m, 10H); 13C NMR: 39.0, 126.3, 127.1, 128.5,
128.79, 128.81, 129.8.

4.2.22. 4-Chlorophenyl phenyl sulfide (10d).18 IR (neat):
1475, 1094, 952, 820, 741, 690; 1H NMR: 7.20–7.35 (m,
9H); 13C NMR: 127.4, 129.29, 129.32, 131.3, 132.0,
133.0, 134.6, 135.1.

4.2.23. Ethyl naphthyl sulfide (10e).24 IR (neat): 3072,
2928, 2852, 1583, 1479, 1447, 750, 735, 691; 1H NMR:
1.33 (t, J¼7.4 Hz, 3H), 3.01 (q, J¼7.4 Hz, 2H), 7.41 (dd,
J¼7.2, 8.1 Hz, 1H), 7.47–7.58 (m, 3H), 7.73 (d, J¼8.4 Hz,
1H), 7.85 (d, J¼7.5 Hz, 1H), 8.40 (d, J¼7.8 Hz, 1H); 13C
NMR: 14.4, 28.2, 125.0, 125.5, 126.1, 126.2, 126.9, 127.7,
128.5.

4.3. In situ oxidation of the alkenyl sulfides 3

Typical procedure: the alkenyl sulfide 3a was prepared in the
dark in a similar manner as described above. After comple-
tion of the reaction, the reaction mixture was cooled to 0 �C.
A CH2Cl2 (2.7 mL) solution of MCPBA (672 mg, 3.0 mmol)
was added and the reaction mixture was stirred for 11 h in
the dark. The reaction was quenched by the addition of
1 M NaOH and the organic materials were extracted with
CH2Cl2. The organic layer was washed with 1 M NaOH
and dried over Na2SO4. The solvent was evaporated under
reduced pressure and the residue was purified by PTLC (hex-
ane/EtOAc¼2:1, v/v) to give 5a (64 mg, 93%).

4.3.1. (E)-1-Phenyl-2-(phenylsulfinyl)ethene (5a).25 IR
(neat): 3058, 3025, 1494, 1476, 1084, 1045, 998, 739, 689;
1H NMR: 6.84 (d, J¼15.6 Hz, 1H), 7.30–7.56 (m, 9H),
7.64–7.72 (m, 2H); 13C NMR: 124.7, 127.8, 128.9, 129.4,
129.9, 131.1, 133.0, 133.7, 136.4, 143.9.

4.3.2. (E)-1-(Phenylsulfinyl)octene (5b).25 IR (neat): 2926,
2855, 1466, 1443, 1085, 1046, 958, 920, 746; 1H NMR: 0.87
(t, J¼6.8 Hz, 3H), 1.16–1.37 (m, 6H), 1.46 (tt, J¼7.4 Hz,
2H), 2.23 (dt, J¼7.2, 7.2 Hz, 2H), 6.23 (dt, J¼15.0,
1.4 Hz, 1H), 6.62 (dt, J¼15.0, 6.8 Hz, 1H), 7.43–7.54 (m,
3H), 7.59–7.63 (m, 2H); 13C NMR: 14.0, 22.5, 28.0, 28.7,
31.5, 32.0, 124.4, 129.2, 130.8, 134.9, 141.6, 144.3.

4.3.3. (E)-1-(Ethylsulfonyl)-2-phenylethene (6).21 IR
(neat): 3054, 2979, 1616, 1450, 1304, 1126, 979, 856, 822,
747, 688; 1H NMR: 1.40 (t, J¼7.4 Hz, 3H), 3.10 (q,
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J¼7.5 Hz, 2H), 6.82 (d, J¼15.6 Hz, 1H), 7.39–7.48 (m, 3H),
7.48–7.57 (m, 2H), 7.61 (d, J¼14.4 Hz, 1H); 13C NMR: 7.3,
49.4, 123.9, 128.5, 129.1, 131.4, 132.2, 145.2.
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Abstract—The oxidative cyclization–carbonylation of meso-2-alkyl-2-propargylcyclohexane-1,3-diols mediated by Pd(II) with chiral bisox-
azoline (box ligand) afforded bicyclic-b-alkoxyacrylates. Based on a ligand screening, 2,20-isopropylidenebis[(4S,5R)-4,5-di(2-naphthyl)-2-
oxazoline] ligand has been developed. The products with a chiral quaternary carbon were obtained in 71–100% yields with 85–95% ee.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Palladium(II)-catalyzed reactions are fundamentally impor-
tant in organic transformations.1 Compared with the impres-
sive evolution of oxidative asymmetric reactions of alkene
catalyzed by Pd(II),2 that of alkyne has received only scant
attention.3 Previously, we have reported the cyclization–
carbonylation of 4-yne-1-ols,3a,4 4-yne-1-ones,5 and prop-
argyl acetates.6 Based on the reaction of 4-yne-1-ols, the
total synthesis of antibiotics, such as cystothiazoles and
melithazoles, has been achieved.7 As the first example of
an asymmetric version of this reaction, we have also re-
ported the cyclization–carbonylation of meso-2-methyl-2-
propargylcyclohexane-1,3-diol 1 catalyzed by palladium(II)
with chiral-box (bisoxazoline) ligands3a (Scheme 1).
Although the product was obtained in good yield, the ee
value was moderate (up to 65% ee). In this paper, we have
investigated a box-ligand structure–enantioselectivity rela-
tionship, and found that cis-4,5-di(2-naphthyl)-box ligand
34 was useful for the present reaction.

Keywords: Palladium; Bisoxazoline; Asymmetric cyclization–carbonyla-
tion.
* Corresponding authors. Tel./fax: +81 474 72 1825; e-mail: kkk@phar.

toho-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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SOH

O CO2R

Pd(OCOCF3)2 (5 mol %)/
ligand (10 mol %)

p-benzoquinone (1.1 equiv.)
CO balloon, ROH1

2a : R = Me
  3 : R = i-Pr

Scheme 1.

2. Results and discussion

2.1. Synthesis of the substrates 1a–c

The substrates 1a–c were synthesized from the correspond-
ing cyclohexane-1,3-dione derivatives 8a–c8 (Scheme 2).
Monoketalization of 8a–c according to Pancrazi’s proce-
dure9 gave 9a–c. Reduction of 9a–c followed by acid
hydrolysis gave ca. 1:1 mixture of ketols 10a–c and its dia-
stereomers, which were separated by column chromato-
graphy. After protection of the hydroxyl group in 10a–c
with a tert-butyldimethylsilyl (TBDMS) group, TBDMS
ethers 11a–c were reduced with NaBH4 to afford 12a–c,
which were treated with TBAF to provide the substrates
1a–c.

2.2. Cyclization–carbonylation of 1

2.2.1. Preliminary experiments. As a preliminary experi-
ment, we investigated the box-ligands 4–710 having four
kinds of substituents at the C4 position of the bisoxazoline

mailto:kkk@phar.toho-u.ac.jp
mailto:kkk@phar.toho-u.ac.jp
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8a : R = Me
8b : R = Propyl
8c : R = Allyl                      

9a : R = Me
9b : R = Propyl
9c : R = Allyl                     

10a : R = Me
10b : R = Propyl
10c : R = Allyl                      

11a : R = Me
11b : R = Propyl
11c : R = Allyl                     

12a : R = Me
12b : R = Propyl
12c : R = Allyl                      

1a : R = Me
1b : R = Propyl
1c : R = Allyl

Scheme 2. Reagents: (a) 2,2-Dimethyl-1,3-propandiol, BF3/OEt2 in CH2Cl2, single operation, 34–51% (recovery 40–56%); (b) LiAlH4 in THF, 70 �C then 10%
HCl/MeOH 46–56% (diastereomers 31–42%); (c) TBDMSCl, imidazole in DMF 82–95%; (d) NaBH4 in MeOH 78–99%; (e) TBAF in THF 72–90%.
rings; among them, only ph-box ligand 4 was effective,
65% ee of bicyclic-b-alkoxyacrylate 2a was obtained in
98% yield (Table 1, entries 1–4; Scheme 1). When the
same reaction of 1a was carried out at 0 �C, significant
rate acceleration was noted with accompanying slight
decrease in the enantioselection to 57% (entry 5). In the
absence of a ligand, the reaction proceeded at room temper-
ature to afford racemic-2a in 85% yield (entry 6). Although
Pd(CH3CN)4(BF4)2 was also effective for this reaction, the
ee of the product was slightly lower than that obtained on
using Pd(CF3CO2)2 (entries 1 and 7). When we examined
the use of CH2Cl2/MeOH¼10/1 or i-PrOH as solvents,
the product 2a was obtained in good yield with moderate
enantioselectivity (entries 8 and 9). The reaction in THF/
MeOH¼10/1 was very slow to give low yield of 2a with
low enantioselectivity (entry 10). The phosphine ligand
seems to be not effective for this type of reactions;4,11 the
use of (S)-BINAP 1310 and bis(phosphino)ferrocene com-
plexes of DPPFA 1410 gave poor results (entries 11–13).

2.2.2. Screening of ligands. In the next step, several kinds of
box ligands12 were tested in the present reaction as shown in
Figure 1 and Table 2 (Scheme 1). Based on the preliminary
results (Table 1), the following reactions were performed
with 5 mol % of Pd(TFA)2 and 10 mol % of a box ligand
bearing an aromatic substituent at the C4 position on the
oxazoline ring in MeOH. At first, we examined the spacer of
two oxazoline rings (Fig. 1, Part A), such as one or two car-
bon atoms (4, 15–18), pyridine ring (19 and 20), binaphthyl
skeleton (21), and cyclohexane ring (22 and 23) (entries 1–
10). Among them, ligand 4 gave the best result (entry 1). Al-
though ligands 4, 15, and 16 all contain one carbon spacer,
enantioselectivity of the reactions was different. We could
prepare palladium complexes of ligands 4 and 16 as a single
crystal, and X-ray structures of [Pd(TFA)2((S,S)-4)] and
[Pd(TFA)2((R,R)-16)] are shown in Figure 2. Although the
[Pd(TFA)2((S,S)-4)] has a rigid square plane structure and
all elements related to palladium existed on the same plane,
that of the [Pd(TFA)2((R,R)-16)] was slightly distorted. This
difference might be a cause of the difference in the selectiv-
ity. Next, we examined the substituent effect of the C5 posi-
tion on the bisoxazoline ring (Fig. 1, Part B; Table 2, entries
11–15; Scheme 1). Although the trans-phenyl group at the
C5 position (24) lowered enantioselectivity (entry 11), it
was improved by the use of ligand 25 bearing a cis-phenyl
group on the C5 position (entry 12). The use of ligand 26
lacking dimethyl groups in the spacer part and ligand 27 hav-
ing dimethyl groups on the C5 position resulted in decreased
selectivity (entries 13 and 14). Ligand 28 with the phenyl
group fixed to the oxazoline ring in parallel showed poor
Table 1. Cyclization–carbonylation of 1: preliminary experiments (Scheme 1)a

Entry Catalyst Ligand Condition Yield (%) % ee (config.)

1 Pd(TFA)2 4 �30 �C, 20 h 98 65 (S)
2 Pd(TFA)2 5 �15 �C, 20 h 99 0
3 Pd(TFA)2 6 �30 to �10 �C, 60 h 81 0
4 Pd(TFA)2 7 rt, 72 h 15 0
5 Pd(TFA)2 4 0 �C, 2.5 h 90 57 (S)
6 Pd(TFA)2 None rt, 24 h 85 0
7 Pd(CH3CN)4(BF4)2 4 �30 to �10 �C, 48 h 94 63 (S)
8b Pd(TFA)2 4 �10 �C, 48 h 86 52 (S)
9c Pd(TFA)2 4 �15 �C, 20 h 90e 60 (S)
10d Pd(TFA)2 4 rt, 48 h 26 35 (S)
11 Pd(TFA)2 13 �10 �C, 40 h 35 0
12 [PdCl2-14] 5 mol % �30 �C, 41 h 82 2 (S)
13 [PdH2O(TFA)2-14] 5 mol % rt, 48 h 81 11 (S)

a Reactions were performed with 5 mol % of Pd-cat. and 10 mol % of ligand in MeOH.
b CH2Cl2/MeOH¼10/1 was used as a solvent.
c i-PrOH was used as a solvent.
d THF/MeOH¼10/1 was used as a solvent.
e i-Pr ester 3 was obtained.
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Figure 1. Screening of ligands. (Part A): spacers of two bisoxazoline rings; (Part B): substituents of C5 position on bisoxazoline rings; and (Part C): aromatic
substituents at the C4 position of the bisoxazoline rings.
selectivity (entry 15). Next, the aromatic substituent at the
C4 position of the bisoxazoline ring was investigated
(Fig. 1, Part C; Table 2, entries 16–21; Scheme 1). The selec-
tivity was slightly decreased by replacing the phenyl group
of 4 with a 4-methoxyphenyl, 4-trifluoromethylphenyl, and

Table 2. Cyclization–carbonylation of 1: ligand screening (Scheme 1;
Fig. 1)a

Entry Ligand Condition Yield (%) % ee (config.)

1 4 �30 �C, 20 h 98 65 (S)
2 15 0 �C–rt, 48 h 48 29 (S)
3 16 �30 �C, 66 h 72 31 (S)
4 17 �10 �C, 24 h 8 34 (S)
5 18 rt, 24 h 7 17 (R)
6 19 rt, 48 h 88 33 (R)
7 20 rt, 24 h 88 5 (S)
8 21 �10 �C, 40 h 67 56 (S)
9 22 �30 �C, 68 h 93 26 (R)
10 23 �30 �C, 68 h 93 0
11 24 �30 �C, 30 h 93 12 (S)
12 25 �30 �C, 72 h 99 72 (S)
13 26 0 �C–rt, 24 h 30 52 (R)
14 27 �30 �C, 96 h 72 43 (R)
15 28 �30 �C, 48 h 75 9 (S)
16 29 �30 �C, 43 h 98 62 (R)
17 30 �30 �C, 16 h 99 57 (R)
18 31 �30 to �20 �C, 96 h 99 55 (R)
19 32 �30 �C, 48 h 99 64 (S)
20 33 �30 �C, 19 h 99 77 (R)
21 33 �50 �C, 5 days 68 85 (R)

a All reactions were performed with 5 mol % of Pd(TFA)2 and 10 mol % of
ligand in MeOH.
4-tert-butylphenyl group (entries 16, 17, and 19). Remark-
able electronic or steric effects on the phenyl ring were not
observed. 2-Naphthyl ligand 33 clearly resulted in the best
enantioselectivity, whereas in the presence of 1-naphthyl li-
gand 31, the product was formed with good yield but a slight
decrease in enantioselectivity (entries 18, 20, and 21).

2.3. Design and synthesis of 2,20-isopropylidene-
bis[(4S,5R)-4,5-di(2-naphthyl)-2-oxazoline] 34

In recent years, many kinds of complex box ligands bearing
an additional substituent at the C5 position of both oxazoline
rings have been investigated.13 Based on ligand screening
experiments (Fig. 1, Parts A–C), a new class of substituted
aryl box ligand was designed and synthesized. As a spacer
of two box rings, the dimethylmethylene group seems to
be appropriate (Part A). As an aromatic substituent on the
C4 and C5 positions with cis relationship (Part B), the
2-naphthyl group seems to be effective for the present
reaction (Part C). As a hybrid of ligands 4, 25, and 33, cis-
4,5-di(2-naphthyl)-box ligand 34 was designed and synthe-
sized (Fig. 3). Optically active diol 35 prepared by the
known method14 was treated with thionyl chloride to form
a cyclic sulfite, which was subsequently opened by the
azide ion to afford 36.13a The ee of 36 could be fortified to
>99% ee by a single recrystallization. Reduction of 36
followed by condensation with dimethylmalonyl dichloride
afforded the corresponding diamide, which was subjected
to dehydrative cyclization to afford desired ligand 34
(Scheme 3).
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Figure 2. X-ray structure of [Pd(TFA)2((S,S)-4)] (up) and [Pd(TFA)2((R,R)-16)] (down).
2.4. Cyclization–carbonylation of 1a–c using 2,20-iso-
propylidenebis[(4S,5R)-4,5-di(2-naphthyl)-2-oxazoline]
ligand 34

Next, we applied 34 in the cyclization–carbonylation of
1a–c (Table 3; Scheme 4). Compared with the reaction using
mono-2-naphthyl ligand 33 (Table 2, entries 20 and 21), the
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Figure 3. Design of cis-di-2-napthyl ligand.
use of cis-4,5-di(2-naphthyl)-box ligand 34 resulted in in-
creased yield (entries 1 and 2). The selectivity was slightly
increased by replacing the methyl group of the substrate

Table 3. Cyclization–carbonylation of 1, 12, and 13 using 2,20-isopropyl-
idenebis[(4S,5R)-4,5-di(2-naphthyl)-2-oxazoline] ligand 34

Entry R Product Condition Yield (%) % ee (config.)

1 Me 2a �50 to �30 �C, 4 days 94 85 (S)
2a Me 2a �55 to �50 �C, 6 days 100 86 (S)
3b Pr 2b �50 to �40 �C, 5 days 71 92 (S)
4 Pr 2b �40 �C, 3 days 79 91 (S)
5 Allyl 2c �50 to �40 �C, 5 days 81 95 (S)

a Pd(TFA)2/34¼10 mol %/15 mol %.
b Pd(TFA)2/34¼5 mol %/5 mol %.
OHN3OHHO
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1a with a propyl and an allyl group (entries 3–5). The equi-
molar mixture of Pd(TFA)2 and 34 gave almost the same re-
sult with the use of 1:2 ratio (entries 3 and 4). The structure
of the products 2a and 2b was determined by X-ray crystal-
lographic analysis and modified Mosher’s method.15 The
structure of the product 2c was determined by conversion
of 2c to 2b.

3. Conclusion

The oxidative cyclization–carbonylation of meso-2-alkyl-2-
propargylcyclohexane-1,3-diols mediated by Pd(II) with
chiral bisoxazoline (box ligands) afforded bicyclic-b-alkoxy-
acrylates. Based on a ligand screening, 2,20-isopropylidene-
bis[(4S,5R)-4,5-di(2-naphthyl)-2-oxazoline] ligand 34 has
been developed. The products with a chiral quaternary car-
bon were obtained in 71–100% yields with 85–95% ee.

4. Experimental

4.1. General experimental methods

All melting points were measured on a Yanaco MP-3S micro
melting point apparatus and are uncorrected. 1H, 13C NMR,
COSY, HMQC, and HMBC spectra were recorded on JEOL
AL 400 and JEOL Lambda 500 spectrometers in CDCl3 with
Me4Si as an internal reference. In the case of acetone-d6, sol-
vent peak was used as a reference (d 2.04 for 1H and d 29.8
for 13C). High-resolution mass spectra (HRMS) and the fast
atom bombardment mass spectra (FABMS) were obtained
with a JEOL JMS 600 H (HRMS), a JMS-SX102 (HRMS)
and a JEOL GC mate II (FABMS), respectively. IR spectra
were recorded with a JASCO FT/IR-300 spectrometer. All
reagents were purchased from commercial sources and
used without purification. All evaporations were performed
under reduced pressure. For column chromatography, silica
gel (Kieselgel 60) was employed.

4.2. Preparation of substrates

4.2.1. Preparation of 8a–c. Compounds 8a–c were
prepared from the corresponding 2-alkyl-1,3-cyclohexane-
diones. (8a8 from commercially available 2-methyl-1,3-
cyclohexanedione, 8b and 8c from 2-allyl-1,3-cyclohexane-
dione16 and 2-propyl-1,3-cyclohexanedione16).

To a solution of 2-alkyl-1,3-cyclohexanedione (100 mmol)
and t-BuOK (100 mmol) in DMSO (250 mL) was added
propargyl bromide (100 mmol) at 0 �C. After being stirred
at room temperature for 12 h, the reaction mixture was
diluted with water and extracted with EtOAc. The organic
solution was dried (MgSO4) and concentrated. The crude
product was purified by column chromatography on silica
gel. The fraction eluted with hexane/ethyl acetate (9/1)
afforded 8a–c.

4.2.1.1. 2-Methyl-2-(2-propynyl)-1,3-cyclohexane-
dione (8a). Yield (86%).8

4.2.1.2. 2-Propyl-2-(2-propynyl)-1,3-cyclohexane-
dione (8b). Colorless oil. Yield (86%). 1H NMR (CDCl3)
d 0.86 (3H, t, J¼7.2 Hz), 1.10–1.19 (2H, m), 1.73–1.77
(2H, m), 1.90–2.10 (2H, m), 1.96 (1H, t, J¼2.8 Hz), 2.61–
2.75 (4H, m), 2.61 (2H, d, J¼2.8 Hz); 13C NMR (CDCl3)
d 14.3, 16.9, 18.2, 23.5, 39.4, 39.6, 68.1, 70.4, 80.0, 209.4;
IR (KBr)¼3282, 2964, 2120, 1697 cm�1; HRMS-EI m/z:
[M+] calcd for C12H16O2 192.1150; found 192.1153.

4.2.1.3. 2-(2-Propenyl)-2-(2-propynyl)-1,3-cyclohex-
anedione (8c). Colorless oil. Yield (74%). 1H NMR
(CDCl3) d 1.86–2.04 (2H, m), 1.92 (1H, t, J¼2.8 Hz), 2.45
(2H, d, J¼7.6 Hz), 2.55–2.67 (4H, m), 2.57 (2H, d,
J¼2.8 Hz), 5.00–5.06 (2H, m), 5.43–5.53 (1H, m); 13C
NMR (CDCl3) d 16.5, 23.9, 39.6, 41.4, 67.4, 70.7, 80.4,
120.2, 131.3, 208.9; IR (KBr)¼3282, 2925, 2120,
1698 cm�1. Anal. calcd for C12H14O2: C, 75.76; H, 7.42.
Found: C, 75.35; H, 7.46; HRMS-EI m/z: [M+] calcd for
C12H14O2 190.0994; found 190.0991.

4.2.2. Preparation of 9a–c. Compounds 9a–c was prepared
according to reported procedure. Bourgeois et al. reported
that 9a crystallized out of the reaction mixture, and it was
obtained in 84% yield by recycling the mother liquors (three
cycles).9 We performed only one cycle of the reaction. The
crude product was purified by column chromatography on
silica gel. The fraction eluted with hexane/ethyl acetate
(20/1) afforded 9a–c together with recovered 8a–c (40–56%).

4.2.2.1. 3,3,7-Trimethyl-7-(2-propynyl)-1,5-dioxaspiro-
[5.5]undecan-8-one (9a). Yield (51%).9

4.2.2.2. 3,3-Dimethyl-7-(2-propyl)-7-(2-propynyl)-1,5-
dioxaspiro[5.5]undecan-8-one (9b). Colorless needles.
Mp 103 �C (hexane), 44% yield. 1H NMR (CDCl3) d
0.73 (3H, s), 0.86–1.01 (4H, m), 1.23 (3H, s), 1.44–1.59
(2H, m), 1.71–1.93 (3H, m), 1.89 (1H, t, J¼2.4 Hz), 2.10–
2.18 (1H, m), 2.28–2.33 (1H, m), 2.42–2.51 (1H, m), 2.61–
2.71 (1H, m), 2.87 (2H, d, J¼2.4 Hz), 3.33 (1H, dd, J¼2.4,
11.2 Hz), 3.40 (1H, dd, J¼2.4, 11.6 Hz), 3.55 (1H, d,
J¼11.6 Hz), 3.70 (1H, d, J¼11.2 Hz); 13C NMR (CDCl3)
d 14.8, 16.2, 17.3, 18.8, 21.0, 22.5, 23.5, 29.7, 34.1, 37.3,
61.1, 68.6, 69.9, 70.3, 83.6, 102.8, 209.9; IR (KBr)¼3276,
2960, 2871, 2120, 1713 cm�1; HRMS-EI m/z: [M+] calcd
for C17H26O3 278.1882; found 278.1874.

4.2.2.3. 3,3-Dimethyl-7-(2-propenyl)-7-(2-propynyl)-
1,5-dioxaspiro[5.5]undecan-8-one (9c). Colorless needles.
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Mp 62 �C (hexane), 34% yield. 1H NMR (CDCl3) d 0.73
(3H, s), 1.22 (3H, s), 1.53–1.81 (2H, m), 1.93 (1H, t, J¼
2.8 Hz), 1.98–2.06 (1H, m), 2.33–2.63 (4H, m), 2.81 (2H,
d, J¼2.8 Hz), 2.92 (1H, dd, J¼6.8, 14.4 Hz), 3.34 (1H, dd,
J¼2.4, 11.2 Hz), 3.39 (1H, dd, J¼2.4, 11.2 Hz), 3.59 (1H,
d, J¼11.2 Hz), 3.69 (1H, d, J¼11.2 Hz), 5.02–5.05 (1H,
m), 5.13–5.17 (1H, m), 5.73–5.84 (1H, m); 13C NMR
(CDCl3) d 17.7, 18.8, 21.1, 22.4, 23.6, 29.7, 35.6, 37.7,
60.9, 69.5, 70.0, 70.2, 82.9, 102.5, 118.0, 133.6, 208.9; IR
(KBr)¼3270, 2964, 2872, 2120, 1713 cm�1; HRMS-EI
m/z: [M+] calcd for C17H24O3 276.1726; found 276.1723.

4.2.3. Preparation of 10a–c. To a suspension of LiAlH4

(6 mmol) in toluene (50 mL) was added ketone 9 (3 mmol)
at 0 �C. The mixture was heated for 4 h and then cooled
to 0 �C, and treated with MeOH (4 mL, added carefully).
The mixture was diluted with water (10 mL) and EtOAc
(50 mL). After being stirred for 3 h, the mixture was
filtered through a pad of Celite and concentrated in vacuo.
A solution of the crude product in MeOH (15 mL) and
aqueous 10% HCl (8 mL) was stirred for 3 h, and diluted
with brine (40 mL) and EtOAc (50 mL). The organic layers
were separated, the aqueous layer was extracted with EtOAc
(40 mL), and the combined organic layers were washed with
brine (50 mL), then concentrated in vacuo and dried with
MgSO4. The crude product was purified by column chroma-
tography on silica gel. The fraction eluted with hexane/ethyl
acetate (13/1 to 10/1) afforded 10a–c (more polar) and dia-
stereomers (less polar).

4.2.3.1. (2SR,3SR)-3-Hydroxy-2-methyl-2-(2-propy-
nyl)cyclohexanone (10a) and (2SR,3RS)-3-hydroxy-2-
methyl-2-(2-propynyl)cyclohexanone (diastereomer of
10a). Compound 10a and its diastereomer were obtained
in 56 and 42% yields, respectively.9

4.2.3.2. (2RS,3SR)-3-Hydroxy-2-propyl-2-(2-propy-
nyl)cyclohexanone (10b). Colorless needles. Mp 68 �C
(hexane/EtOAc), 46% yield. 1H NMR (CDCl3) d 0.87–
0.99 (4H, m), 1.15–1.29 (1H, m), 1.47–1.60 (1H, m),
1.72–1.99 (5H, m), 2.10 (1H, t, J¼2.8 Hz), 2.27–2.46 (3H,
m), 2.57 (1H, dd, J¼2.8, 17.2 Hz), 2.62 (1H, dd, J¼2.8,
17.2 Hz), 4.09 (1H, t, J¼8.0 Hz); 13C NMR (CDCl3)
d 14.7, 16.5, 20.4, 21.9, 28.8, 31.2, 37.9, 58.0, 71.8, 76.2,
82.2, 211.0; IR (KBr)¼3392, 3271, 2958, 2120,
1699 cm�1; HRMS-EI m/z: [M+] calcd for C12H18O2

194.1307; found 194.1317.

4.2.3.3. (2SR,3SR)-3-Hydroxy-2-propyl-2-(2-propy-
nyl)cyclohexanone (diastereomer of 10b). Colorless oil.
Yield (31%). 1H NMR (CDCl3) d 0.89–0.96 (4H, m),
1.24–1.34 (1H, m), 1.64–1.91 (6H, m), 1.99 (1H, t,
J¼2.8 Hz), 2.07–2.32 (3H, m), 2.43–2.52 (1H, m), 2.55–
2.69 (2H, m), 4.27 (1H, br s); 13C NMR (CDCl3) d 14.6,
17.0, 18.9, 21.0, 27.8, 35.4, 38.4, 56.2, 70.9, 74.4, 81.1,
212.8; IR (KBr)¼3506, 3285, 2967, 2120, 1695 cm�1;
HRMS-EI m/z: [M+] calcd for C12H18O2 194.1307; found
194.1304.

4.2.3.4. (2RS,3SR)-3-Hydroxy-2-(2-propenyl)-(2-pro-
pynyl)cyclohexanone (10c). Colorless oil. Yield (37%).
1H NMR (CDCl3) d 1.51–1.62 (1H, m), 1.85–2.00 (3H,
m), 2.07 (1H, t, J¼2.8 Hz), 2.28–2.44 (2H, m), 2.51–2.64
(5H, m), 4.10 (1H, dd, J¼4.0, 9.6 Hz), 5.04–5.14 (2H, m),
5.49–5.60 (1H, m); 13C NMR (CDCl3) d 20.3, 22.2, 28.7,
33.8, 38.0, 57.6, 71.9, 75.4, 81.5, 119.0, 132.2, 210.2; IR
(KBr)¼3517, 3291, 2120, 1701 cm�1; HRMS-EI m/z:
[M+] calcd for C12H16O2 192.1150; found 192.1155.

4.2.3.5. (2SR,3SR)-3-Hydroxy-2-(2-propenyl)-(2-pro-
pynyl)cyclohexanone (diastereomer of 10c). Colorless
oil. Yield (37%). 1H NMR (CDCl3) d 1.84–1.92 (3H, m),
2.02 (1H, t, J¼2.8 Hz), 2.08–2.16 (2H, m), 2.32–2.38 (1H,
m), 2.44–2.59 (4H, m), 2.62–2.68 (1H, m), 4.28 (1H, br s),
5.07–5.17 (2H, m), 5.49–5.59 (1H, m); 13C NMR (CDCl3)
d 19.4, 20.7, 27.8, 37.4, 38.4, 56.1, 71.2, 74.0, 80.7, 118.9,
131.9, 211.6; IR (KBr)¼3518, 3292, 2120, 1701 cm�1;
HRMS-EI m/z: [M+] calcd for C12H16O2 192.1150; found
192.1163.

4.2.4. Preparation of 11a–c. To a solution of 10a–c
(30 mmol) in DMF (15 mL) was added imidazole
(30 mmol) and TBDMSCl (35 mmol), and the mixture was
stirred for 24 h. The mixture was diluted with water
(100 mL) and EtOAc (50 mL). The organic layers were
separated, the aqueous layer was extracted with EtOAc
(40 mL), and the combined organic layers were washed
with brine (50 mL), then dried with MgSO4, and concen-
trated in vacuo. The crude product was purified by column
chromatography on silica gel. The fraction eluted with
hexane/ethyl acetate (80/1) afforded 11a–c.

4.2.4.1. (2RS,3SR)-3-[(1,1-Dimethylethyl)dimethyl-
silyl]oxy-2-methyl-2-(2-propynyl)cyclohexanone (11a).
Colorless oil. Yield (95%). 1H NMR (CDCl3) d 0.09 (3H,
s), 0.10 (3H, s), 0.89 (9H, s), 1.12 (3H, s), 1.53–1.63 (1H,
m), 1.75–1.85 (1H, m), 1.90–1.97 (2H, m), 1.98 (1H, t,
J¼2.6 Hz), 2.29 (1H, dd, J¼2.6, 16.4 Hz), 2.29–2.35 (1H,
m), 2.38–2.46 (1H, m), 2.57 (1H, dd, J¼2.6, 16.4 Hz),
4.09 (1H, dd, J¼3.8, 9.4 Hz); 13C NMR (CDCl3) d �5.0,
�4.2, 18.0, 18.3, 19.8, 24.7, 25.8, 29.6, 37.3, 55.2, 70.5,
73.9, 81.4, 211.9; IR (neat)¼3305, 2947, 2118,
1712 cm�1; FABMS m/z: 281 (M++H); HRMS-CI m/z:
[M++H] calcd for C16H29O2Si 281.1937; found 281.1911.

4.2.4.2. (2RS,3SR)-3-[(1,1-Dimethylethyl)dimethyl-
silyl]oxy-2-propyl-2-(2-propynyl)cyclohexanone (11b).
Colorless oil. Yield (82%). 1H NMR (CDCl3) d 0.11 (3H,
s), 0.12 (3H, s), 0.86–0.98 (12H, m), 1.14–1.22 (1H, m),
1.47–1.73 (4H, m), 1.87–1.94 (3H, m), 1.97 (1H, t,
J¼2.8 Hz), 2.17 (1H, dd, J¼2.8, 16.4 Hz), 2.29–2.33 (2H,
m), 2.78 (1H, dd, J¼2.8, 16.4 Hz), 4.18–4.21 (1H, m); 13C
NMR (CDCl3) d �5.0, �4.2, 14.8, 16.5, 18.1, 19.8, 21.5,
25.8, 29.6, 32.9, 38.0, 58.9, 70.5, 73.7, 82.1, 210.8; IR
(KBr)¼3311, 2956, 2120, 1711; HRMS-EI m/z: [M+] calcd
for C18H32O2Si 308.2172; found 308.2177.

4.2.4.3. (2RS,3SR)-3-[(1,1-Dimethylethyl)dimethyl-
silyl]oxy-2-(2-propenyl)-2-(2-propynyl)cyclohexanone
(11c). Colorless oil. Yield (91%). 1H NMR (CDCl3) d 0.11
(3H, s), 0.13 (3H, s), 0.90 (9H, s), 1.51–1.62 (1H, m),
1.84–1.98 (3H, m), 2.00 (1H, t, J¼2.8 Hz), 2.21 (1H, dd,
J¼2.8, 16.4 Hz), 2.32–2.39 (3H, m), 2.49–2.55 (1H, m),
2.72 (1H, dd, J¼2.8, 16.4 Hz), 4.23 (1H, dd, J¼4.6,
9.6 Hz), 5.03–5.15 (2H, m), 5.51–5.63 (1H, m); 13C NMR
(CDCl3) d �5.0, �4.2, 18.1, 19.8, 21.9, 25.8, 29.6, 35.5,
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38.2, 58.6, 70.7, 73.6, 81.6, 118.6, 132.8, 209.9; IR
(KBr)¼3259, 2959, 1704 cm�1; HRMS-FAB m/z: [M++H]
calcd for C18H31O2 307.2093; found 307.2114.

4.2.5. Preparation of 12a–c. To a solution of 11a–c
(1.34 mmol) at �30 �C in MeOH (15 mL) was added
NaBH4 (2.69 mmol), and the mixture was stirred for 1 h at
the same temperature. The mixture was diluted with water
(50 mL) and EtOAc (30 mL). The organic layers were sepa-
rated, the aqueous layer was extracted with EtOAc (30 mL),
and the combined organic layers were dried with MgSO4 and
concentrated in vacuo. The crude product was purified by
column chromatography on silica gel. The fraction eluted
with hexane/ethyl acetate (60/1 to 50/1) afforded 12a–c.

4.2.5.1. (1a,2b,3a)-3-(1,1-Dimethylethyl)dimethylsilyl-
oxy-2-methyl-2-(2-propynyl)cyclohexanol (12a). Color-
less needles. Mp 66 �C (hexane), 91% yield. 1H NMR
(CDCl3) d 0.06 (3H, s), 0.10 (3H, s), 0.90 (9H, s), 0.95
(3H, s), 1.24–1.33 (1H, m), 1.42–1.75 (5H, m), 2.02 (1H,
t, J¼2.8 Hz), 2.29 (1H, dd, J¼2.8, 16.8 Hz), 2.38 (1H, dd,
J¼2.8, 16.8 Hz), 3.65–3.72 (2H, m); 13C NMR (CDCl3)
d �5.0, �4.2, 13.8, 18.0, 18.5, 25.8, 25.9, 29.4, 29.7, 43.7,
70.8, 72.7, 73.1, 81.8; IR (neat)¼3307, 2938, 2862,
2115 cm�1; HRMS-EI m/z: [M+] calcd for C16H30O2Si
282.2015; found 282.2003.

4.2.5.2. (1a,2b,3a)-3-(1,1-Dimethylethyl)dimethyl-
silyloxy-2-(2-propyl)-2-(2-propynyl)cyclohexanol (12b).
Colorless oil. Yield (78%). 1H NMR (CDCl3) d 0.09 (3H,
s), 0.10 (3H, s), 0.92 (9H, s), 0.95 (3H, t, J¼7.2 Hz), 1.26–
1.43 (3H, m), 1.53–1.94 (7H, m), 1.99 (1H, t, J¼2.4 Hz),
2.23 (1H, dd, J¼2.4, 13.2 Hz), 2.29 (1H, dd, J¼2.8,
13.2 Hz), 3.65 (1H, br), 3.86 (1H, br); 13C NMR (CDCl3)
d �5.2, �4.5, 15.0, 16.0, 18.0, 22.6, 25.8, 28.5, 28.6, 33.1,
42.7, 70.7, 72.1, 74.3, 80.8; IR (KBr)¼3420, 3310, 2935,
2118 cm�1; HRMS-FAB m/z: [M++H] calcd for
C18H35O2Si 311.2406; found 311.2399. Anal. calcd for
C18H34O2Si: C, 69.62; H, 11.04. Found: C, 69.24; H, 10.92.

4.2.5.3. (1a,2b,3a)-3-(1,1-Dimethylethyl)dimethylsilyl-
oxy-2-(2-propenyl)-2-(2-propynyl)cyclohexanol (12c).
Colorless oil. Yield (99%). 1H NMR (CDCl3) d 0.10 (3H,
s), 0.11 (3H, s), 0.92 (9H, s), 1.33–1.41 (1H, m), 1.60–
1.73 (5H, m), 1.84–1.90 (1H, m), 2.02 (1H, t, J¼2.8 Hz),
2.21–2.34 (3H, m), 2.61–2.66 (1H, m), 3.62 (1H, br), 3.90
(1H, br), 5.09–5.21 (2H, m), 5.90–6.00 (1H, m); 13C NMR
(CDCl3) d �5.1, �4.4, 15.6, 18.0, 22.5, 25.9, 28.7, 28.8,
34.6, 43.9, 71.1, 71.9, 73.8, 80.9, 118.0, 135.0; IR
(KBr)¼3450, 3310, 2936, 2119 cm�1; HRMS-FAB m/z:
[M++H] calcd for C18H33O2Si 309.2250; found 309.2266.

4.2.6. Preparation of the substrates 1a–c. To a solution of
12a–c (0.9 mmol) in THF (15 mL) was added TBAF (1 M
in THF, 1.87 mL, 1.87 mmol) and the mixture was stirred
for 2 h at room temperature. The mixture was diluted with
brine (40 mL) and EtOAc (50 mL). The organic layers
were separated, the aqueous layer was extracted with EtOAc
(40 mL�3), and the combined organic layers were dried
with MgSO4 and concentrated in vacuo. The crude product
was purified by column chromatography on silica gel. The
fraction eluted with hexane/ethyl acetate (5/1) afforded
1a–c.
4.2.6.1. (1a,2b,3a)-2-Methyl-2-(2-propynyl)-1,3-cyclo-
hexanediol (1a). Colorless needles. Mp 111 �C (hexane/
EtOAc), 83% yield. 1H NMR (CDCl3+D2O) d 0.96 (3H,
s), 1.26–1.36 (1H, m), 1.44–1.54 (2H, m), 1.68–1.76 (3H,
m), 2.06 (1H, t, J¼2.8 Hz), 2.43 (2H, d, J¼2.8 Hz), 3.67
(2H, dd, J¼3.8, 10.6 Hz); 13C NMR (CDCl3) d 12.2, 19.2,
25.8, 29.5, 43.7, 71.1, 72.8, 81.8; IR (KBr)¼3303, 2938,
2112 cm�1; FABMS m/z: 169 (M++H). Anal. calcd for
C10H16O2: C, 71.39; H, 9.59. Found: C, 71.44; H, 9.62.

4.2.6.2. (1a,2b,3a)-2-Propyl-2-(2-propynyl)-1,3-cyclo-
hexanediol (1b). Colorless oil. Yield (90%). 1H NMR
(CDCl3) d 0.95 (3H, t, J¼7.2 Hz), 1.31–1.41 (3H, m),
1.62–1.73 (6H, m), 1.83–1.92 (1H, m), 1.98 (1H, t,
J¼2.8 Hz), 2.28 (2H, d, J¼2.8 Hz), 2.54 (2H, br), 3.75
(2H, br); 13C NMR (CDCl3) d 15.0, 16.1, 22.5, 28.5, 32.2,
42.5, 70.8, 72.6, 80.7; IR (KBr)¼3359, 3305, 2947,
2115 cm�1; HRMS-FAB m/z: [M++H] calcd for C12H21O2

197.1542; found 197.1530.

4.2.6.3. (1a,2b,3a)-2-(2-Propenyl)-2-(2-propynyl)-1,3-
cyclohexanediol (1c). Colorless needles. Mp 101 �C
(hexane/EtOAc), 72% yield. 1H NMR (CDCl3) d 1.24–
1.44 (1H, m), 1.63–1.77 (4H, m), 1.84–1.95 (1H, m), 2.04
(1H, t, J¼2.8 Hz), 2.36 (2H, d, J¼2.8 Hz), 2.55 (2H, d,
J¼7.2 Hz), 2.71 (2H, br), 3.75 (2H, br), 5.11–5.25 (2H,
m), 5.94–6.04 (1H, m); 13C NMR (CDCl3) d 16.0, 22.7,
28.8, 33.8, 44.0, 71.3, 72.7, 80.8, 118.2, 135.1; IR
(KBr)¼3389, 3080, 2944, 2112 cm�1; FABMS m/z: 195
(M++H). Anal. calcd for C12H18O2: C, 74.19; H, 9.34.
Found: C, 74.19; H, 9.38.

4.3. General procedure for the cyclization–
carbonylation of 1a–c

A 30 mL two-necked round-bottomed flask, containing
a magnetic stirring bar, Pd(TFA)2 (0.015 mmol), ligand
(0.03 mmol), p-benzoquinone (0.33 mmol), and MeOH
(5 mL) was fitted with a rubber septum and a three-way
stopcock connected to a balloon filled with carbon monoxide.
The apparatus was purged with carbon monoxide by pump-
filling via the three-way stopcock. The substrates 1a–c
(0.3 mmol) were added dropwise using MeOH (1 mL�3)
to the stirred mixture via a syringe at �50 �C. After being
stirred for the period of time at appropriate temperature,
the mixture was diluted with CH2Cl2 (30 mL), washed with
5% NaOH aq (40 mL), and dried over MgSO4. The organic
layers were separated, the aqueous layer was extracted with
CH2Cl2 (30 mL), and the combined organic layers were dried
with MgSO4 and concentrated in vacuo. The crude product
was purified by column chromatography on silica gel. The
fraction eluted with hexane/ethyl acetate (6/1 to 4/1) afforded
2a–c. Enantiomeric excess was determined by HPLC using
Chiralcel OC and OD.

4.3.1. Methyl (2E)-[(3aS,4R,7aS)-hexahydro-4-hydroxy-
3a-methyl-2(3H)-benzofuranylidene]acetate (2a). Color-
less needles. Mp 95 �C (hexane/EtOAc), [a]D

28 �155.5
(c 0.86, CHCl3, 100% ee) (Chiralcel OC, hexane/EtOH¼
20/1, FL¼1 mL min�1, tR¼23, 27 min). 1H NMR
(CD3COCD3) d 0.82 (3H, s), 1.28–1.62 (3H, m), 1.67–
1.73 (1H, m), 1.79–1.86 (2H, m), 2.51 (1H, dd, J¼1.2,
16.8 Hz), 3.37 (1H, d, J¼16.8 Hz), 3.59 (3H, s), 3.62–3.68



9995K. Kato et al. / Tetrahedron 62 (2006) 9988–9999
(2H, m), 5.25 (1H, dd, J¼1.2, 2.4 Hz); 13C NMR
(CD3COCD3) d 11.7, 21.5, 23.5, 30.2, 45.1, 47.0, 50.7,
74.6, 87.0, 91.7, 168.9, 177.0; IR (KBr)¼3464, 1685,
1635 cm�1; FABMS m/z: 227 (M++H). Anal. calcd for
C12H18O4: C, 63.70; H, 8.02. Found: C, 63.55; H, 8.02;
X-ray crystallographic analysis (Fig. 4): X-ray diffraction
data for 2a were collected on a Rigaku AFC-5S four-circle
diffractometer equipped with a graphite crystal and inci-
dent beam monochromator using Mo Ka radiation (l¼
0.71073 Å). The structures were solved by the direct
method17 and expanded using Fourier techniques. The non-
hydrogen atoms were refined anisotropically. The unit cell
contains two crystallographically independent molecules.
Crystallographic parameters: C24H36F6O8, MW¼452.54,
orthorhombic, space group P212121, with unit cell
a¼14.928(6) Å, b¼22.930(4) Å, c¼7.111(3) Å, and
V¼2434(1) Å3. Z¼4, Dcalcd¼1.606 g cm�3, T¼223 K.
R1(I>2s(I))¼0.0772, wR2¼0.2553. Refinement using
2260 reflections with F2>�10.0s(F2), 1028 independent
reflections (R(int)¼0.018), 290 parameters refined on F2.
Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited at the
Cambridge Crystallographic Data Centre as supplementary
publication no. 601912.

(S)-MTPA ester of (3aR,4S,7aR)-2a: 1H NMR (CDCl3) d 0.86
(3H, s), 1.42 (1H, m), 1.54 (1H, m), 1.62 (1H, m), 1.92–1.96
(3H, m), 2.63 (1H, d, J¼17.2 Hz), 3.38 (1H, d, J¼17.2 Hz),
3.54 (3H, d, J¼0.8 Hz), 3.67 (1H, dd, J¼4.0, 11.2 Hz), 3.68
(3H, s), 5.02 (1H, dd, J¼5.6, 11.2 Hz), 5.41 (1H, d,
J¼1.6 Hz), 7.43–7.46 (3H, m), 7.50–7.53 (2H, m). (R)-
MTPA ester of (3aR,4S,7aR)-2a: 1H NMR (CDCl3) d 0.81
(3H, s), 1.44 (1H, m), 1.63 (1H, m), 1.69 (1H, m), 1.95–1.99
(3H, m), 2.62 (1H, d, J¼16.8 Hz), 3.29 (1H, d, J¼16.8 Hz),
3.56 (3H, s), 3.67 (1H, dd, J¼4.4, 12.0 Hz), 3.68 (3H, s),

Figure 4. X-ray structure of 2a.
5.08 (1H, dd, J¼4.8, 11.2 Hz), 5.39 (1H, dd, J¼1.2,
2.0 Hz), 7.41–7.45 (3H, m), 7.53–7.55 (2H, m) (Fig. 5).

4.3.2. i-Propyl (2E)-[(3aS,4R,7aS)-hexahydro-4-hydroxy-
3a-methyl-2(3H)-benzofuranylidene]acetate (3). Color-
less needles. Mp 103 �C (hexane/EtOAc), [a]D

26 �84.6
(c 0.63, CHCl3, 60% ee) (Chiralcel OC, hexane/EtOH¼
30/1, FL¼1 mL min�1, tR¼8.1, 11.4 min). 1H NMR
(CD3COCD3) d 0.81 (3H, s), 1.17 (6H, d, J¼6.0 Hz),
1.27–1.61 (3H, m), 1.65–1.85 (3H, m), 2.49 (1H, br d,
J¼17.0 Hz), 3.37 (1H, d, J¼17.0 Hz), 3.62 (1H, dd,
J¼4.0, 12.8 Hz), 3.64 (1H, dd, J¼4.8, 10.8 Hz), 4.93 (1H,
m), 5.16–5.23 (1H, m); 13C NMR (CD3COCD3) d 11.7,
21.5, 22.2, 23.6, 30.3, 45.2, 47.0, 66.5, 74.6, 86.8, 92.6,
168.0, 176.5; IR (KBr)¼3422, 1680, 1629 cm�1; FABMS
m/z: 255 (M++H). Anal. calcd for C14H22O4: C, 66.12; H,
8.72. Found: C, 65.81; H, 8.67.

4.3.3. Methyl (2E)-[(3aS,4R,7aS)-hexahydro-4-hydroxy-
3a-propyl-2(3H)-benzofuranylidene]acetate (2b). Color-
less needles. Mp 139 �C (hexane/EtOAc), [a]D

27 �182.4
(c 0.98, CHCl3, 92% ee) (Chiralcel OD, hexane/EtOH¼
70/1, FL¼1 mL min�1, tR¼26, 30 min). 1H NMR (CDCl3)
d 0.84 (3H, t, J¼6.8 Hz), 1.19–1.76 (8H, m), 1.85–1.89
(2H, m), 1.95 (1H, br), 2.44 (1H, dd, J¼2.4, 17.2 Hz), 3.52
(1H, dd, J¼3.8, 12.8 Hz), 3.64 (1H, dd, J¼5.4, 10.8 Hz),
3.65 (3H, s), 3.71 (1H, d, J¼17.2 Hz), 5.29 (1H, dd,
J¼1.2, 2.4 Hz); 13C NMR (CDCl3) d 15.5, 18.0, 21.2,
22.3, 29.2, 29.4, 41.3, 48.1, 50.8, 76.9, 87.3, 91.0, 168.9,
175.7; IR (KBr)¼3655, 3468, 2961, 1697, 1633 cm�1;
HRMS-EI m/z: [M+] calcd for C14H22O4 254.1518; found
254.1521; X-ray crystallographic analysis (Fig. 6): X-ray
diffraction data for 2b were collected on a Bruker SMART
APEX CCD diffractometer equipped with a graphite crystal
and incident beam monochromator using Mo Ka radiation
(l¼0.71073 Å). The structures were solved by the direct
method (SHELXS 9718) and expanded using Fourier
techniques. The non-hydrogen atoms were refined aniso-
tropically. The unit cell contains two crystallographically
independent molecules. Crystallographic parameters:
C28H44O8, MW¼508.63, monoclinic, space group P21,
with unit cell a¼10.3363(7) Å, b¼12.3660(8) Å, c¼
10.7419(7) Å, a¼90�, b¼102.630(2)�, g¼90�, and V¼
1339.79(15) Å3. Z¼2, Dcalcd¼1.261 g cm�3, T¼223 K.
R1(I>2s(I))¼0.0413, wR2¼0.0934, R1(all data)¼0.0554,
wR2¼0.1008, 5292 independent reflections (R(int)¼
0.0222), 331 parameters refined on F2. Crystallographic
data (excluding structure factors) for the structures reported
in this paper have been deposited at the Cambridge Crystal-
lographic Data Centre as supplementary publication no.
601871.
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Figure 5. 1H NMR spectra of MTPA esters of 2a.
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4.3.4. Methyl (2E)-[(3aS,4R,7aS)-hexahydro-4-hydroxy-
3a-2-(2-propenyl)-2(3H)-benzofuranylidene]acetate
(2c). Colorless syrup. [a]D

27�207.2 (c 0.46, CHCl3, 95% ee)
(Chiralcel OD, hexane/EtOH¼70/1, FL¼0.5 mL min�1,
tR¼57, 68 min). 1H NMR (CDCl3) d 1.24–1.44 (1H, m),
1.57–2.05 (7H, m), 2.42–2.52 (2H, m), 3.60 (1H, dd,
J¼3.6, 12.8 Hz), 3.67 (1H, dd, J¼5.2, 10.4 Hz), 3.68 (3H,
s), 3.82 (1H, d, J¼17.2 Hz), 5.05–5.13 (2H, m), 5.36 (1H,
dd, J¼1.2, 2.0 Hz), 5.96–6.06 (1H, m); 13C NMR (CDCl3)
d 21.1, 22.3, 30.0, 31.2, 40.9, 48.7, 50.8, 76.9, 86.8, 92.1,
118.0, 135.4, 168.6, 174.6; IR (KBr)¼3472, 2955, 1688,
1635 cm�1; HRMS-EI m/z: [M+] calcd for C14H20O4

252.1362; found 252.1361. (S)-MTPA ester of 2c: 1H
NMR (CDCl3) d 1.41–1.54 (1H, m), 1.65–1.84 (3H, m),
1.93–2.00 (4H, m), 2.22 (1H, dd, J¼5.2, 14.4 Hz), 2.48
(1H, d, J¼17.2 Hz), 3.47 (1H, d, J¼17.2 Hz), 3.56 (3H, d,
J¼1.2 Hz), 3.67 (3H, s), 3.72 (1H, dd, J¼3.6, 12.8 Hz),
4.66–4.87 (2H, m), 5.10 (1H, dd, J¼5.2, 11.6 Hz), 5.32–
5.42 (2H, m), 7.40–7.55 (5H, m). (R)-MTPA ester of 2c:
1H NMR (CDCl3) d 1.43–1.73 (3H, m), 1.92–1.97 (4H,
m), 2.27 (1H, dd, J¼6.0, 14.4 Hz), 2.48 (1H, d,
J¼17.2 Hz), 3.53 (3H, br s), 3.67 (1H, d, J¼17.2 Hz), 3.67
(3H, s), 3.73 (1H, dd, J¼3.3, 12.8 Hz), 4.84–4.88 (2H, m),
5.04 (1H, dd, J¼4.8, 10.8 Hz), 5.36 (1H, d, J¼2.0 Hz),
5.53–5.63 (1H, m), 7.42–7.52 (6H, m).

4.3.5. Hydrogenation of 2c (95% ee). To a solution of
2c (27 mg, 0.108 mmol) in MeOH (3 mL) was added Pd/C
ethylenediamine complex (20 mg). The apparatus was
purged with hydrogen. After being stirred for 48 h, the mix-
ture was filtered through a pad of Celite and concentrated
in vacuo. The crude product was purified by column chroma-
tography on silica gel. The fraction eluted with hexane/ethyl
acetate (5/1) afforded 2b in 97% yield. Compound 2b (95%
ee): [a]D

26 �192.2 (c 0.84, CHCl3).

4.4. Preparation of [Pd(TFA)2((S,S)-4)]

A solution of (S,S)-4 (92 mg, 0.28 mmol) and Pd(TFA)2

(92.2 mg, 0.28 mmol) in CH2Cl2 (15 mL) was stirred at
room temperature for 12 h and concentrated in vacuo to
give an orange powder. The powder was recrystallized
from CH2Cl2/hexane to give [Pd(TFA)2((S,S)-4)].

1H NMR (CD2Cl2) d 1.91 (6H, s), 4.48 (2H, dd, J¼4.4,
9.6 Hz), 4.85 (2H, t, J¼9.6 Hz), 5.23 (2H, dd, J¼4.4,
9.6 Hz), 7.13 (4H, d-like), 7.37–7.46 (6H, m); 13C NMR
(CDCl3) d 25.5, 41.7, 68.0, 77.7, 125.7, 129.2, 129.7,
138.8, 173.0; X-ray crystallographic analysis: X-ray

Figure 6. X-ray structure of 2b.
diffraction data for [Pd(TFA)2((S,S)-4)] were collected on
a Bruker SMART APEX CCD diffractometer equipped
with a graphite crystal and incident beam monochromator
using Mo Ka radiation (l¼0.71073 Å). The structures
were solved by the Patterson method19 and expanded using
Fourier techniques.20 The non-hydrogen atoms were refined
anisotropically. The trifluoromethyl groups were disordered.
Crystallographic parameters: C25H22F6N2O6Pd, MW¼
665.85, trigonal, space group P3121, with unit cell
a¼11.9135(3) Å, b¼11.9135(3) Å, c¼16.8243(10) Å,
a¼90�, b¼90�, g¼120�, and V¼2067.98(14) Å3. Z¼3,
Dcalcd¼1.606 g cm�3, T¼223 K. R1(I>2s(I))¼0.022,
wR2¼0.052, R1(all data)¼0.0360, wR2¼0.1025, 3444 inde-
pendent reflections (R(int)¼0.018), 183 parameters refined
on F2. The flack parameter21 was �0.01 (2).

[Pd(TFA)2((R,R)-16)]: 1H NMR (CD2Cl2) d 1.17 (6H, t,
J¼7.6 Hz), 2.17–2.31 (4H, m), 4.52 (2H, dd, J¼4.4,
8.8 Hz), 4.87 (2H, dd, J¼8.8, 10.0 Hz), 5.34 (2H, dd,
J¼4.4, 10.0 Hz), 7.24 (4H, d-like), 7.35–7.46 (6H, m);
X-ray crystallographic analysis: X-ray diffraction data for
[Pd(TFA)2((R,R)-16)] were collected on a Rigaku Texsan
CCD diffractometer equipped with a graphite crystal and
incident beam monochromator using Mo Ka radiation
(l¼0.71073 Å). Measurement was carried out at a liquid ni-
trogen temperature. The structures were solved by the direct
method (SIR92) and DIRDIF94. The non-hydrogen atoms
were refined isotropically. The crystal contains four crystal-
lographically independent molecules and one of CF3
exhibited to be disordered. An ORTEP diagram is shown in
Figure 2. Crystallographic parameters: C27H26F6N2O6Pd,
MW¼694.92, orthorhombic, space group P21P21P21,
with unit cell a¼11.1799(4) Å, b¼11.8974(5) Å,
c¼20.6063(9) Å, and V¼2740.9(2) Å3. Z¼4, Dcalcd¼
1.684 g cm�3, T¼93 K, l (Mo Ka)¼0.71073 Å. R¼0.062,
wR¼0.109, R1¼0.037 for I>2s, 27,325 independent reflec-
tions, 379 parameters refined on F2.

4.5. Synthesis of [((S,R)-BPPFA)Pd(H2O)]2D(OTf)2

To a solution of 0.44 g (0.55 mmol) of [((S,R)-
BPPFA)PdCl2]10 in 20 mL CH2Cl2 was added 0.29 g
(1.1 mmol) of AgOTf. The reaction mixture was stirred at
room temperature for 3 h. The precipitate of AgCl was fil-
tered off, the filtrate was concentrated to w3 mL, and then
treated with 20 mL of CHCl3. The dark brown crystals
were filtered off to give 0.48 g (83%) of [((S,R)-BPPFA)Pd-
(H2O)]2+(OTf)2 as two isomers. 31P NMR (CD2Cl2) shows
broad signals for two isomers at d 43.5 and 49.7, 45.9 and
49.7. 1H NMR (CD2Cl2) d 1.62 and 1.68 (3H, d, J¼8 Hz,
CH3), 1.91 and 2.03 (3H, br s, NCH3), 2.36 (3H, br s,
NCH3), 4.05, 4.11, 4.72, 4.81, 4.94, 5.13 (7H, all br s, Cp),
5.82 and 6.28 (1H, br m, CH), 7.25–7.90 (20H, m, Ph).
Anal. calcd for C40H39F6FeNO7P2S2: C, 43.36; H, 3.65; N,
1.24; F, 10.06. Found: C, 43.56; H, 3.50; N, 1.37; F, 9.87.

4.6. Synthesis of cis-4,5-di(2-naphthyl)-box ligand 34

4.6.1. Preparation of 37. Compound 37 was prepared from
3514 according to the published procedure.13a

4.6.1.1. (1R,2S)-2-Azido-1,2-di(2-naphthyl)ethan-1-ol
(36). Colorless needles. Mp 157 �C (hexane/EtOAc), [a]D

24



9997K. Kato et al. / Tetrahedron 62 (2006) 9988–9999
+44.0 (c 0.6, CHCl3); 1H NMR (CDCl3) d 2.22 (1H, br), 4.92
(1H, d, J¼6.8 Hz), 5.02 (1H, d, J¼6.8 Hz), 7.35–7.51 (6H,
m), 7.76–7.83 (8H, m); 13C NMR (CDCl3) d 71.4, 77.0,
124.6, 125.1, 126.2, 126.2, 126.5, 126.5, 126.5, 127.7, 127.7,
127.9, 128.1, 128.1, 128.6, 133.0, 133.0, 133.3, 133.4, 133.4,
137.2; IR (KBr)¼3400, 2202, 2098 cm�1. Anal. calcd for
C22H17N3O: C, 77.86; H, 5.05; N, 12.38. Found: C, 78.06;
H, 5.28; N, 12.28; FABMS m/z: 340 (M++H).

4.6.1.2. (1R,2S)-2-Amino-1,2-di(2-naphthyl)ethan-
1-ol (37). Colorless needles. Mp 216 �C (hexane/EtOAc),
[a]D

28 �8.0 (c 0.15, THF); 1H NMR (DMSO) d 4.25 (1H,
d, J¼6.4 Hz), 4.89 (1H, dd, J¼4.4, 6.4 Hz), 5.47 (1H, d,
J¼4.4 Hz), 7.36–7.49 (6H, m), 7.74–7.86 (8H, m); 13C
NMR (DMSO) d 61.4, 77.6, 125.1, 125.4, 125.5, 125.6,
125.7, 126.0, 126.5, 126.6, 126.8, 127.3, 127.3, 127.4,
127.5, 127.6, 132.0, 132.2, 132.5, 132.6, 140.8, 141.5; IR
(KBr)¼3327, 3268, 3155, 2924, 1591, 1458 cm�1; FABMS
m/z: 314 (M++H). Anal. calcd for C22H19O: C, 84.31; H,
6.11; N, 4.47. Found: C, 81.34; H, 6.19; N, 4.48.

4.6.2. Preparation of (4S,40S,5R,50R)-2,20-(1-methylethyl-
idene)bis[4,5-dihydro-4,5-di-b-naphthyl] oxazole (34).
To a stirred solution of 37 (1 g, 3.19 mmol) and Et3N
(806 mg, 7.98 mmol) in CH2Cl2 (40 mL) at 0 �C under Ar
was slowly added dimethylmalonyl dichloride (263.6 mg,
1.56 mmol), and the mixture was stirred for 2 h at the
same temperature. Volatiles were removed in vacuo and
the resulting solid was washed with water (50 mL). The solid
was collected by filtration and dried in vacuo. The suspen-
sion of the solid in EtOAc (15 mL) was heated, and then
cooled. The crude diamide was collected by filtration and
dried in vacuo. The ligand 34 was prepared according to
the reported procedure.22 The crude diamide dissolved in an-
hydrous xylene (50 mL) was refluxed in a Dean–Stark appa-
ratus with dibutyl tin dichloride (83.0 mg, 0.28 mmol) for 3
days. The solution was washed with satd NaHCO3 aq
(40 mL). The organic layers were separated, the aqueous
layer was extracted with EtOAc (30 mL), and the combined
organic layers were dried with MgSO4 and concentrated in
vacuo. The crude product was purified by column chromato-
graphy on silica gel. The fraction eluted with hexane/ethyl
acetate (3/1) afforded 34 in 74% yield. Colorless needles.
Mp 108 �C (hexane/EtOAc), [a]D

23 �344.7 (c 1.02,
CHCl3); 1H NMR (CDCl3) d 2.04 (6H, s), 5.86 (2H, d,
J¼7.6 Hz), 6.25 (2H, d, J¼10.0 Hz), 6.99–7.34 (20H, m),
7.41 (2H, d, J¼8.4 Hz), 7.51 (2H, d, J¼7.6 Hz), 7.52 (2H,
d, J¼7.6 Hz), 7.77 (2H, s); 13C NMR (400 MHz, CDCl3)
d 24.8, 39.8, 73.8, 86.8, 124.3, 125.4, 125.4, 125.6, 125.8,
126.0, 126.9, 127.2, 127.4, 127.4, 127.6, 127.8, 127.9,
132.5, 132.6, 132.6, 132.8, 133.5, 135.1, 170.6; IR
(KBr)¼3424, 2927, 1658 cm�1; HRMS-EI m/z: [M+] calcd
for C49H38N2O2 686.2933; found 686.2936.

4.7. Preparation of 30 and 32

In a similar manner to that described for the preparation of
34. Treatment of (R)-(�)-2-amino-[p-(trifluoromethyl)phe-
nyl]ethanol23,24a or (S)-(+)-2-amino-(p-tert-butylphenyl)-
ethanol23b with dimethylmalonyl dichloride and Et3N in
CH2Cl2 gave the corresponding diamide. The ligands 30
and 32 were prepared from the corresponding diamide
according to the reported procedure.24
4.7.1. (4R,40R)-2,20-(1-Methylethylidene)bis[4,5-dihydro-
4-(p-trifluoromethyl)phenyl] oxazole (30). Colorless
needles. Mp 71 �C (hexane/EtOAc), [a]D

26 +104.5 (c 0.6,
CHCl3); 1H NMR (CDCl3) d 1.69 (6H, s), 4.15 (2H, dd,
J¼7.6, 8.4 Hz), 4.71 (2H, dd, J¼8.4, 10.2 Hz), 5.30
(2H, dd, J¼7.6, 10.2 Hz), 7.39 (4H, d, J¼8.2 Hz), 7.58
(4H, d, J¼8.2 Hz); IR (KBr)¼3410, 2919, 1658, 1330,
1121 cm�1; HRMS-EI m/z: [M+] calcd for C23H20N2O2F6

470.1429; found 470.1428.

4.7.2. (4S,40S)-2,20-(1-Methylethylidene)bis[4,5-dihydro-
4-(p-tert-butylphenyl)] oxazole (32). Colorless needles.
Mp 140 �C (hexane/EtOAc), [a]D

26 +183.4 (c 0.39, CHCl3);
1H NMR (CDCl3) d 1.30 (18H, s), 1.67 (6H, s), 4.18 (2H,
t, J¼8.0 Hz), 4.65 (2H, dd, J¼8.0, 9.6 Hz), 5.20 (2H, dd, J¼
8.0, 9.6 Hz), 7.20 (4H, d, J¼8.4 Hz), 7.35 (4H, d, J¼8.4 Hz);
13C NMR (CDCl3) d 24.5, 31.4, 34.5, 38.9, 69.2, 75.5,
125.6, 126.4, 139.5, 150.5, 170.2; IR (KBr)¼3395, 2957,
2101, 1648 cm�1; HRMS-EI m/z: [M+] calcd for
C29H38N2O2 446.2933; found 446.2944. Anal. calcd for
C29H38N2O2: C, 77.99; H, 8.58; N, 6.27. Found: C, 77.96;
H, 8.62; N, 6.24.

4.8. NMR experiments for the palladium complexes of
33 and 34

To a stirred solution of 33 or 34 (0.022 mmol) in CD2Cl2
(0.5 mL) was added Pd(TFA)2 (7.3 mg, 0.022 mmol). After
Pd(TFA)2 dissolved completely (ca. 10 h), the NMR spectra
were measured.

[Pd(TFA)2-33]: 1H NMR (CD2Cl2) d 2.00 (6H, s), 4.56 (2H,
dd, J¼4.4, 9.6 Hz), 4.92 (2H, t, J¼9.6 Hz), 5.40 (2H, dd,
J¼4.4, 9.6 Hz), 7.19 (2H, dd, J¼2.0, 8.4 Hz), 7.53–7.58
(4H, m), 7.62 (2H, s), 7.87–7.94 (4H, m), 7.95 (2H, d,
J¼8.4 Hz).

[Pd(TFA)2-34]: 1H NMR (CD2Cl2) d 2.30 (6H, s), 5.79 (2H,
d, J¼9.6 Hz), 6.49 (2H, d, J¼9.6 Hz), 6.86 (2H, dd, J¼1.7,
8.4 Hz), 6.94 (2H, dd, J¼1.6, 8.4 Hz), 7.40–7.49 (10H, m),
7.51 (2H, br s), 7.56 (2H, d, J¼8.4 Hz), 7.63–7.73 (6H,
m), 7.65 (2H, br s), 7.80 (2H, d, J¼7.6 Hz); 13C NMR
(400 MHz, CD2Cl) d 25.9, 42.7, 72.2, 88.8, 123.5, 124.4,
126.8, 126.8, 126.9, 127.0, 127.2, 128.0, 128.1, 128.2,
128.3, 128.7, 129.5, 130.9, 132.7, 133.0, 133.3, 133.4, 173.1.
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Abstract—This report describes the synthesis of 2-azabicyclo[2.2.2]octane-1-carboxylic acid, a constrained pipecolic acid analogue. The
route gives a very good total yield starting from cheap and readily available compounds and uses very easy reactions.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Pipecolic acid (pipecolinic acid, homoproline or 2-piperidi-
necarboxylic acid) is a non-proteinogenic amino acid usu-
ally found as a component of several metabolites in plants
and fungi. This compound, which is a metabolite of lysine,
has been found incorporated into complex biologically
active molecules with interesting pharmacological activities,
e.g., immunosupressors (rapamycin, FK506 and immuno-
mycin) and the antitumor antibiotic sandramycin.1 Never-
theless, pipecolic acid and related compounds most often
occur free in biological systems, display interesting biolog-
ical properties and have been used as precursors for synthetic
peptides. Due to the great interest in these derivatives, a
recent resolution has been reported1 and the asymmetric
synthesis of these systems has been reviewed2 and recently
updated.3

On the other hand, interest in peptide-based drugs has shown
significant growth in recent years. Unmodified native pep-
tides exhibit some properties that make them unfavourable
for pharmacological purposes. The main limitations for their
use as drugs are their low selectivity between different
receptors, their ease of proteolysis by enzymes and the poor
variety of delivery systems. Unnatural amino acids are
currently playing a significant role in peptide research and
in many cases have led to an improvement in the pharmaco-
logical profile of native peptides. When designing peptide
analogues, the use of conformationally constrained amino
acids is a major strategy.4 The introduction of structural
constraints on certain residues of a peptide chain can have a

Keywords: Constrained amino acid; Quaternary amino acid; Proline ana-
logue; 2,5-Ethanepipecolic acid; Chemoselective reduction.
* Corresponding author. Tel./fax: +34 976761210; e-mail: cativiela@

unizar.es
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.006
dramatic effect on the structure of the whole molecule. In an
optimal rational design of a peptide, once its bioactive
conformation has been clearly defined, the choice of the
appropriate constraint should provide the desired three-
dimensional topography.

In particular, the incorporation of quaternary a-amino acids
into peptides is a strategy that is widely used to restrict and
control peptide conformations. The stereoselective synthesis
of these constrained amino acids has been reviewed.5 In
the case of quaternary pipecolic acid derivatives, several
procedures have been reported and these include the dia-
stereoselective alkylation and subsequent cyclization of
chiral amino acid derivatives,6 the ruthenium-catalyzed
ring-closing olefin metathesis using a-alkyl-a-allylglycines
as starting materials7 or the asymmetric cyclization via
memory of chirality.8

In recent years we have been involved in the synthesis of new
constrained amino acids and, in particular, we have focused
our attention on the synthesis of restricted prolines and
phenylalanines. In the course of our research we have
described the synthesis of 2,5-ethanoproline (7-azabicy-
clo[2.2.1]heptane-1-carboxylic acid).9 This compound has
been incorporated into a peptide of biological interest.10

Furthermore, a structural study11 and theoretical calculations
on some derivatives have already been published.12 Due to
the interesting properties observed we decided to undertake
a study into the behaviour of the homologue 2,5-ethanopipe-
colic acid (2-azabicyclo[2.2.2]octane-1-carboxylic acid)
(Fig. 1). The only synthesis of this compound described to
date corresponds to a patent13 in which the experimental
details are, to say the least, not particularly detailed. We
would therefore like to report here a very easy and reproduc-
ible procedure to obtain this compound using cheap and
readily available starting materials.

mailto:cativiela@unizar.es
mailto:cativiela@unizar.es
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2. Results

Taking into account the retrosynthetic analysis shown in
Figure 2, the key steps of the procedure should be the chemo-
selective reduction of the lactam and the stereochemical
control of the positions of the substituents in the cyclohexane
ring in order to achieve the corresponding cyclization. Other
possibilities from the disconnection approach do not seem to
lead to appropriate starting materials.

The synthesis we report begins with the complete hydroge-
nation of the commercially available methyl 4-hydroxybenz-
oate (1). It has been reported that the use of 5% rhodium on
alumina14 as a catalyst enables the complete reduction of
aromatic rings to give the corresponding aliphatic cyclo-
hexane. We found that hydrogen pressures between 20 and
25 bar were sufficient to produce complete reduction in
quantitative yield. The stereochemistry of this reaction is
not relevant because of the fact that in the next step the
alcohol has to be converted into a carbonyl moiety. This
transformation was successfully achieved using pyridinium
chlorochromate (PCC) to give 4-carbomethoxycyclohexa-
none (2) in high yield (Scheme 1).

The most important strategies to obtain an amino acid
moiety from a carbonyl compound are the Strecker synthesis
and the Bucherer–Bergs reaction. The first approach uses
ammonium hydroxide and potassium cyanide to obtain the
corresponding aminonitrile compound, whereas the second
employs ammonium carbonate and potassium cyanide to
form the hydantoin ring. In both cases, final hydrolysis
would allow the synthesis of the amino acid. In our case,
two stereoisomeric products are possible, although it has
been reported that in the case of 4-substituted cyclohexa-
nones both reactions behave in a complementary manner
(Fig. 3). In fact, Munday15 found that the Bucherer–Bergs
reaction of 4-tert-butylcyclohexanone predominantly gave
one of the stereoisomeric hydantoins. Later, Edward and
Jitrangsri16 established the stereochemical course of both
Strecker and Bucherer–Bergs reactions. These authors
proved that the severe steric hindrance between the develop-
ing C]NH group and the 3,5-axial hydrogen atoms, in the
key step of the mechanistic route, led to the compound in
which the NH and the carboxylic acid groups are in a cis
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H

COOH

Figure 1. Structure of pipecolic acid and 2,5-ethanopipecolic acid.
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Figure 2. Retrosynthetic analysis for 2,5-ethanopipecolic acid.
disposition. However, in the Strecker reaction this hindrance
is not a factor and, as a result, this pathway furnished the
thermodynamically most stable product, which has a trans
disposition.

Bearing in mind that our objective was to obtain the cis con-
figuration between the amino and carboxylic acid groups
prior to the subsequent cyclization, the Bucherer–Bergs
reaction was used. In order to improve the final results, the
synthesis of the hydantoin was performed after saponifica-
tion of the methyl ester in order to increase the solubility
of the corresponding salt in the aqueous reaction medium.
This is a very important feature and markedly increases
the final yield. In this way, the reaction was achieved in
the presence of potassium cyanide and ammonium carbonate
using water as the solvent. Thus, the spirohydantoinic com-
pound 3 was obtained directly in good yield and with high
purity by precipitation in an acidic medium (Scheme 1).
Moreover, the new carboxylic acid moiety was a key ele-
ment in the next step.

The hydantoinic systems are normally very much insoluble
and the opening of these rings requires very harsh conditions
like high temperatures and concentrated acidic or basic solu-
tions. In the present case, the carboxylic acid group makes
basic hydrolysis easy and complete opening of the hetero-
cyclic system was achieved by heating a solution of the
hydantoin at 120 �C in 5 N NaOH. Precise adjustment of
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Scheme 1. Reagents and conditions: (i) (a) H2, Rh, Al2O3/MeOH, 20 bar;
(b) PCC, NaOAc, Celite�/CH2Cl2; (ii) (a) 2 N KOH/MeOH; (b)
(NH4)2CO3, KCN/H2O; (iii) 5 N NaOH, reflux; (iv) (a) SOCl2/MeOH,
reflux; (b) 210–220 �C; (v) NaH, NaI, BnBr/DMF; (vi) RhH(CO)(PPh3)3,
Ph2SiH2/THF; (vii) 6 N HCl.
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Figure 3. Relative stereochemistry of the products obtained by Strecker
synthesis and Bucherer–Bergs reaction.
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the pH led to the aminodicarboxylic compound (4) in excel-
lent yield and with very high purity.

Recently, Chung and Ho17 described direct lactam formation
from a cis/trans mixture of 4-aminocyclohexane carboxylic
acid by heating a slurry of the substrate in Dowtherm� A at
250–256 �C. On the other hand, several years ago, Werner
and Ricca18 found that the cyclization could be achieved
by working at lower temperatures when the carboxylic
acid was previously transformed into an ester. We therefore
decided to esterify the carboxylic acids in 4 using thionyl
chloride and methanol. The resulting oily product was then
heated for 10 min at 210–220 �C to furnish lactam 5 with
an overall yield of 71%.

The next step in our synthesis involved the chemoselective
reduction of lactam 5. Most of the methods described for
the reduction of lactams, e.g., the use of LiAlH4, NaBH4–
AlCl3, DIBAL-H, AlClH2 and AlCl2H,19 are not compatible
with the presence of ester groups. Some authors have de-
scribed the selective transformation of secondary lactams
with 9-borabicyclo[3.3.1]nonane (9-BBN) or borane–methyl
sulfide complex.20 Unfortunately, in the present case these
methodologies were unsuccessful. Other strategies require
a tertiary lactam to produce the chemoselective reduction
in the presence of an ester. In particular, it has been reported
that LiEt3BH/Et3SiH–Et2O$BF3 can be used to achieve a
highly chemoselective lactam reduction with N-Boc protec-
tion in the presence of groups such as double bonds, esters,
nitriles or carbamates.21 However, all attempts to reduce
our bicyclic system using this method resulted in very com-
plex mixtures and the yield was 28% in the best case. Fortu-
nately, much better results were obtained by following the
method described by Ito and co-workers for the reduction
of tertiary amides with diphenylsilane and rhodium cata-
lysts.22 In order to use this methodology, prior N-benzyl pro-
tection of compound 5 using benzyl bromide in the presence
of NaH was necessary. The reduction of the corresponding
N-benzyl lactam (6) was easily achieved and enabled the
synthesis of compound 7 in excellent yield. Finally, this iso-
quinuclidine was easily hydrolyzed in 6 N hydrochloric acid
to give the desired N-benzyl amino acid 8, which is suitably
protected for incorporation into a peptide chain.

3. Conclusion

In summary, we have developed a new, competitive and
reproducible method for the synthesis of 2-azabicyclo-
[2.2.2]octane-1-carboxylic acid, an analogue of pipecolic
acid. The procedure gives a good overall yield starting
from methyl 4-hydroxybenzoate. The conformational ten-
dencies of the new amino acid are currently being studied
and the results will be published in due course.

4. Experimental

4.1. General

Thin layer chromatography was performed on Merck 60 F240

precoated silica gel polyester plates and products were visu-
alized under UV light (254 nm), iodine vapor, anisaldehyde
or phosphomolybdic acid reaction, as appropriate. Column
chromatography was performed using silica gel (Kieselgel
60). Solvents were dried, when necessary, by standard
methods. Melting points were determined on a Gallenkamp
apparatus and were not corrected. IR spectra were registered
on a Mattson Genesis FTIR spectrophotometer; nmax is given
for the main absorption bands. 1H and 13C NMR spectra
were recorded on a Bruker AV-400 instrument at room
temperature in CDCl3, D2O or DMSO-d6, using the residual
solvent signal as the internal standard; chemical shifts (d) are
expressed in parts per million and coupling constants (J) in
hertz. Elemental analyses were carried out on a Perkin–
Elmer 200 C,H,N,S analyzer.

4.2. 4-Carbomethoxycyclohexanone (2)

A mixture of methyl p-hydroxybenzoate (1) (15.0 g,
99 mmol) and 5% rhodium on alumina (1.5 g) in MeOH
(60 mL) was shaken under hydrogen (20 bar) for 3 days.
The catalyst was removed by filtration through Celite� and
then rinsed with MeOH. The combined filtrates were evapo-
rated to dryness under reduced pressure to give a colourless
oil (15.0 g, 95 mmol), which was used without further puri-
fication in the next step. To a mixture of dry CH2Cl2
(100 mL), oven-dried Celite� (6.0 g) and NaOAc (1.9 g,
23 mmol), under Ar, was added pyridinium chlorochromate
(25.0 g, 116 mmol). CH2Cl2 (60 mL) was added to the reac-
tion mixture and then a solution of the oily compound
obtained in the previous step (12.8 g, 77 mmol) in CH2Cl2
(60 mL) was added by syringe under Ar. The mixture was
stirred for 3.5 h and Et2O (200 mL) was added with vigorous
stirring. The reaction mixture was filtered under vacuum
through silica gel and the silica gel was washed with Et2O.
The combined filtrates were concentrated to yield 2
(10.30 g, 66 mmol) as a colourless oil. Yield 82%. IR
(neat, cm�1): 1731, 1711. 1H NMR (400 MHz, CDCl3):
d¼1.95–2.08 (m, 2H), 2.15–2.23 (m, 2H), 2.29–2.39 (m,
2H), 2.42–2.50 (m, 2H), 2.75 (tt, J¼3.9, 9.7 Hz, 1H), 3.71
(s, 3H). 13C NMR (100 MHz, CDCl3): d¼28.48, 39.69,
40.56, 51.54, 174.57, 210.0.

4.3. 4-Spirohydantoincyclohexanecarboxylic acid (3)

A 2 N solution of KOH in MeOH (50 mL) was added to
4-carbomethoxycyclohexanone (2) (10.30 g, 66 mmol) and
the mixture was stirred at room temperature until the starting
material had been consumed. The solvent was evaporated to
give a pale yellow solid, which was used without further
purification. To a solution of this solid in water (60 mL)
was added (NH4)2CO3 (25.34 g, 264 mmol) followed by
KCN (6.5 g, 100 mmol). The reaction mixture was stirred
for 16 h at room temperature, followed by 24 h at 50–
60 �C. The mixture was allowed to cool and concentrated
HCl was added dropwise. The precipitated spirohydantoin
was filtered off under vacuum, washed with water and ace-
tone and dried (8.30 g, 39.2 mmol). Yield 59%. Mp 309–
311 �C. IR (Nujol, cm�1): 3450–2300, 1772, 1731, 1685.
1H NMR (400 MHz, DMSO-d6): d¼1.52–1.72 (m, 6H),
1.82–1.92 (m, 2H), 2.20–2.30 (m, 1H), 8.43 (br s, 1H),
10.59 (br s, 1H), 12.15 (br s, 1H). 13C NMR (100 MHz,
DMSO-d6): d¼23.41, 32.40, 40.58, 61.55, 156.28, 175.84,
178.39. Anal. Calcd for C9H12N2O4: C, 50.94; H, 5.70; N,
13.20; found: C, 51.12; H, 5.86; N, 13.37.
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4.4. cis-1-Aminocyclohexane-1,4-dicarboxylic acid (4)

A solution of spirohydantoin 3 (3.5 g, 16.50 mmol) in 5 N
NaOH (25 mL) was heated at 120 �C for 48 h. The mixture
was allowed to cool and the pH of the solution was adjusted
to 8.5–9 with 4 N HCl. The resulting precipitate was filtered
off. The mother liquor was then adjusted to pH 2.5 with 4 N
HCl to give a white solid (2.46 g, 13.14 mmol), which was fil-
tered off, washed with water and dried. Yield 80%. Mp 253–
256 �C. IR (Nujol, cm�1): 3529, 3437, 3300–2400, 1687. 1H
NMR (400 MHz, CDCl3): d¼1.78–1.93 (m, 6H), 2.05–2.16
(m, 2H), 2.55–2.60 (m, 1H), 10.17 (br s, 1H), 14.47 (br s,
1H). 13C NMR (100 MHz, CDCl3): d¼23.73, 30.15, 36.89,
58.81, 176.29, 179.16. Anal. Calcd for C8H13NO4: C,
51.33; H, 7.00; N, 7.48; found: C, 51.50; H, 7.13; N, 7.61.

4.5. Methyl 3-oxo-2-azabicyclo[2.2.2]octane-1-carboxy-
late (5)

SOCl2 (2.8 g, 23.53 mmol) was added dropwise at 0 �C to
a stirred suspension of 4 (2 g, 10.69 mmol) in anhydrous
MeOH (40 mL) under Ar. The reaction mixture was heated
at 80 �C for 4 h with vigorous stirring and SOCl2 (1.4 g,
11.77 mmol) was added carefully. The reaction was main-
tained at 80 �C for a further 4 h. The mixture was allowed
to cool and the solvent was evaporated. The solid residue
was fractionated between AcOEt and 5% NaHCO3 solution.
The aqueous solution was extracted with AcOEt, and the
combined organic phases were dried, filtered and the solvent
removed to give a pale oil residue, which was used in the
next step without further purification. This oil was placed
in a Schlenk tube and heated in a sand bath to 215–220 �C
for 10 min under vacuum. On cooling a crystalline solid ap-
peared and this was recrystallized from CH2Cl2 to yield 5
(1.38 g, 7.53 mmol) as a white solid. Yield 71%. Mp 129–
132 �C. IR (Nujol, cm�1): 3173, 1724, 1673. 1H NMR
(400 MHz, CDCl3): d¼1.73–1.90 (m, 6H), 2.00–2.10 (m,
2H), 2.60 (m, 1H), 3.81 (s, 3H), 6.65 (br s, 1H). 13C NMR
(100 MHz, CDCl3): d¼23.45, 31.15, 37.70, 52.91, 58.76,
172.37, 175.80, Anal. Calcd for C9H13NO3: C, 59.00; H,
7.15; N, 7.65; found: C, 58.86; H, 7.22; N, 7.76.

4.6. Methyl 3-oxo-N-benzyl-2-azabicyclo[2.2.2]octane-1-
carboxylate (6)

NaH (72 mg, 2.99 mmol) was added to a solution of the
bicyclic lactam (500 mg, 2.73 mmol) in anhydrous DMF at
0 �C under Ar. After 10 min, benzyl bromide (510 mg,
2.99 mmol) was added and the reaction mixture was stirred
at room temperature. After 4 h, saturated NH4Cl (10 mL)
was added and the mixture was extracted several times
with AcOEt. The combined organic layers were washed
with brine, dried over anhydrous MgSO4, filtered and evap-
orated to give a residue, which was chromatographed (elu-
ent: hexane/AcOEt 7/3) to furnish 6 (599 mg, 2.16 mmol)
as a white solid. Yield 80%. Mp 88–89 �C. IR (KBr,
cm�1): 2943, 1738, 1653. 1H NMR (400 MHz, CDCl3):
d¼1.64–1.77 (m, 4H), 1.82–1.98 (m, 4H), 2.69 (m, 1H),
3.46 (s, 3H), 4.71 (s, 2H), 7.04–7.27 (m, 5H). 13C NMR
(100 MHz, CDCl3): d¼23.59, 31.23, 38.16, 44.91, 52.28,
63.57, 127.29, 127.79, 128.30, 137.87, 170.51, 175.98.
Anal. Calcd for C16H19NO3: C, 73.31; H, 7.01; N, 5.12;
found: C, 73.20; H, 7.22; N, 5.24.
4.7. Methyl N-benzyl-2-azabicyclo[2.2.2]octane-1-
carboxylate (7)

To a mixture of lactam 6 (507 mg, 1.86 mmol) and
RhH(CO)(PPh3)3 (17 mg, 0.019 mmol) in anhydrous THF
was added Ph2SiH2 (857 mg, 4.65 mmol) under Ar. The
mixture was stirred for 12 h at room temperature. The sol-
vent was removed under vacuum and the oily residue was
partitioned between Et2O and 1 N HCl. The organic phase
was extracted several times with 1 N HCl and the combined
aqueous phases were neutralized with solid NaOH until pH
9–10. The resulting suspension was extracted with AcOEt
and the organic layers were combined, dried over anhydrous
MgSO4, filtered and the solvent removed to give 7 (462 mg,
1.79 mmol) as a white solid. Yield 96%. Mp 61–62 �C. IR
(KBr, cm�1): 1724. 1H NMR (400 MHz, CDCl3): d¼1.57–
1.78 (m, 5H), 1.79–1.88 (m, 2H), 2.24–2.35 (m, 2H), 2.75
(m, 2H), 3.59 (s, 2H), 3.71 (s, 3H), 7.22–7.42 (m, 5H). 13C
NMR (100 MHz, CDCl3): d¼24.56, 26.17, 28.03, 51.96,
55.28, 59.05, 60.22, 126.77, 128.17, 128.85, 139.69,
176.11. Anal. Calcd for C16H21NO2: C, 74.10; H, 8.16; N,
5.40; found: C, 74.24; H, 8.01; N, 5.56.

4.8. N-Benzyl-2-azabicyclo[2.2.2]octane-1-carboxylic
acid hydrochloride (8)

Isoquinuclidine 7 (462 mg, 1.79 mmol) was suspended in
6 N HCl (30 mL) and heated under reflux for 12 h. The mix-
ture was allowed to cool and then evaporated to dryness. The
residue was partitioned between Et2O and H2O. The organic
layer was discarded and final lyophilization furnished pure 8
(494 mg, 1.75 mmol) as a white solid. Yield 98%. Mp 265–
266 �C. IR (KBr, cm�1): 3600–2200, 3400, 1732. 1H NMR
(400 MHz, D2O): d¼1.72–1.84 (m, 2H), 1.91–2.00 (m, 2H),
2.09–2.26 (m, 4H), 2.34–2.44 (m, 2H), 3.17–3.24 (m, 1H),
3.37–3.44 (m, 1H), 4.12–4.22 (m, 1H), 4.48–4.58 (m, 1H),
7.47–7.62 (m, 5H). 13C NMR (100 MHz, D2O): d¼20.22,
21.61, 21.82, 23.41, 28.96, 54.42, 58.49, 65.07, 129.22,
129.29, 130.10, 130.93, 173.76. Anal. Calcd for
C15H20ClNO2: C, 63.94; H, 7.15; N, 4.97; found: C, 64.13;
H, 6.98; N, 5.10.
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Abstract—Novel crownophanes with two bipyridine moieties (bipyridinocrownophanes 1a and 1b) were conveniently prepared by means of
intramolecular [2+2] photocycloaddition of vinylbipyridine derivatives. In the liquid–liquid extraction of heavy metal cations, 1a and 1b
exhibited perfect selectivity toward Ag+ with high efficiency. It was found that the ethereal oxygen atoms and the four nitrogen atoms in
1a and 1b acted as ligating sites, according to the high extractability and complexing stability constant for Ag+ compared to those of the
corresponding pyridinocrownophanes 4a and 4b. 1H NMR and ESI-MS analyses suggested that the crownophanes formed a 1:1 complexes
with the Ag+ ion.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The pyridine moiety is known to act as a good ligating site
for the Ag+ ion when it is arranged at a suitable position in
a host molecule.1–9 We have prepared some pyridino-
phanes10 and crownophanes possessing pyridine moieties
as side ligating groups.11–13 They were directly prepared
by intramolecular [2+2] photocycloaddition of styrene
derivatives or indirectly by modification to dihydroxycrow-
nophanes.14 Recently, we have synthesized crownopyridino-
phanes by the above photocycloaddition of vinylpyridine
derivatives16 and clarified their exclusive selectivity toward
the Ag+ cation with moderate efficiency.17 It is considered
that the extraordinarily high Ag+ affinity could be achieved
by an additional introduction of pyridine moieties into the
pyridinocrownophanes, since bipyridine residues have been
found to act as ligating parts for complexation with some
metal cations including silver18 and lantanide cations.19–22

Hence, we were prompted to synthesize crownophanes
possessing bipyridine moieties (bipyridinocrownophanes).
The structural analysis and complexing ability of the bipyr-
idinophanes are also described in this paper.

Keywords: Crown compound; Cyclophane; Extraction; Ag+-selective iono-
phore; [2+2] Photocycloaddition.
* Corresponding author. Tel.: +81 277 30 1310; fax: +81 277 30 1314;

e-mail: nisimura@chem.gunma-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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2. Results and discussion

2.1. Synthesis of bipyridinocrownophanes

Bipyridinocrownophanes, 1a and 1b, were prepared by the
method shown in Scheme 1. Compounds 2a and 2b were
easily obtained from the reaction of 6,60-dibromo-2,20-bipyr-
idine with oligo(ethyleneglycol) in moderate yield. Pre-
cursor olefins 3a and 3b were prepared by Stille reaction23

in excellent yield. The target crownophanes 1a and 1b
were synthesized by photocycloaddition.14

From the 1H NMR analysis 1a and 1b were found to have
a 1,2-substituted cis-cyclobutane ring, which was proved
by the specific methine proton signals at d 4.31 and 4.29
(in CDCl3),15 respectively. As shown in Figure 1, all the
aromatic proton peaks were high-field shifted compared to
those of the aromatic nuclei, indicating the phane structure.

2.2. Crystal structure of crownobipyridinophane 1a

Single crystals of 1a were obtained from methanol–CH2Cl2
solution. As illustrated in Figure 2, the solid-state structure
of free ligand 1a is not thought to be suitable to accommo-
date a certain cation from the following aspects: (1) The cy-
clobutane ring (C21–C24) is tilted toward the nitrogen atoms
(N1 and N3) of the proximal pyridine rings. This suggests
that the cyclobutane ring can prevent any species from ligat-
ing to the nitrogen sites. (2) Nitrogen atoms (N2 and N4) of

mailto:nisimura@chem.gunma-u.ac.jp
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Scheme 1. Synthesis of bipyridinocrownophanes 1a and 1b. Reagents and conditions: (a) HO(C2H4O)n+3H, NaH–THF; (b) CH2]CHSn(n-Bu)3, Pd(PPh3)4,
2,6-di-tert-butyl-4-methylphenol–toluene; (c) hn (>280 nm)/MeCN.
the distal pyridine rings possessing a polyether linkage from
the cyclobutane ring are arranged in the opposite direction
against the proximal pyridine rings, indicating that all the
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Figure 1. 1H NMR spectra of precursor olefin 3a and bipyridinocrowno-
phane 1a within CDCl3.
ligating sites do not act cooperatively. To confirm whether
the unfavorable situation for cooperative complexation is
retained or not in the solution, we tried liquid–liquid extrac-
tion by using the phanes as extraction reagents as will be
mentioned in the following section.

2.3. Complexing behavior of bipyridinocrownophanes
toward heavy metal cations

Liquid–liquid extraction of heavy metal cations by bipyri-
dinocrownophanes was carried out with pyridinocrowno-
phanes 4a and 4b and dibenzopyridino-18-crown-6 5 as

Figure 2. ORTEP drawing of 1a.
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reference compounds. Although 5 extracted a Pb2+ ion other
than the Ag+ ion, bipyridinocrownophanes 1 exclusively
extracted the Ag+ ion with high efficiency among the heavy
metal cations tested. The remarkably high efficiency of 1
compared to that of 4 means the contribution of additional
pyridine rings of 1 for Ag+-complexation. Of course, it indi-
cates that the ethereal oxygen atoms and the four nitrogen
atoms in the pyridine ring acted as effective ligating sites
cooperatively similar to that of 417 (Table 1).

As shown in Figure 3, the 1H NMR chemical shifts and the
peak shapes of the aromatic and the polyether protons signif-
icantly changed during the increase of the amount to equi-
molar AgClO4 added to 1. When more than equimolar
of the salt was ([Ag+]¼0.025 M) added, no change was
observed. It is suggested that the conformation of 1 is finally
fixed to a certain form, where bipyridine moieties and poly-
ether moieties cooperatively acted as ligating sites for the
cation.

Namely, the donating sites of all the four nitrogen atoms and
the ethereal oxygen atoms are thought to converge to form
a highly stable complex in the solubilized conditions.

The efficiency of 4a and 4b remarkably differs from each
other, while the higher efficiency of 1a and 1b than those
of 4a and 4b is almost the same, suggesting that their com-
plexing stability constants are nearly the same.

2.4. ESI-MS analysis of bipyridinocrownophane–AgD

complex

To clarify the complexing behavior of 1 to Ag+, we investi-
gated the interaction between 1a and the Ag+ ion in CH3CN–
H2O (1:1) by ESI-MS (Fig. 4). It was found that a 1:1
(host–guest) complex with the Ag+ ion exclusively formed,
because no peak was observed at the mass number corres-
ponding to those of the free host and the other stoichiometric

Table 1. Extraction of heavy metal cations with ligandsa

N
O

N
O

O
O

O

4a n=1

b n=2 

n

O

O

O

O

O

N

5

Ligand Extractability (%)a

Ag+ Pb2+ Cu2+ Mn2+ Zn2+ Ni2+ Co2+

1a 90(6.0) 0(4.5) 1(4.3) 0(6.7) 0(6.1) 0(6.7) 0(7.1)
1b 93(6.3) 0(4.5) 4(4.5) 0(6.7) 1(6.3) 2(6.8) 0(7.1)
4a 42(4.2) 0(5.2) 0(4.5) 0(6.8) 0(7.2) 0(6.2) 0(7.2)
4b 23(5.2) 0(4.7) 0(4.4) 0(5.3) 0(5.9) 0(5.7) 0(6.4)
5 59(5.5) 10(5.6) 0(4.2) 0(6.3) 2(6.2) 0(6.7) 0(6.9)

a Extraction conditions: aq phase (5 mL), [metal nitrate]¼1.0�10�1

mol dm�3; org. phase, CH2Cl2 (5 mL), [ligand]¼1.0�10�4 mol dm�3, at
ca. 20 �C, shaken for 1.5 h. The values were based on the concentration
of the crown compounds. Values in parentheses were equilibrium pH of
aqueous phase. Reproducibility was �15%, which was the average value
obtained from three independent runs.
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Figure 3. 1H NMR spectra of 1a with AgClO4 in CD3CN. [1a]¼0.025 M.
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complexes. Phane 1b also showed the same behavior at the
complexation with the Ag+ ion in the solution.

2.5. Complexing stability constant (Ka) of bipyridino-
crownophanes and reference compounds

As mentioned in the section of the liquid–liquid extraction,
the values of percent extraction for the Ag+ ion of 1a and
1b are close to the upper limit. Thus, we measured complex-
ing stability constant (Ka) between these phanes and the Ag+

ion in order to evaluate their complexing ability more quan-
titatively by nonlinear least-squares fitting method for the
1H NMR titration curve (shown in Fig. 5, for example).

N

1a

N
O

NN
O

O
O

O

Ha

The values of the bipyridinophanes 1a and 1b are extremely
high compared to not only those of the corresponding pyri-
dinophanes 4a and 4b, but also that of 5. This indicates the
cooperation of the ethereal oxygen atoms and the four nitro-
gen atoms in the bipyridinophanes, which is in agreement
with the results of 1H NMR study in the presence of the
Ag+ ion shown in Figure 3. Thus, a large effect by introduc-
ing the additional pyridine moieties in the pyridinophanes on
the complexation with the Ag+ ion was demonstrated at the
same time. Furthermore, large different Ka was confirmed
between 1a and 1b suggesting that longer ethereal linkage
was necessary to more effectively bind to the cation by
cooperative action between all four pyridine nitrogen atoms
and the ethereal oxygen atoms, though little different Ka was
observed between the corresponding pyridinophanes 4a and
4b with only two pyridine moieties (Table 2).
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Figure 5. 1H NMR titration of crownobipyridinophane 1a with AgClO4 in
CD3CN. [1a]¼10 mM. Ha was monitored after each addition of AgClO4.

Table 2. Stability constant (Ka) of the pyridinophanes and reference
compounda

Ligand 1a 1b 4a 4b 5

Ka 2.56�103 3.25�104 27 22 231

a Determined in acetonitrile-d3 at 25 �C.
3. Conclusion

The bipyridinocrownophanes were conveniently prepared
by means of intramolecular [2+2] photocycloaddition of
vinylbipyridine derivatives. In the liquid–liquid extraction
and the homogeneous acetonitrile solution, the bipyridino-
crownophanes showed extraordinarily high affinity toward
the Ag+ ion. This is caused by the cooperation of the ethereal
ligating sites and the four nitrogen atoms in the crowno-
phanes.

4. Experimental

4.1. Apparatus

1H NMR and 13C NMR spectra were recorded on a JEOL-
500 FT NMR spectrometer (500 MHz) using tetramethyl-
silane as an internal standard. Elemental analysis was carried
out in the Technical Research Center for Instrumental Anal-
ysis, Gunma University. Mass spectra (HRMS) were deter-
mined by a JEOL JSM-BU25. Electrospray ionization
mass spectra (ESI-MS) were obtained on a Perkin–Elmer
Sciex API-100 electrospray ionization mass spectrometer
under the following conditions: a sample solution was
sprayed at a flow rate of 2 mL min�1 at the tip of a needle
biased by a voltage of 4.5 kV higher than that of a counter
electrode.

4.2. Reagents

THF was purified by distillation over Na after prolonged re-
flux under a nitrogen atmosphere. Guaranteed reagent grade
DMF was used without purification. Guaranteed reagent
grade MeCN and CH2Cl2 were distilled before use. Reagent
grade dibenzopyridino-18-crown-6 (5) was used without
further purification. The commercially available highest
grade of AgNO3, Pb(NO3)2, Cu(NO3)2, Mn(NO3)2,
Zn(NO3)2, Ni(NO3)2, Co(NO3)2, and AgClO4 were used
after drying in vacuum. All aqueous solutions were prepared
with distilled, deionized water.

4.3. Synthesis of bipyridinocrownophanes

4.3.1. Preparation of a,u-bis(6-bromo-2,20-bipyridil)-
oligo(oxyethylene) 2. Oligo(ethyleneglycol) (15.9 mmol)
was added to a suspension of NaH (60% in oil, 0.15 g,
3.82 mmol, washed with n-hexane by decantation) in THF
(8 mL) at room temperature. After the evolution of hydrogen
gas ceased, a THF (20 mL) solution of 6,60-dibromo-2,20-bi-
pyridine (2.00 g, 6.36 mmol) was added to the suspension
with stirring for 0.5 h at room temperature. Then the mixture
was stirred at reflux for 18 h, cooled to room temperature,
and 1:1 ethanol solution of hydrochloric acid was added to
neutralize excess NaH. The filtered organic solution was
dried on MgSO4 and evaporated in vacuo. The residue was
purified by column chromatography (SiO2, a gradient mix-
ture of toluene and ethyl acetate) to afford 2. Compound
2a: yield, 53%. White solid. Mp 69–70 �C (a mixed solvent
of MeOH and CH2Cl2). 1H NMR (CDCl3) d¼8.28 (2H, d,
J¼7.6 Hz), 8.00 (2H, d, J¼7.5 Hz), 7.68 (2H, dd, J¼8.2
and 7.5 Hz), 7.61 (2H, dd, J¼7.9 and 7.6 Hz), 7.44 (2H,
d, J¼7.9 Hz), 6.82 (2H, d, J¼8.2 Hz), 4.58 (4H, t,
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J¼4.9 Hz), 3.90 (4H, t, J¼4.9 Hz), 3.75–3.69 (8H, m).
HRMS (EI): calcd for C28H28Br2N4O5 (M+) 658.0426;
found 658.0410. Compound 2b: yield, 46%. Transparent
viscous liquid. 1H NMR (CDCl3) d¼8.29 (2H, d,
J¼7.6 Hz), 8.00 (2H, d, J¼7.6 Hz), 7.68 (2H, dd, J¼7.6
and 8.2 Hz), 7.64 (2H, dd, J¼7.6 and 7.9 Hz), 7.44 (2H, d,
J¼7.9 Hz), 6.82 (2H, d, J¼8.2 Hz), 4.58 (4H, t,
J¼4.9 Hz), 3.89 (4H, t, J¼4.9 Hz), 3.74–3.66 (12H, m).
HRMS (EI): calcd for C30H32Br2N4O6 (M+) 702.0688;
found 702.0687.

4.3.2. Preparation of a,u-bis(6-vinyl-2,20-bipyridil)-
oligo(oxyethylene) 3. A solution of 2 (7.57�10�1 mmol),
tri-n-butylvinylstannane (0.58 g, 1.82 mmol), Pd(PPh3)4

(0.058 g, 5.05�10�2 mmol), and 2,6-di-tert-butyl-4-methyl-
phenol (10 mg) in toluene (10 mL) was heated to reflux for
2 h. After the mixture was cooled to ambient temperature,
a large excess of 2 M aqueous KF solution was added, and
the resulting mixture was stirred overnight at the same tem-
perature. The organic layer was separated from the sludge
and aqueous layers, and then dried over MgSO4. The con-
centrated crude material was purified by column chromato-
graphy (SiO2, a gradient mixture of toluene and ethyl
acetate) to afford vinyl compound (3). Compound 3a: yield,
95%. Transparent viscous liquid. 1H NMR (CDCl3) d¼8.22
(2H, d, J¼7.8 Hz), 8.11 (2H, d, J¼7.6 Hz), 7.73 (2H, dd,
J¼7.6 and 8.1 Hz), 7.69 (2H, dd, J¼7.8 and 7.7 Hz), 7.30
(2H, d, J¼7.7 Hz), 6.88 (2H, dd, J¼17.4 and 10.7 Hz),
6.80 (2H, d, J¼8.1 Hz), 6.34 (2H, dd, J¼17.4 and 1.2 Hz),
5.51 (2H, dd, J¼10.7 and 1.2 Hz), 4.61 (4H, t, J¼4.9 Hz),
3.91 (4H, t, J¼4.9 Hz), 3.70–3.65 (8H, m). HRMS (EI): calcd
for C32H34N4O5 (M+) 554.2529; found 554.2531. Com-
pound 3b: yield, 84%. Transparent viscous liquid. 1H NMR
(CDCl3) d¼8.22 (2H, d, J¼7.9 Hz), 8.11 (2H, d, J¼
7.6 Hz), 7.74 (2H, dd, J¼7.6 and 8.0 Hz), 7.69 (2H, dd,
J¼7.6 and 7.9 Hz), 7.30 (2H, d, J¼7.6 Hz), 6.88 (2H, dd,
J¼10.7 and 17.4 Hz), 6.80 (2H, d, J¼8.0 Hz), 6.36 (2H,
dd, J¼17.4 and 1.2 Hz), 5.52 (2H, dd, J¼10.7 and 1.2 Hz),
4.61 (4H, t, J¼4.9 Hz), 3.91 (4H, t, J¼4.9 Hz), 3.74–3.67
(12H, m). HRMS (EI): calcd for C34H38N4O6 (M+)
598.2791; found 598.2795.

4.3.3. Preparation of bipyridinocrownophane 1. The pho-
tocycloaddition was carried out by a conventional method
developed by us.11 Into a 300-mL flask with a magnetic stir-
rer and N2 inlet was placed 2.17�10�1 mmol of olefin (3)
dissolved in toluene (260 mL), and nitrogen gas was bubbled
in for 20 min. The solution was irradiated by a 400-W high-
pressure mercury lamp through a Pyrex filter. The reaction
was monitored by HPLC and TLC. After the disappearance
of the olefin (ca. 12 h), the reaction mixture was evaporated
and then the crude reaction product was purified by column
chromatography (SiO2, a gradient mixture of toluene and
ethyl acetate) to afford 1. Compound 1a: yield, 41%. White
solid. Mp 120–121 �C (a mixed solvent of MeOH–CH2Cl2).
1H NMR (CDCl3) d¼7.77 (2H, d, J¼7.3 Hz), 7.72 (2H, d,
J¼7.0 Hz), 7.34 (2H, dd, J¼7.3 and 7.3 Hz), 7.33 (2H, dd,
J¼7.0 and 7.9 Hz), 6.90 (2H, d, J¼7.3 Hz), 6.67 (2H, d,
J¼7.9 Hz), 4.60–4.56 (2H, m), 4.36–4.31 (2H, m), 4.30–
4.27 (2H, m), 3.85–3.79 (4H, m), 3.67–3.60 (8H, m),
3.06–3.03 (2H, m), 2.55–2.50 (2H, m). 13C NMR (CDCl3)
d¼162.4, 160.2, 154.2, 153.5, 138.8, 135.7, 122.1, 117.1,
113.8, 110.5, 70.5, 70.3, 69.4, 64.6, 46.3, 22.3. HRMS
(EI): calcd for C32H34N4O5 (M+) 554.2529; found
554.2519. IR (KBr disk, cm�1) 3050, 2953, 2872, 1572,
1436, 1337, 1326, 1274, 1148, 1114, 1065, 989, 968, 947,
907, 804, 755, 742, 632. Anal. Calcd for C32H34N4O5: C,
69.30; H, 6.18; N, 10.10. Found: C, 69.52; H, 6.29; N,
10.04. Compound 1b: yield, 62%. Pale yellow solid. Mp
34–35 �C (a mixed solvent of MeOH–CH2Cl2). 1H NMR
(CDCl3) d¼7.82 (2H, d, J¼7.3 Hz), 7.80 (2H, d, J¼
8.0 Hz), 7.38 (2H, d, J¼7.7 Hz), 7.36 (2H, d, J¼7.9 Hz),
6.93 (2H, d, J¼7.6 Hz), 6.68 (2H, d, J¼8.2 Hz), 4.60–4.56
(2H, m), 4.41–4.37 (2H, m), 4.31–4.28 (2H, m), 3.85–3.80
(4H, m), 3.67–3.63 (12H, m), 3.02–3.00 (2H, m), 2.85–
2.53 (2H, m). 13C NMR (CDCl3) d¼162.4, 160.3, 154.1,
153.4, 138.8, 135.7, 122.2, 117.1, 113.8, 110.6, 70.5 (2C),
70.3, 69.4, 64.5, 46.1, 22.7. HRMS (EI): calcd for
C34H38N4O6 (M+) 598.2791; found 598.2793. IR (neat,
cm�1) 3055, 2913, 2883, 1713, 1576, 1438, 1329, 1266,
1145, 1117, 1071, 1050, 987, 802, 751.

4.4. Crystallographic structural determination of 1a

Bipyridinocrownophane 1a (5.0 mg) was dissolved in
a mixed solvent of MeOH–CH2Cl2 (2 mL) under nitrogen.
By slow evaporation of the solvent under nitrogen, crystalli-
zation yielded white prismatic crystals of 1a. X-ray crystallo-
graphic data were obtained on a Rigaku AFC7S instrument.
The structure was solved by direct method and expanded
using Fourier techniques (DIRDIF-94 program system).

Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited at the Cambridge
Crystallographic Data Centre as supplementary publication
number CCDC 244232. Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: +44 1223 336033 or
e-mail: deposit@ccdc.cam.ac.uk].

4.5. Solvent extraction of heavy metal nitrates

A CH2Cl2 solution of bipyridinocrownophane (1�
10�4 mol dm�3, 5 mL) and an aqueous metal nitrate solution
(0.1 mol dm�3, 5 mL), whose pH value was adjusted as high
as possible so as not to precipitate the hydroxides, were
shaken in a 20-mL test tube with a ground-glass stopper at
ambient temperature (ca. 20 �C) for 1.5 h. Two liquid phases
were separated and evaporated in vacuo. The residue was
dissolved in 0.1 mol dm�3 HNO3 for analysis by atomic
absorption spectrometry.

4.6. ESI-MS measurement of bipyridinocrownophane
in the presence of silver perchlorate

The sample solution (MeCN–H2O [4:1 (v/v)]) contained
a crownobipyridinophane (0.1 mM) and the metal salt
(0.1 mM).

4.7. 1H NMR titration of bipyridinocrownophane
with silver perchlorate

A solution of the phanes (10 mmol dm�3) was prepared, and
its 500 mL portion was placed in an NMR tube, and the
solvent level was marked. A second solution was made in
acetonitrile-d3 with the metal nitrate. An initial spectrum

mailto:deposit@ccdc.cam.ac.uk
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was recorded, then an appropriate volume of the salt solution
was added to the NMR tube and the solvent level was re-
duced by evaporation to the mark. The spectrum was then
recorded again. This procedure was repeated until the salt
concentration reached 10 equiv of the crownophane. The
chemical shifts of the aromatic proton of the phanes before
and after each addition of the guest solution were used for
calculation of the association constants (Ka). The constants
were determined by nonlinear least-squares fitting method
of the titration curves for 1:1 complexation, which was
monitored by the ESI-MS analysis.
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Abstract—The first synthesis of 10-fluoronucleosides, which has long been synthetic targets as the potential antimetabolites, was achieved.
Electrophilic fluorination of the 10-position occurred to form an anomeric mixture of 10-fluorouridine derivatives, when the lithium enolate,
prepared from 30,50-O-tetraisopropyldisiloxane-1,3-diyl (TIPDS)-protected 20-ketouridine (10) and LiHMDS, was treated with an electro-
philic fluorinating agent such as NFSI (13). Subsequent reduction of the 20-keto-moiety of the resulting b-nucleoside gave the protected
10-fluorouridine 16 and its arabino-type congener 17. Alternatively, nucleophilic fluorination was also successful. Thus, treatment of
20,30,50-tri-O-acetyl-10-phenylselenouridine (20) with DAST/NBS produced the 10-fluorouridine triacetate (21) and its a-anomer 22.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Antimetabolic nucleoside and nucleobase analogues are
essential for anticancer and antiviral chemotherapies. More
than 50 years ago, 5-fluorouracil (5-FU, 1, Fig. 1) was found
to be a very effective drug in cancer chemotherapy,2 and
5-FU and its prodrugs3 have become some of the most clin-
ically important anticancer drugs to date. As a result, the
introduction of fluorine atoms into nucleobases has been
studied extensively. For example, arabinofuranosyl-2-fluo-
roadenine (2) was identified as a metabolically stable conge-
ner of the clinically useful antileukemic and antiviral agent
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.101
arabinofuranosyladenine (ara A), which is readily inacti-
vated by adenosine deaminase in vivo.4

In 1969, the naturally occurring 40-fluoronucleoside, nucleo-
cidine (3) was discovered, and its potent antitrypanosomal
activity was reported.5 This finding suggested that the intro-
duction of a fluorine atom into a sugar moiety of a nucleoside
could also be an effective strategy for the development of
potent antimetabolites, leading to the synthetic studies of flu-
orosugar nucleosides. Consequently, various sugar-modified
fluoronucleosides of biological importance were identified,
e.g., fluorination at the 20-position produced the anti-herpes
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virus agent 20-deoxy-20-fluoroarabinosyl-5-iodocytosine
(FIAC, 4)6 and the potent anticancer drug gemcitabine (5).7

A potent anti-HIV agent 20,30-dideoxy-30-fluorothymidine
(6) also was developed,8 in which a fluorine atom was intro-
duced at the 30-position of thymidine. The 50-fluoro-40,50-
dehydroadenosine derivative 7 was shown to be a potent
mechanism-based inhibitor of adenosylhomocysteine hydro-
lase,9 an effective target enzyme for antiviral and antimalarial
chemotherapy. In recent years, the 20-fluoro-20-deoxynucleo-
sides 8 and 9 have been recognized as useful nucleoside units
for antisense and DNA/RNA aptamer studies,10 for which
their 50-triphosphates are now commercially available.

As a result, a large number of fluoronucleobase and nucleo-
side analogues have been synthesized and biologically eval-
uated as potential antimetabolites. Thus, almost all of the
hydrogens attached to carbons in natural nucleobases and
nucleosides have been chemically replaced by fluorine
atoms, and, as a consequence, the anomeric 10-position
remaining the only site in nucleosides not fluorinated. It is
likely that, with the above success stories in mind, a number
of medicinal chemists thought that the eventual compounds,
namely the 10-fluoronucleosides, would make good synthetic
targets. However, they may have considered that the 10-
fluoronucleosides would be anticipated to be chemically un-
stable. As shown in Figure 2, the nucleosides might degrade;
the electronically highly negative fluorine atom would make
the 10-carbon reactive to nucleophiles, and also the fluorine
atom might promote elimination of the nucleobase because
of its conjugative electron-donating effect due to the un-
shared electrons on the fluorine atom. Therefore, one might
speculate that the 10-fluoronucleosides would be too unstable
to be synthesized, or assuming they could be synthesized,
that they would be too unstable to be isolated. In this report
we describe the first synthesis of 10-fluoronucleoside I
(Fig. 1),11 which has long been the synthetic target as poten-
tial antimetabolites.

2. Results and discussion

2.1. Synthetic plan

The synthesis of nucleoside analogues modified at the
anomeric 10-position12,13 is not as common as that of nucleo-
side derivatives modified at the other positions in the sugar
moiety, in spite of the biological importance of nucleoside
analogues.14 Most of the 10-modified nucleosides have
been synthesized via glycosidation reactions with sugars
with a proper anomeric substituent, even though these routes
were not stereoselective.15 However, the synthesis of the
10-fluoronucleosides via glycosidation between a nucleobase
and a sugar having an anomeric fluoro substituent would
seem improbable, since an anomeric fluoro group has been
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Figure 2. Possible resonance structures of 10-fluoronucleosides.
one of the most successful leaving groups in glycosida-
tion reactions.16 An anomeric fluoro substituent would
easily eliminate under the usual Lewis acidic glycosidation
conditions, and the proper glycosyl donor for the synthesis
of 10-fluoronucleosides would be unavailable. Consequently,
we decided to examine the synthesis of the 10-fluoronucleo-
sides starting from natural nucleosides.17

We recently developed an efficient method for functionaliz-
ing the 10-position of nucleosides to synthesize several 10-
branched nucleoside analogues of biological interest, which
is shown in Scheme 1.18,19 We found that the lithium enolate
III was formed when the 20-keto-nucleoside II was treated
with LiHMDS, and that the enolate III was trapped effec-
tively with PhSeCl to give stereoselectively the correspond-
ing 10-phenylselenenyl product IV. Further treatment of IV
with SmI2 produced the samarium enolate V, condensation
of which with an aldehyde formed stereoselectively the
corresponding 10-branched aldol product VI. With these
successful results in mind, we decided to investigate the syn-
thesis of the target 10-fluoronucleosides via both electro-
philic and nucleophilic approaches, as shown in Scheme 2.
We devised a scheme to accomplish the fluorination at the
10-position using the reaction of the enolate III or V with
electrophilic fluorinating agents. Alternatively, using the
10-phenylselenonucleoside VIII as the substrate, we also
planned to examine nucleophilic fluorination via oxidative
activation of the phenylseleno moiety.
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2.2. Electrophilic fluorination

In recent years, a variety of N–F fluorination reagents, some
of which are shown in Figure 3, have been developed.20–23

These reagents are rather stable, easy to handle and have
been shown to be very effective in electrophilic fluorination
of various compounds. We examined fluorination of the lith-
ium or samarium enolate of 30,50-O-tetraisopropyldisil-
oxane-1,3-diyl (TIPDS)-protected 20-ketouridine (10), using
these N–F reagents (Scheme 3). The results are summarized
in Table 1.

1. LiHMDS
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TIPDS  = i-Pr2SiOSii-Pr210
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The lithium enolate of 10, prepared by treating 10 with
lithium hexamethyldisilazide (LiHMDS),19 was first treated
with a well-known N–F reagent, N-fluorobenzenesulfoni-
mide (NFSI, 13),21 as the electrophile at �78 �C in THF.
The reaction successfully produced the expected 10-fluori-
nated 20-ketouridine derivatives in 87% yield as an anomeric
mixture of 11 and 12 (entry 1, b/a¼1:2.4). The a-nucleoside
12 was obtained mainly as the corresponding 20-hydrate 120

after purification by silica gel column chromatography.
When potassium hexamethyldisilazide (KHMDS) was used
as a base instead of LiHMDS, the percentage of the a-nucleo-
side 12 (120) increased (entry 2, b/a¼1:6.2). The effect of
solvent on the reaction was next investigated. The use of
the relatively non-polar toluene or Et2O, compared with
THF, as a co-reaction solvent somewhat increased the yield
of the desired b-anomer (entries 3 and 4). Therefore we
examined the reaction using MgBr2, Yb(OTf)3, or SmI3,
which have been known to be effective chelating agents,
as additives. However, fluorination did not proceed in the
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Figure 3. N–F fluorinating reagents.
presence of these additives (data not shown). We next exam-
ined the use of polar reaction solvents. N,N-dimethyl-
acetamide (DMA) was not as effective as a co-solvent,
where the undesired a-nucleoside was the major product
(entry 5). When DMF was used as a co-solvent, the ratio of
the b-isomer increased (entry 6, 57%, b/a¼1:1.0), while
an unidentified non-fluorinated product was generated to
decrease the total yield of the 10-fluorinated products. The
b-isomer was formed in preference to the a-isomer, when
the fluorination reaction was performed in a DMF/THF
(4:1) solvent (entry 7, 58%, b/a¼1.4:1). We next examined
other N–F fluorinating agents. Thus, the lithium enolate was
treated with N-fluoro-2,6-dichloropyridinium tetrafluoro-
borate (14)22 in DMF/THF. Although no fluorination pro-
ceeded at �40 �C, the reaction at room temperature gave the
10-fluorinated products in 52% yield (entry 8, b/a¼1.9:1).
The desired b-selective result (b/a¼2.0:1) was observed
when 1-chloromethyl-4-fluoro-1,4-diazabicyclo[2.2.2]octane
bis(tetrafluoroborate) (F–TEDA–BF4, 15)23 was used as
the electrophile in DMF/THF (4:1) at �40 �C to afford the
10-fluorinated products in 69% yield (entry 9). A similar reac-
tion with 15 performed in DMF/THF (9:1) at�40 �C resulted
in further improvement of the b-selectivity (entry 10, 57%,
b/a¼3.3:1).

Fluorination of the corresponding samarium enolate, pre-
pared from the 10-phenylseleno-20-ketouridine derivative
and SmI2,18 was examined with NFSI (13) as the fluorinating
electrophilic reagent in THF. Although the samarium eno-
late was more effective than the lithium enolate in the previ-
ous aldol-type condensation reaction with aldehydes as
electrophiles in terms of both yield and stereoselectivity,18

none of the fluorinated products was obtained in this case.

As described, the first fluorination at the 10-position of nucle-
osides was accomplished. We next tried the reduction of the
20-carbonyl moiety of the 10-fluoro-20-ketouridine derivative
11. After investigating various hydride reducing agents, for
example, NaBH4, NaBH4–CeCl3, DIBAL-H, and selectride,
we realized that reduction only proceeded successfully when
the b-nucleoside 11 was treated with DIBAL-H. However,
the reduction products could not be isolated probably owing
to their instability. Instead, uracil was quantitatively isolated

Table 1. Fluorination of 10 at the 10-position via its enolatea

Entry N–F
reagent

Temp
(�C)

Solvent Yield
(11+12 (120))b

(%)

Ratio
(b:a)

1 13 �78 THF 87 1:2.4
2c 13 �78 THF 72 1:6.2
3 13 �78 Toluene–THF (4:1) 77 1:1.4
4 13 �78 Et2O–THF (4:1) 85 1:1.5
5 13 �78 DMA–THF (1:2) 88 1:2.7
6 13 �78 DMF–THF (1:2) 57 1:1.0
7 13 �40 DMF–THF (4:1) 58 1.4:1
8 14 rtd DMF–THF (4:1) 52 1.9:1
9 15 �40 DMF–THF (4:1) 69 2.0:1
10 15 �40 DMF–THF (9:1) 57 3.3:1

a To a solution of the enolate, prepared by treating 10 with LiHMDS
(2.1 equiv) at �78 �C, was slowly added a solution of a N–F reagent in
the indicated solvent.

b The a (a-nucleoside)/b (b-nucleoside) ratio was based on the isolated
yields.

c KHMDS was used instead of LiHMDS.
d The reaction did not proceed at �40 �C.
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after silica gel column chromatography. Therefore, the
hydroxyl group resulting from the reduction products was
immediately protected without purification. When 11 was
treated with DIBAL-H at �78 �C and an excess of Ac2O
and DMAP in THF, the expected 10-fluoro-20-O-acetylated
products were obtained in 68% yield as a diastereomeric
mixture at the 20-position (Scheme 4). The ratio of the
‘ribo’-type 16 to the ‘arabino’-type 17 was 1:4.24
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The stereochemistry of the compounds was confirmed from
NOE experiments of 17 (Fig. 4a). When the H-30 was irradi-
ated, an NOE was observed at the 6-H (1.0%), to indicate its
b-nucleoside structure. The 20-‘arabino’-type-configuration
was determined by irradiation of the H-20 to show an NOE at
the H-40 (3.9%).

2.3. Nucleophilic fluorination

We next tried nucleophilic fluorination at the 10-position
using the 10-phenylselenouridine derivative 20 as a substrate.
Since 1-phenylselenosugars have been effectively used as
glycosyl donors under oxidative conditions, we expected
that the 10-fluorination might occur by treating 10-phenyl-
selenonucleosides with a fluoro nucleophile under oxidative
conditions, such as DAST/NBS. The substrate 20 was read-
ily prepared from the 10-phenylselenouridine derivative 19,
which was obtained from uridine by the previously reported
method (Scheme 5).18

The results of the fluorination of 20 with nucleophilic fluo-
rinating agents are shown in Scheme 6 and Table 2. The
substrate 20 was first subjected to the reaction with DAST/
NBS conditions. Treatment of 20 with DAST (2 equiv)
and NBS (2 equiv) in CH2Cl2 at room temperature resulted
in the expected 10-fluorination. However, bromination at
the pyrimidine 5-position occurred concomitantly to give
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the 5-bromo-10-fluoro-a-nucleoside 24 in 37% yield, where
the desired 10-b-nucleosidic product 21 was obtained in only
2% yield along with the corresponding a-nucleoside 22 in
5% yield. Ribonolactone tri-O-acetate (23) was produced
during this reaction, which was also produced in all of the
entries summarized in Table 2. When the reaction with
DAST/NBS was performed at lower temperature (�40 �C),
the bromination was avoided thereby increasing the 10-fluoro-
products 21 and 22, where the 10-a-nucleoside was obtained
predominantly (21, 14% and 22, 56%, entry 2). A similar
reaction using EtCN as the solvent improved the yield of
the 10b-product (21, 29% and 22, 25%, entry 3).
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The fluorination of 20 was next examined with AgF (entries
4 and 5). In these reactions, although the fluorination
proceeded, the undesired a-nucleoside 22 was formed pre-
dominantly. Treatment of 20 with XeF2 gave the desired
b-nucleoside 21 as the major product in 29% yield.

The stereochemistries of these products were confirmed by
NOE experiments as follows. In the experiments with 21
or 22, none of the NOE confirming the stereochemistry
was observed. However, as shown in Figure 4b, when the

Table 2. Fluorination of 20 at the 10-position

Entry Reagents (equiv) Solvent Temp Yielda

21
(%)

22
(%)

23
(%)

24
(%)

1 DAST (2), NBS (2) CH2Cl2 rt 2 5 36 37
2 DAST (2), NBS (2) CH2Cl2 �40 �C 14 56 15 —
3 DAST (2), NBS (2) EtCN �40 �C 29 25 32 —
4b AgF (2) CH2Cl2 rt 7 41 10 —
5 AgF (4) CH2Cl2 rt 9 59 22 —
6 XeF2 (1.2) CH2Cl2 rt 29 14 26 —

a Isolated yield.
b The substrate 20 was recovered in 41% yield.
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H-40 of the 5-bromo-product 24 was irradiated, an NOE
was observed at the H-6 of the pyrimidine moiety to show
its a-nucleosidic structure. By comparing the 1H NMR
spectra of 21, 22, and 24, as shown in Figure 5, 21 and 22
were assigned as the b- and a-nucleosides, respectively,
since signals of the sugar moiety of 22 were superimposable
onto those of the a-nucleoside 24.

In conclusion, the first synthesis of 10-fluoronucleosides as
potential antimetabolites was achieved.25

3. Experimental

3.1. General

NMR chemical shifts are reported in parts per million down-
field from tetramethylsilane and J values are given in hertz.
The 1H NMR assignments reported for key compounds are
in agreement with 2D NMR spectra. Thin layer chromato-
graphy was done on Merck coated plates 60F254. Silica gel
chromatography was done on Merck silica gel 5715 or Kanto
Chemical silica gel 60 N (neutral). Reactions were carried
out under an argon atmosphere.

3.2. General procedure for the fluorination of 10 form-
ing 10-fluorouracil nucleosides 11 and 120 (Table 1)

A mixture of 10 (48 mg, 0.10 mmol) and LiHMDS (1.0 M
solution in THF, 210 mL, 0.21 mmol) in a solvent (2.0 mL)
was stirred at �78 �C for 1 h. To the mixture, a solution of
an N–F fluorinating reagent (0.12 mmol) in the indicated
solvent (1.5 mL) was added at the indicated temperature,
and the resulting mixture was stirred at the indicated temper-
ature for 3 h. After neutralization with AcOH, the mixture
was partitioned between AcOEt and H2O, and the organic
layer was washed with brine, dried (Na2SO4), and evapo-
rated. The residue was purified by column chromatography
(SiO2, 25%, 33%, and 66% AcOEt in hexane) to give 11
as a white foam and 120 as a colorless oil. 11: 1H NMR
(CDCl3, 500 MHz) d 8.55 (br s, 1H), 7.52 (d, 1H, J¼8.3),

Figure 5. 1H NMR spectra of 21, 22, and 24.

T. Kodama et al. / Tetrahedro
5.83 (dd, 1H, J¼8.3), 5.22 (dd, 1H, J¼8.7, 2.7), 4.23 (m,
1H), 4.19–4.14 (m, 2H), 1.14–1.01 (m, 28H); 13C NMR
(CDCl3, 125 MHz) d 196.38 (d, J¼25), 162.11, 148.9 (d,
J¼ca. 0), 137.65 (d, J¼13), 107.8 (d, J¼244), 103.4, 80.9,
71.0, 61.4, 17.4, 17.2, 17.2, 16.8, 16.8, 16.8, 16.7, 13.4,
13.0, 12.5, 12.4; FABHRMS calcd for C21H36FN2O7Si2
503.2045, found 503.2039 (MH+). 120: 1H NMR (CDCl3,
500 MHz) d 8.81 (br s, 1H), 7.74 (d, 1H, J¼8.3), 6.38 (s,
1H), 5.77 (dd, 1H, J¼8.3, 1.9), 4.51 (dd, 1H, J¼6.9, 1.5),
4.11–4.01 (m, 3H), 3.95 (d, 1H), 1.13–0.98 (m, 28H); 13C
NMR (CDCl3, 125 MHz) d 162.9, 151.5, 139.0, 116.0 (d,
J¼253), 102.5, 98.3 (d, J¼33), 83.5, 75.5, 62.9, 17.4, 17.3,
17.2, 17.0, 17.0, 16.7, 16.7, 13.3, 13.1, 12.7, 12.5;
FABHRMS calcd for C21H38FN2O8Si2 521.2151, found
521.2134 (MH+), calcd for C21H36FN2O7Si2 503.2045,
found 503.2060 (MH+�H2O).

3.3. 2-O-Acetyl-1a-fluoro-3,5-O-(1,1,3,3-tetraisopropyl-
disiloxane-1,3-diyl)-b-D-ribo-pentofuranosyl]uracil (16)
and 1-[2-O-acetyl-1a-fluoro-3,5-O-(1,1,3,3-tetraisopro-
pyldisiloxane-1,3-diyl)-b-D-arabino-pentofuranosyl]-
uracil (17)

To a solution of 11 (75 mg, 0.15 mmol) in THF (3.0 mL) was
added a solution of DIBAL-H (1.0 M in hexane, 360 mL,
0.36 mmol) at the �78 �C, and the mixture was stirred at
the same temperature for 10 min. After addition of a THF
solution (0.3 mL) containing Ac2O (2.0 M, 0.6 mmol) and
DMAP (0.2 M, 0.06 mmol), the resulting mixture was
warmed to room temperature and then partitioned between
AcOEt and H2O, and the aqueous layer was extracted with
CHCl3. The organic layers combined were dried (Na2SO4)
and evaporated. The residue was purified by column chro-
matography (Si2O, 20%, 25%, and 33% AcOEt in hexane)
to give a mixture of 16 and 17 (54 mg, 68%) as a pale yellow
solid. The diastereomers 16 (1.4 mg) and 17 (29 mg) were
obtained in a pure form from the mixture (45 mg) by prepar-
ative HPLC separation (YMC D-ODS-5-A, 250 mm�
20 mm; 80% aqueous MeCN, 25 mL/min; 260 nm), fol-
lowed by column chromatography (neutral SiO2, 33%
AcOEt in hexane). 16: 1H NMR (CDCl3, 500 MHz) d 8.04
(br s, 1H, NH-3), 7.77 (d, 1H, H-6, J¼8.6), 5.95 (dd, 1H,
H-20, J¼5.7, 1.6), 5.72 (d, 1H, H-5, J¼8.6), 4.48 (dd, 1H,
H-30, J¼8.9, 5.7), 4.30 (ddd, H-40, 1H, J¼8.9, 2.4, 2.4),
4.18 (dd, 1H, H-50a, J¼13.5, 2.4), 4.02 (dd, 1H, H-50b,
J¼13.5, 2.4), 2.20 (s, 3H, 20-O-Ac), 1.09–0.94 (m, 28H,
TIPDS); 13C NMR (CDCl3, 125 MHz) d 168.7, 162.2,
148.6, 138.2 (d, J¼3.3), 115.5 (d, J¼248), 102.3, 83.6,
72.9 (d, J¼20), 67.6, 59.3, 20.5, 17.4, 17.2, 17.2, 16.9,
16.9, 16.8, 13.4, 13.0, 12.7, 12.7; FABHRMS calcd for
C23H39FN2O8Si2Na 569.2127, found 569.2132 (MNa+).
17: 1H NMR (CDCl3, 500 MHz) d 8.15 (br s, 1H, NH-
3), 7.68 (d, 1H, H-6, J¼8.3), 5.88 (m, 1H, H-20), 5.71
(dd, 1H, H-5, J¼8.3, 2.4), 4.51 (m, 1H, H-30), 4.28 (m,
1H, H-40), 4.13 (dd, 1H, H-50a, J¼12.3, 3.6), 4.01 (dd,
1H, H-50b, J¼12.3, 9.7), 2.03 (s, 3H, 20-O-Ac), 1.08–
0.98 (m, 28H, TIPDS); NOE (400 MHz, CDCl3): irradiated
H-40 observed H-20 (3.9%), irradiated H-30 observed H-6
(1.0%); 13C NMR (CDCl3, 100 MHz) d 168.3, 162.8,
148.0, 138.8 (d, J¼1.7), 116.7 (d, J¼249), 101.9, 83.7,
81.0 (d, J¼46), 75.6, 61.7, 20.6, 17.6, 17.5, 17.4, 17.4,
17.0, 16.9, 16.9, 13.5, 13.3, 13.0, 12.5; FABHRMS calcd
for C23H39FN2O8Si2Na 569.2127, found 569.2133 (MNa+).
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3.4. 1-[(1S)-2,3,5-Tri-O-acetyl-1a-phenylseleno-b-D-
ribo-pentofuranosyl]uracil (20)

A solution of 1918 (1.93 g, 3.00 mmol), Ac2O (0.85 mL,
9.0 mmol), Et3N (1.25 mL, 9.00 mmol), and DMAP
(73 mg, 0.60 mmol) in MeCN (28 mL) was stirred at room
temperature for 1 h. The resulting mixture was partitioned
between AcOEt and H2O, and the organic layer was washed
with aqueous saturated NaHCO3 and brine, dried (Na2SO4)
and evaporated. To a solution of the residue in THF (30 mL)
was added a mixture of TBAF (1.0 M in THF, 6.0 mL,
6.0 mmol) and AcOH (45 mL) at 0 �C, and the resulting mix-
ture was stirred at the same temperature for 1 h and then
evaporated. The residue was purified by column chromato-
graphy (neutral SiO2, 5% MeOH in CHCl3) to give the desi-
lylated product as a yellow solid. A solution of the obtained
solid, Ac2O (0.88 mL, 9.3 mmol), Et3N (1.3 mL, 9.3 mmol),
and DMAP (75 mg, 0.60 mmol) in MeCN (30 mL) was
stirred at room temperature for 30 min. The resulting mix-
ture was partitioned between AcOEt and H2O, the organic
layer was washed with brine, dried (Na2SO4), and evapo-
rated. The residue was purified by column chromatography
(neutral SiO2, 50% AcOEt in hexane) to give 20 (1.44 g,
91%) as a white foam: 1H NMR (CDCl3, 500 MHz) d 8.48
(br s, 1H, NH-3), 7.51–7.26 (m, 5H, PhSe), 6.93 (d, 1H,
H-6, J¼8.5), 5.98 (d, 1H, H-20, J¼6.8), 5.24 (dd, 1H, H-30,
J¼8.0, 6.8), 5.20 (dd, 1H, H-5, J¼8.5, 2.1), 4.66 (ddd, 1H,
H-40, J¼8.0, 4.5, 2.6), 4.42 (dd, 1H, H-50a, J¼12.7, 2.6),
4.28 (dd, 1H, H-50b, J¼12.7, 4.5), 2.27, 2.09, 2.05 (each s,
each 3H, each Ac); 13C NMR (CDCl3, 125 MHz) d 170.2,
169.2, 168.3, 162.3, 148.2, 138.7, 130.1, 129.1, 124.9,
101.8, 100.2, 78.1, 75.1, 68.1, 61.3, 20.7, 20.4, 20.2;
FABHRMS calcd for C21H23N2O9Se 527.0569, found
527.0568 (MH+).

3.5. General procedure for the fluorination of 20 giving
10-fluorouridines 21 and 22 (Table 2)

A mixture of 20 (53 mg, 0.10 mmol) and reagent(s)
(0.20 mmol) in CH2Cl2 or EtCN (2 mL) was stirred at the
indicated temperature until 20 was disappeared on TLC.
The mixture was poured into TEAB buffer (0.1 M, pH 8.0)
at 0 �C, and the whole was extracted with CHCl3. The extract
was washed with H2O, dried (Na2SO4), and evaporated, and
the residue was purified by column chromatography (neutral
SiO2, 40%, 45%, 50%, and 55% AcOEt in hexane) to give
21, 22, and 23 (and 24 in entry 1). 21 (colorless solid):
1H NMR (CDCl3, 500 MHz) d 8.97 (br s, 1H, NH-3), 7.54
(d, 1H, H-6, J¼8.5), 6.05 (dd, 1H, H-20, J¼12.4, 7.0), 5.76
(d, 1H, H-5, J¼8.5), 5.43 (dd, 1H, H-30, J¼6.9, 4.7), 4.61
(m, 1H, H-40), 4.52 (dd, 1H, H-50a, J¼12.4, 3.5), 4.28 (dd,
1H, H-50b, J¼12.4, 5.3), 2.14, 2.14, 2.11 (each s, each 3H,
each Ac); 13C NMR (CDCl3, 125 MHz) d 170.4, 169.6,
169.1, 162.7, 148.7 (d, J¼2.2), 138.3 (d, J¼13), 116.9 (d,
J¼252), 102.8, 82.0, 70.8 (d, J¼21), 69.2, 62.1, 20.7, 20.4,
20.2; UV lmax 248.6 nm (THF); FABHRMS calcd for
C15H17FN2NaO9 411.0816, found 411.0801 (MNa+). 22:
1H NMR (CDCl3, 500 MHz) d 8.52 (br s, 1H, NH-3), 7.79
(d, 1H, H-6, J¼8.3), 6.21 (dd, 1H, H-20, J¼4.5, 1.1), 5.78
(d, 1H, H-5, J¼8.3), 5.66 (ddd, 1H, H-30, J¼8.5, 4.4, 2.8),
4.62 (dd, 1H, H-50a, J¼12.7, 2.8), 4.54 (m, 1H, H-40), 4.13
(dd, 1H, H-50b, J¼12.7, 4.9), 2.12, 2.07, 2.05 (each s, each
3H, each Ac); 13C NMR (CDCl3, 125 MHz) d 170.4,
168.9, 167.9, 162.1, 148.1, 138.7 (d, J¼2.2), 117.1 (d,
J¼248), 102.5, 80.2, 73.1 (d, J¼46), 68.7, 61.8, 20.6, 20.3,
20.2; UV lmax 247.7 nm (THF); FABHRMS calcd for
C15H17FN2NaO9 411.0816, found 411.0812 (MNa+). 23:
1H NMR (CDCl3, 500 MHz) d 5.72 (d, 1H, H-3, J¼6.1),
5.45 (d, 1H, H-2, J¼6.1), 4.73 (t, 1H, H-4, J¼3.1), 4.40
(dd, 1H, H-5a, J¼12.7, 3.1), 4.34 (dd, 1H, H-50b, J¼12.7,
3.1), 2.17 (s, 3H, Ac), 2.14 (s, 6H, Acx2). 24: 1H NMR
(CDCl3, 400 MHz) d 8.86 (br s, 1H, NH-3), 8.10 (s, 1H,
H-6), 6.19 (dd, 1H, H-20, J¼4.5, 1.5), 5.66 (ddd, 1H, H-30,
J¼8.5, 4.5, 2.7), 4.65 (dd, 1H, H-50a, J¼12.8, 2.8), 4.57
(m, 1H, H-40), 4.14 (dd, 1H, H-50b, J¼12.8, 4.6), 2.14,
2.08, 2.05 (each s, each 3H, each Ac); NOE (400 MHz,
CDCl3): irradiated H-40 observed H-6 (2.4%); 13C NMR
(CDCl3, 125 MHz) d 170.4, 168.9, 167.8, 158.0, 147.2,
138.0 (d, J¼3), 116.9 (d, J¼250), 97.5 (d, J¼2), 80.5, 73.0
(d, J¼45), 68.5 (d, J¼2), 61.6, 20.6, 20.2, 20.2; FABHRMS
calcd for C15H17FBrN2O9 467.0102, found 467.0101 (MH+).
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Abstract—Benzo[4,5]imidazo[2,1-a]phthalazines have been obtained from various o-nitrophenylhydrazines through different 2-(2-nitro-
phenyl)-1,2-dihydro-1-phthalazinones as intermediates using an elaborated advanced procedure. An activated chlorine atom in 2-nitrophenyl
moiety of the latter is able to undergo nucleophilic substitution for secondary alicyclic amines yielding novel substituted phthalazinones. Their
one-pot reduction and cyclodehydration yield a series of novel substituted benzo[4,5]imidazo[2,1-a]phthalazines.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Benzo[4,5]imidazo[2,1-a]phthalazine (BIPH) formerly de-
scribed in 1937 by Rowe et al.1 is a tetracyclic aza-hetero-
cycle isoelectronic to aromatic hydrocarbon viz. chrysene.
Three derivatives of this heterocycle including that of unsub-
stituted BIPH have been obtained (Scheme 1).

Diazotized benzene substituted o-nitroanilines have been
transformed into the salts of 2-naphthol-1-sulfonic acid. A
series of transformations involving a scission of naphthalene
cycle and formation of phthalazine cycle result in formation
of 3-(2-nitrophenyl)-substituted phthalazinium-1-olate.
The latter have been reduced with aqueous sodium sulfide
followed by rearrangement and subsequent cyclization on
treating with dilute HCl at 180 �C in a sealed tube.

The structure of BIPHs has been proved by direct syn-
thesis using alternative route (Scheme 2).1 For two sub-
sequent cyclizations have been used the same conditions:
aqueous sodium sulfide, then dilute HCl at 180 �C in a sealed
tube.
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.07.089
Later BIPHs have been also obtained2 from o-aminophenol
(Scheme 3). Substituted BIPH possess slight antihyper-
tensive and antiinflammatory activities;2 however, neither
further investigations have been performed.

2. Results and discussion

In our preliminary communication3 we have briefly de-
scribed the synthesis of several newly substituted BIPH. In
the present work we would like to present their syntheses
more comprehensively.

We have worked out more general but rather brief synthetic
route yielding BIPHs by incorporating various substituents
in heterocyclic moiety. We have found it attractive to use
o-nitrophenylhydrazines for synthesis of phthalazine cycle.
In order to make this scheme more practicable we have to
solve several problems as follows:

1. To elaborate a general procedure of cyclization of
2-acylbenzoic acids with 2-nitrophenylhydrazines yield-
ing 2-nitrophenyl substituted phthalazin-1-ones;
N
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N

O2N

O

R

CH3 N

CH3

N

N

R
R = H, Me, Cl

N
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OH
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Scheme 1.

Keywords: Nucleophilic substitution; Phthalazinone; Cyclodehydration; Benzimidazole.
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2. To perform nucleophilic substitution of chlorine atom in
2-nitro-5-chlorophenyl moiety of phthalazin-1-one with
alkylamines;

3. To work out a procedure of reduction of o-nitro group
into amino group;

4. To select conditions for cyclization of 2-aminophenyl-
phthalazinones yielding BIPH.

The outlined scheme is shown in Scheme 4.

As to the initial compounds many of the acylbenzoic acids
are readily available. A number of 2-nitrophenylhydrazines
available are much more limited. These hydrazines are
usually obtained by reduction of diazonium derivatives of
the relative anilines or by substitution of halogen atom in
activated arylhalogenides with hydrazine hydrate. 2-Nitro-
5-chlorophenylhydrazine 1a is easily available by the
reaction of hydrazine with 3,4-dinitrochlorobenzene.4,5 Its
subsequent condensation with o-acylbenzoic acid 2 and
subsequent cyclization of the reaction product may yield
phthalazinone 3 incorporating chlorine atom in para-posi-
tion to nitro group. This chlorine atom is activated enough
to undergo the second nucleophilic substitution thus making
it possible to introduce a wide range of new substituents.
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Formerly interaction of nitrophenylhydrazines with o-acyl-
benzoic acids has drawn a little attention.6–9 In the literature
there are only limited examples of ring formation involving
o-nitrosubstituted phenylhydrazines, which are especially
difficult for cyclizations.1,8,10 Experimental procedures
used by Rowe et al.1 for synthesis of 2-(2-nitrophenyl)-1-
phthalazinones and subsequent reduction of nitro group
are inconvenient and hardly scalable.

To our knowledge hydrazine 1a has never been involved into
reaction with acylbenzoic acids. We have tried to perform
this reaction with acid 2 under ordinary conditions but
only intermediate hydrazones were isolated. In searching for
appropriate conditions we have found that a relatively good
yield may be achieved by boiling reagents in ethanol–
sulfuric acid mixture (2:1 by volume). This mixture is boil-
ing in the range from 100 to 120 �C, which happens to be
optimal for cyclization. However, on more prolonged
boiling side reactions lowering the yield of phthalazine 3
(Table 1) become pronounced.

Nitro groups of several phthalazines from this series have
been catalytically reduced into relative anilines 4a–e (Table 1)
by gaseous hydrogen in THF solution. The reduction has been
performed fast and with quantative yields on using Raney
nickel or palladium on carbon. Under these conditions the
solubility of the substituted phenylenediamine 4 has been
noticeably decreased on the enhancement of the molecular
mass of the substituent in position 4 causing their crystalliza-
tion from the reaction mixture and catalyst’s deactivation.

In the next stage (Scheme 4) we have used polyphosphoric
acid (PPA) as highly efficient dehydrating agent lacking
side reactions unlike sulfuric acid. Moreover at high temper-
atures PPA is an effective solvent for organic compounds
especially for those nitrogen incorporating. A short-term
heating of aniline 4 in PPA solution leads to cyclization of
o-amino group with carbonyl group yielding BIPHs 5a–i.
This reaction is similar to a well-known scheme of synthesis
of benzimidazoles using N-acyl-o-phenylenediamines.11

Under optimal conditions (100–130 �C) only selective de-
hydration (as observed by TLC), with formation of BIPHs
5a–i, occurs with high yield. As we don’t observe any side
products the almost pure BIPHs have been isolated by water
dilution of the reaction mixture with its subsequent neutral-
ization to pH 7.0. Analytically pure products have been
obtained on their recrystallization from suitable solvent.

We have succeeded in overcoming the problem of poor sol-
ubility of the initial aniline 4 in THF as well as that of sim-
plifying the synthesis of the BIPHs by carrying it out without
isolation of reduction intermediates. To start this transforma-
tion we have tried to use PPA as a solvent. However, we
haven’t succeeded in promoting catalytic reduction in these
conditions. Due to high viscosity of PPA even at elevated
temperatures we couldn’t achieve satisfactory stirring of
the reaction mixture. In order to make the synthesis more
convenient and fast we have used chemical reduction with
iron powder–PPA mixture. To our knowledge formerly this
combination hasn’t been ever used for reduction of nitro
groups.

As would be expected the reaction under consideration
occurs as two-stage one-pot synthesis yielding BIPH 5.
The substances obtained proved to be identical with that of
obtained from two-stage synthesis.

The validity of synthetic route elaborated has been tested by
synthesis of BIPH 7 starting from 2-nitrophenylhydrazine 1b
and 2,4-dinitrophenylhydrazine 1c. The latter has been
used for synthesis of phthalazinones 6a–c (Scheme 4) in
the ethanol–sulfuric acid mixture with increased proportion
of the acid. These phthalazinones especially that of 6b
possess the minor solubility from all the series involved.
Thus we couldn’t hydrogenate them in THF solution. In spite
of their moderate solubility in hot PPA we have obtained
BIPH 7 with high yields. In the case of phthalazinone 6b
both the nitro groups are reduced yielding BIPH with amino
group in 10 position making it possible to extend the range of
substituted BIPH through its reactions.

The chlorine atom in the side benzene ring of the compound
3 is activated enough for nucleophilic substitution with
dialkylamines (Scheme 5).

It was found that highly basic amines like morpholine,
pyrrolidine, piperidine, and piperazine may easily react with
Table 1

No. R1 R2 R3 Yield,a % No. R1 R2 R3 Yield, %

3a Cl H H 47 5a Cl H H nab/68c

3b Cl H CH3 70 5b Cl H CH3 61/58
3c Cl H C6H5 58 5c Cl H C6H5 64/69
3d Cl H 4-CH3(C6H4) 60 5d Cl H 4-CH3(C6H4) na/55
3e Cl H 4-Cl(C6H4) 53 5e Cl H 4-Cl(C6H4) 52/50
3f Cl H 4-C2H5(C6H4) 35 5f Cl H 4-C2H5(C6H4) 68/62
3g Cl H 3,4-(CH3)2(C6H3) 37 5g Cl H 3,4-(CH3)2(C6H3) 70/85
3h Cl H 2,4-(CH3)2(C6H3) 38 5h Cl H 2,4-(CH3)2(C6H3) na/33
3i Cl H 2,5-(CH3)2(C6H3) 47 5i Cl H 2,5-(CH3)2(C6H3) na/66
4a Cl H CH3 65 6a H H CH3 60
4b Cl H C6H5 69 6b H NO2 CH3 54
4c Cl H 4-Cl(C6H4) 83 6c H H 4-Cl(C6H4) 55
4d Cl H 4-C2H5(C6H4) 79 7a H H CH3 63
4e Cl H 3,4-(CH3)2(C6H3) 83 7b H NH2 CH3 58

7c H H 4-Cl(C6H4) 57

a Isolated yields.
b Yield from aniline 4.
c Yield from nitrophthalazinone 3.
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phthalazine 3 yielding substituted dialkylaminophenyl-
phthalazinone 8. This reaction allows introduction of substit-
uents, which are difficult to adopt through o-aminophenol or
o-nitroaniline route. The conversion easily occurs on boiling
of phthalazine 3 in an excess of alicyclic amine with fast
formation of dialkylamino substituted phthalazinone 8 with
high yields (Table 2).

Several dialkylamino derivatives (8) have been hydroge-
nated yielding the relative aniline 9. On hydrogenation in
THF it was found that dialkylamino aniline 9 is much poorly
soluble than the relative chlorine derivative 4. An adequate
yield has been obtained for phthalazinones 9a,b (Scheme 5).
Subsequent cyclization in PPA gives rise to BIPHs 10a,c
with 75% and 87% yields, respectively.

Dialkylaminophthalazinone 8 has been also directly trans-
formed into BIPHs 10 using iron powder in PPA (Scheme 5,
Table 3). Samples 10a and 10c obtained by two step and one
step procedures have proved to be identical. As would be
expected the solubility of derivative 8 in PPA was substan-
tially higher than that of chlorine derivative 4; thus the synthe-
sis may be performed at lower temperature. This is important
as some derivatives for instance those of incorporating pyr-
rolidine moiety happen to be extremely sensitive even to a
small rise of temperature and decompose yielding unidenti-
fied UV-luminescent products soluble only in acidic water.

Further investigations have shown that PPA may be easily
substituted with commercial 85% phosphoric acid. Its boiling

Table 2

R Nucleophile

Morpholine
(%)

Pyrrolidine
(%)

Piperidine
(%)

Piperazine
(%)

CH3 8a (71a) 8b (79) 8c (74) 8d (72)
C6H5 8e (68) 8f (78) 8g (81)
4-CH3(C6H4) 8h (56) 8i (82) 8j (76)
4-Cl(C6H4) 8k (77) 8l (87) 8m (85) 8n (86)
4-C2H5(C6H4) 8o (63)
3,4-(CH3)2(C6H3) 8p (80)
2,5-(CH3)2(C6H3) 8q (66)

a Isolated yields.
point is high enough which makes this solvent advantageous
in comparison with aqueous hydrochloric acid. Also above
mentioned pyrrolidine derivatives are more stable in reaction
conditions and less inclined to the thermal decomposition.
Due to rather high water concentration in such an acid
some phthalazinones especially those of chlorine substituted
3 could not be dissolved completely. In these cases tempera-
ture of the reaction mixture has been enhanced to relative
melting point level, this temperature being much lower
than that of pure substances and reduction process has been
carried out in two-phase medium. This results in an enhance-
ment of duration of synthesis and in consumption of iron
powder but practically doesn’t influence the yields.

3. Conclusion

Thus we have elaborated three-stage procedure of synthesis
of substituted benzo[4,5]imidazo[2,1-a]phthalazines. Sub-
stituents in 5 and 9 positions may be varied in a wide range
and amino group may be introduced in 10 position. Nucleo-
philic substitution of chlorine atom with secondary alicyclic
amines in the side benzene ring of phthalazine 3 makes it
possible to generate dialkylaminophthalazinone 8 formerly
unknown. The latter may be transformed into benzo[4,5]imi-
dazo[2,1-a]phthalazine 10 using one-stage or two-stage pro-
cedures. The most common use of this method making it
possible to vary substituents in 5 and 9 positions has been
demonstrated. All the steps of BIPH synthesis are reliable,
with high yields and have simple laboratory implementation.

Table 3

R 9-Substituent

Morpholine
(%)

Pyrrolidine
(%)

Piperidine
(%)

Piperazine
(%)

CH3 10a (69a) 10b (59) 10c (45) 10d (81)
C6H5 10e (56) 10f (46) 10g (58)
4-CH3(C6H4) 10h (50) 10i (73) 10j (58)
4-Cl(C6H4) 10k (85) 10l (73) 10m (64) 10n (63)
4-C2H5(C6H4) 10o (66)
3,4-(CH3)2(C6H3) 10p (66)
2,5-(CH3)2(C6H3) 10q (57)

a Isolated yields.
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4. Experimental

4.1. General

Melting points were measured on Boetius apparatus and are
uncorrected. Infra-red spectra were recorded in KBr tablets
on Shimadzu FTIR 8400S instrument. MS spectra were
taken on Kratos MS 890. NMR 1H spectra were obtained
at 400 MHz and 13C at 100 MHz in CDCl3 or DMSO-d6

solution on Bruker WM 400 spectrometer. Numeration of
locations in phthalazines 3, 4, 6, 8, and 9 is given in accor-
dance with their appearance in BIPH 5, 7, and 10, as shown
in Figure 1.

4.2. Synthesis of nitrophthalazinones 3 and 6 by
cyclization of o-acylbenzoic acid 2

General method. 2-Acylbenzoic acid (0.060 mol) and appro-
priate hydrazine (0.057 mol) were refluxed in ethanol–sulfu-
ric acid mixture (80–40 ml) for a given time. The mixture
was poured on 300 g of crushed ice and the product precip-
itated was filtered off. The residue was treated with 5% aque-
ous NaOH, filtered off, washed with water to neutral pH, and
recrystallized from an appropriate solvent.

4.2.1. 2-(2-Nitro-5-chlorophenyl)-1,2-dihydro-1-phthala-
zinone 3a. Mixture of 2-formylbenzoic acid 2a (9.0 g) and
2-nitro-5-chlorophenylhydrazine 1a (10.7 g) was refluxed
for 1 h. On recrystallization from chloroform–ethanol
7.7 g (45%) of phthalazinone 3a were obtained as pale
yellow crystals, mp 175–177 �C. nmax (KBr): 1663, 1595,
1525, 1343, 752 cm�1. dH (DMSO): 8.58 (1H, s, H5), 8.31
(1H, d, J¼7.6 Hz, H1), 8.16 (1H, d, J¼8.8 Hz, H11), 8.05–
7.97 (2H, m, H3, 4), 7.91 (1H, m, H2), 7.84 (1H, d,
J¼2.1 Hz, H8), 7.75 (1H, dd, J¼8.8 and 2.1 Hz, H10). dC

(DMSO): 158.04, 143.43, 139.87, 138.29, 135.43, 134.17,
132.40, 129.31, 129.23, 129.11, 127.16, 126.73, 126.20.
Found, %: C 55.59, H 2.53, N 14.15. C14H8ClN3O3

(301.69). Requires, %: C 55.74, H 2.67, N 13.93.

4.2.2. 4-Methyl-2-(2-nitro-5-chlorophenyl)-1,2-dihydro-
1-phthalazinone 3b. Mixture of 2-acetylbenzoic acid 2b
(9.8 g) and 2-nitro-5-chlorophenylhydrazine 1a (10.7 g)
was refluxed for 1 h. After recrystallization from chloro-
form–ethanol 12.6 g (70%) of phthalazinone 3b were
obtained as pale yellow crystals, mp 168–170 �C. nmax

(KBr): 1670, 1604, 1527, 1350, 1334, 1326, 1172, 1142,
773, 753, 690 cm�1. dH (CDCl3): 8.48 (1H, d, J¼7.8 Hz, H1),
8.04 (1H, d, J¼8.6 Hz, H11), 7.94–7.78 (3H, m, H2, 3, 4),
7.70 (1H, s, H8), 7.52 (1H, d, J¼8.6 Hz, H10), 2.64 (3H,
s, CH3). dC (DMSO): 157.87, 145.25, 143.34, 138.14,
135.39, 133.95, 131.97, 129.16, 128.82, 126.55, 125.98,
125.66, 18.29. Found, %: C 57.10, H 3.12, N 13.49.
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Figure 1. Numeration of locations in phthalazinones and BIPHs.
C15H10ClN3O3 (315.72). Requires, %: C 57.07, H 3.19,
N 13.31.

4.2.3. 2-(2-Nitro-5-chlorophenyl)-4-phenyl-1,2-dihydro-
1-phthalazinone 3c. Mixture of 2-benzoylbenzoic acid 2c
(13.6 g) and 2-nitro-5-chlorophenylhydrazine 1a (10.7 g)
was refluxed for 1 h. After recrystallization from chloro-
form–ethanol 12.4 g (58%) of phthalazinone 3c were
obtained as pale yellow crystals, mp 137–139 �C. nmax

(KBr): 1672, 1599, 1587, 1536, 1472, 1348, 1326, 1137,
739, 692 cm�1. dH (DMSO): 8.42 (1H, m, H1), 8.19 (1H,
d, J¼8.8 Hz, H11), 8.04–7.92 (3H, m, H3, 4, 8), 7.84–7.75
(2H, m, H4, 10), 7.69–7.53 (5H, m, C6H5). dC (DMSO):
157.66, 147.95, 143.40, 138.24, 135.38, 133.97, 133.85,
132.13, 129.26, 129.07, 128.48, 128.23, 127.17, 126.91,
126.12. Found, %: C 63.51, H 3.23, N 11.35. C20H12ClN3O3

(377.79). Requires, %: C 63.59, H 3.20, N 11.12.

4.2.4. 4-(4-Methylphenyl)-2-(2-nitro-5-chlorophenyl)-
1,2-dihydro-1-phthalazinone 3d. Mixture of 2-(4-methyl-
benzoyl)benzoic acid 2d (14.4 g) and 2-nitro-5-chloro-
phenylhydrazine 1a (10.7 g) was refluxed for 1 h. After
recrystallization from chloroform–ethanol 13.4 g (60%) of
phthalazinone 3d were obtained as pale yellow crystals, mp
184–186 �C. dH (DMSO): 8.42 (1H, m, H1), 8.17 (1H, d,
J¼8.7 Hz, H11), 7.97 (1H, d, J¼1.9 Hz, H8), 8.01–7.90
(2H, m, H2, 3), 7.81 (1H, m, H4), 7.77 (1H, dd, J¼8.7 and
1.9 Hz, H10), 7.52 (2H, d, J¼7.9 Hz, CH–C(Ar)–CH), 7.36
(2H, d, J¼7.9 Hz, CH–C(Me)–CH), 2.43 (3H, s, CH3). dC

(DMSO): 157.64, 147.97, 143.35, 138.78, 138.22, 135.37,
133.92, 132.03, 131.02, 129.20, 128.95, 128.82, 128.56,
127.15, 126.91, 126.05, 20.71. Found, %: C 64.24, H 3.48,
N 10.92. C21H14ClN3O3 (391.82). Requires, %: C 64.38,
H 3.60, N 10.72.

4.2.5. 2-(2-Nitro-5-chlorophenyl)-4-(4-chlorophenyl)-
1,2-dihydro-1-phthalazinone 3e. Mixture of 2-(4-chloro-
benzoyl)benzoic acid 2e (15.6 g) and 2-nitro-5-chloro-
phenylhydrazine 1a (10.7 g) was refluxed for 1 h. After
recrystallization from chloroform–ethanol 12.4 g (53%)
phthalazinone 3e were obtained as pale yellow crystals, mp
190–192 �C. dH (DMSO): 8.42 (1H, m, H1), 8.18 (1H, d,
J¼8.8 Hz, H11), 8.04–7.94 (3H, m, H2, 3, 8), 7.83–7.75 (2H,
m, H4, 10), 7.69 (2H, d, J¼7.9 Hz, CH–C(Cl)–CH), 7.61
(2H, d, J¼7.9 Hz, CH–C(Ar)–CH). dC (DMSO): 157.62,
146.87, 143.31, 138.32, 135.24, 134.55, 134.06, 132.56,
132.19, 130.79, 129.23, 129.07, 128.44, 128.25, 127.11,
126.97, 126.64, 126.06. Found, %: C 58.24, H 2.70, N
10.40. C20H11Cl2N3O3 (412.23). Requires, %: C 58.27, H
2.69, N 10.19.

4.2.6. 2-(2-Nitro-5-chlorophenyl)-4-(4-ethylphenyl)-1,2-
dihydro-1-phthalazinone 3f. Mixture of 2-(4-ethyl-
benzoyl)benzoic acid 2f (15.2 g) and 2-nitro-5-chloro-
phenylhydrazine 1a (10.7 g) was refluxed for 1.5 h. After
recrystallization from chloroform–ethanol 8.1 g (35%) of
phthalazinone 3f were obtained as pale yellow crystals, mp
218–220 �C. dH (DMSO): 8.41 (1H, m, H1), 8.21 (1H, d,
J¼8.6 Hz, H11), 8.11–7.96 (3H, m, H2, 3, 8), 7.88–7.79
(2H, m, H4, 10), 7.57 (2H, d, J¼7.4 Hz, CH–C(Ar)–CH),
7.42 (2H, d, J¼7.4 Hz, CH–C(Alk)–CH), 2.69 (2H, q,
J¼7.4 Hz, CH2), 1.24 (3H, t, J¼7.4 Hz, CH3). Found, %:
C 65.00, H 3.87, N 10.57. C22H16ClN3O3 (405.84). Re-
quires, %: C 65.11, H 3.97, N 10.35.
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4.2.7. 4-(3,4-Dimethylphenyl)-2-(2-nitro-5-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 3g. Mixture of
2-(3,4-dimethylbenzoyl)benzoic acid 2g (15.2 g) and
2-nitro-5-chlorophenylhydrazine 1a (10.7 g) was refluxed
for 1.5 h. After recrystallization from chloroform–ethanol
8.6 g (37%) of phthalazinone 3g were obtained as pale
yellow crystals, mp 238–240 �C. dH (DMSO): 8.39 (1H,
m, H1), 8.20 (1H, d, J¼8.8 Hz, H11), 8.10–7.94 (3H, m,
H2, 3, 8), 7.87–7.78 (2H, m, H4, 10), 7.44–7.30 (3H, m,
(CH3)2–C6H3), 2.31 (6H, s, 2CH3). Found, %: C 64.97,
H 3.81, N 10.56. C22H16ClN3O3 (405.84). Requires, %:
C 65.11, H 3.97, N 10.35.

4.2.8. 4-(2,4-Dimethylphenyl)-2-(2-nitro-5-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 3h. Mixture of
2-(2,4-dimethylbenzoyl)benzoic acid 2h (15.2 g) and
2-nitro-5-chlorophenylhydrazine 1a (10.7 g) was refluxed
for 1.5 h. After recrystallization from chloroform–ethanol
8.8 g (38%) of phthalazinone 3h were obtained as pale
yellow crystals, mp 204–206 �C. dH (DMSO): 8.40 (1H,
m, H1), 8.21 (1H, d, J¼8.8 Hz, H11), 8.04 (1H, d,
J¼2.0 Hz, H8), 8.01–7.92 (2H, m, H2, 3), 7.83 (1H, dd,
J¼8.8 and 2.0 Hz, H10), 7.32 (1H, m, H4), 7.25–7.14 (3H,
m, (CH3)2–C6H3), 2.37 (3H, s, 20-CH3), 2.09 (3H, s,
40-CH3). dC (DMSO): 157.79, 148.28, 143.48, 138.46,
138.14, 136.13, 135.50, 134.04, 132.14, 130.72, 130.37,
129.40, 129.29, 129.14, 126.97, 126.71, 126.18, 20.66,
18.96. Found, %: C 65.10, H 3.89, N 10.52. C22H16ClN3O3

(405.84). Requires, %: C 65.11, H 3.97, N 10.35.

4.2.9. 4-(2,5-Dimethylphenyl)-2-(2-nitro-5-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 3i. Mixture of
2-(2,5-dimethylbenzoyl)benzoic acid 2i (15.2 g) and
2-nitro-5-chlorophenylhydrazine 1a (10.7 g) was refluxed
for 1.5 h. After recrystallization from chloroform–ethanol
10.9 g (47%) of phthalazinone 3i were obtained as pale
yellow crystals, mp 205–207 �C. dH (DMSO): 8.42 (1H,
m, H1), 8.15 (1H, d, J¼8.9 Hz, H11), 7.93–7.86 (2H,
m, H2, 3), 7.83 (1H, d, J¼2.2 Hz, H8), 7.77 (1H, dd,
J¼8.9 and 2.2 Hz, H10), 7.37 (1H, m, H4), 7.24–7.12
(3H, m, (CH3)2–C6H3), 2.38 (3H, s, 20-CH3), 2.13 (3H,
s, 50-CH3). Found, %: C 65.07, H 3.91, N 10.54.
C22H16ClN3O3 (405.84). Requires, %: C 65.11, H 3.97,
N 10.35.

4.2.10. 4-Methyl-2-(2-nitrophenyl)-1,2-dihydro-1-phtha-
lazinone 6a. 2-Acetylbenzoic acid 2b (9.8 g) and 2-nitro-
phenylhydrazine 1b (8.8 g) in the mixture of 40 ml of
ethanol and 40 ml of sulfuric acid were refluxed for 1.5 h.
After recrystallization from chloroform–ethanol 9.6 g
(60%) of phthalazinone 6a were obtained as pale yellow
crystals, mp 195–197 �C (lit. mp 203–204 �C8). nmax

(KBr): 1668, 1533, 1356, 1340, 1175, 777, 687 cm�1. dH

(DMSO): 8.32 (1O, d, J¼7.5 Hz, H1), 8.10 (1H, d,
J¼7.9 Hz, H11), 8.02–7.62 (6H, m, H2, 3, 4, 8, 9, 10), 2.62
(3H, s, CH3). dC (DMSO): 157.95, 144.81, 144.74, 134.25,
133.74, 131.84, 129.33, 129.19, 128.88, 126.58, 126.47,
125.53, 124.18, 18.35. Found, %: C 63.81, H 3.82,
N 15.14. C15H11N3O3 (281.27). Requires, %: C 64.05,
H 3.94, N 14.94.

4.2.11. 2-(2,4-Dinitrophenyl)-4-methyl-1,2-dihydro-1-
phthalazinone 6b. 2-Acetylbenzoic acid 2b (9.9 g) and
2,4-dinitrophenylhydrazine 1c (11.4 g) in the mixture of
40 ml of ethanol and 40 ml of sulfuric acid were refluxed
for 1.5 h. After recrystallization from DMF 9.9 g (54%) of
phthalazinone 6b were obtained as pale yellow crystals,
mp 244–246 �C (lit. mp 2489). nmax (KBr): 3073, 1671,
1608, 1540, 1530, 1350, 1337, 773 cm�1. dH (DMSO):
8.81 (1H, d, J¼1.8 Hz, H11), 8.72 (1H, dd, J¼8.9 and
1.8 Hz, H9), 8.36 (1H, d, J¼7.5 Hz, H1), 8.09 (1H, d,
J¼8.9 Hz, H8), 8.06–8.00 (2H, m, H3, 4), 7.94 (1H, m, H2),
2.66 (3H, s, CH3). dC (DMSO): 158.09, 146.43, 146.11,
144.29, 138.47, 134.65, 132.65, 130.84, 129.20, 128.38,
126.63, 126.25, 126.25, 120.19, 18.50. Found, %: C 55.05,
H 3.00, N 17.34. C15H10N4O5 (326.27). Requires, %: C
55.22, H 3.09, N 17.17.

4.2.12. 2-(2-Nitrophenyl)-4-(4-chlorophenyl)-1,2-dihy-
dro-1-phthalazinone 6c. 2-(4-Chlorobenzoyl)benzoic acid
2e (15.6 g) and 2-nitrophenylhydrazine 1b (8.7 g) in the
mixture of 40 ml of ethanol and 40 ml of sulfuric acid
were refluxed for 1 h. After recrystallization from ethanol
6.0 g (55%) of phthalazinone 6c were obtained as pale
yellow crystals, mp 167–169 �C. dH (DMSO): 8.43 (1H,
m, H1), 8.09 (1H, dd, J¼8.0 and 1.2 Hz, H11), 7.76 (10H,
m, H2, 3, 4, 8, 9, 10, p-Cl–C6H4). dC (DMSO): 157.72,
146.54, 144.77, 134.51, 134.17, 134.00, 133.82, 132.78,
132.19, 130.87, 129.44, 129.17, 128.47, 128.32, 127.33,
127.05, 126.62, 124.37. Found, %: C 63.41, H 3.29,
N 11.33. C20H12ClN3O3 (377.79). Requires, %: C 63.59,
H 3.20, N 11.12.

4.3. Synthesis of nitrophthalazinone 8 by nucleophilic
substitution in 2-(2-nitro-5-chlorophenyl)phthalazinone 3

General method. A solution of phthalazinone 3 (0.010 mol)
in 10 ml of alicyclic amine was refluxing for 1.5 h. Reaction
mixture was poured in 100 ml of hot water. The residual oil,
which solidified upon cooling, was grinded and filtered off.
On washing with hot water the residue was dried and
recrystallized from an appropriate solvent.

4.3.1. 4-Methyl-2-(2-nitro-5-morpholinophenyl)-1,2-
dihydro-1-phthalazinone 8a. From phthalazinone 3b
(3.16 g) and morpholine after recrystallization from chloro-
form–methanol 2.63 g (71%) of product 8a were obtained as
yellow crystals, mp 200–202 �C. nmax (KBr): 1653, 1601,
1506, 1317, 1244, 1101 cm�1. dH (DMSO): 8.31 (1H, d,
J¼7.8 Hz, H1), 8.10 (1H, d, J¼10.0 Hz, H11), 8.00–7.95
(2H, m, H3, 4), 7.90 (1H, m, H2), 7.12–7.03 (2H, m, H8, 10),
3.75 (4H, m, CH2OCH2), 3.43 (4H, m, CH2NCH2), 2.60
(3H, s, CH3). dC (DMSO): 158.08, 154.18, 143.77, 137.43,
134.13, 133.48, 131.50, 129.27, 126.89, 126.28, 125.33,
113.45, 111.87, 65.51, 46.33, 18.27. Found, %: C 62.00,
H 4.74, N 15.51. C19H18N4O4 (366.38). Requires, %:
C 62.29, H 4.95, N 15.29.

4.3.2. 4-Methyl-2-(2-nitro-5-pyrrolidinophenyl)-1,2-
dihydro-1-phthalazinone 8b. From phthalazinone 3b
(3.16 g) and pyrrolidine after recrystallization from chloro-
form–methanol 2.81 g (79%) of product 8b were obtained
as yellow crystals, mp 235–237 �C. dH (CDCl3): 8.51 (1H,
d, J¼7.2 Hz, H1), 8.22 (1H, d, J¼10.0 Hz, H11), 7.91–7.74
(3H, m, H2, 3, 4), 6.59–6.51 (2H, m, H8, 10), 3.42 (4H, m,
CH2NCH2), 2.62 (3H, s, CH3), 2.06 (4H, m, CH2CH2). dC
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(DMSO): 158.09, 151.25, 143.56, 137.93, 133.46, 131.95,
131.54, 129.34, 127.34, 127.03, 126.23, 125.41, 111.70,
110.23, 47.55, 24.73, 18.33. Found, %: C 64.89, H 5.11, N
16.18. C19H18N4O3 (350.38). Requires, %: C 65.13, H
5.18, N 15.99.

4.3.3. 4-Methyl-2-(2-nitro-5-piperidinophenyl)-1,2-di-
hydro-1-phthalazinone 8c. From phthalazinone 3b (3.16 g)
and piperidine after recrystallization from chloroform–
methanol 2.70 g (74%) of product 8c were obtained as
yellow crystals, mp 202–204 �C. dH (CDCl3): 8.50 (1H, d,
J¼7.3 Hz, H1), 8.16 (1H, d, J¼10.0 Hz, H11), 7.92–7.74
(3H, m, H2, 3, 4), 6.88–6.79 (2H, m, H8, 10), 3.43 (4H, m,
CH2NCH2), 2.62 (3H, s, CH3), 1.67 (6H, m, CH2CH2CH2).
Found, %: C 65.77, H 5.32, N 15.60. C20H20N4O3 (364.41).
Requires, %: C 65.92, H 5.53, N 15.37.

4.3.4. 4-Methyl-2-(2-nitro-5-piperazinophenyl)-1,2-
dihydro-1-phthalazinone 8d. From phthalazinone 3b
(3.16 g) and piperazine after recrystallization from chloro-
form–ethanol 2.63 g (72%) of the product 8d were obtained
as yellow crystals, mp 187–189 �S. dH (DMSO): 8.31 (1H, d,
J¼7.5 Hz, H1), 8.08 (1H, d, J¼9.0 Hz, H11), 8.00–7.93
(2H, m, H3, 4), 7.88 (1H, m, H2), 7.08–6.97 (2H, m, H8, 10),
3.39 (4H, m, CH2–N(Ar)–CH2), 2.85 (4H, m, CH2–NH–
CH2), 2.59 (3H, s, CH3). Found, %: C 62.40, H 5.14,
N 19.39. C19H19N5O3 (365.39). Requires, %: C 62.46,
H 5.24, N 19.17.

4.3.5. 2-(2-Nitro-5-morpholinophenyl)-4-phenyl-1,2-di-
hydro-1-phthalazinone 8e. From phthalazinone 3c (3.78 g)
and morpholine after recrystallization from chloroform–
methanol 2.91 g (68%) of product 8e were obtained as yellow
crystals, mp 240–242 �C. nmax (KBr): 1653, 1601, 1582,
1491, 1325, 1244 cm�1. dH (DMSO): 8.41 (1H, m, H1),
8.13 (1H, d, J¼9.2 Hz, H11), 8.02–7.89 (2H, m, H2, 3), 7.80
(1H, m, H4), 7.67–7.50 (5H, m, C6H5), 7.19 (1H, d,
J¼2.1 Hz, H8), 7.10 (1H, dd, J¼9.2 and 2.1 Hz, H10), 3.74
(4H, m, CH2OCH2), 3.43 (4H, m, CH2NCH2). dC (DMSO):
157.78, 154.23, 146.65, 137.38, 134.23, 134.09, 133.52,
131.68, 129.12, 128.89, 128.56, 128.18, 127.59, 126.99,
126.67, 126.54, 113.44, 112.08, 65.53, 46.35. Found, %:
C 67.09, H 4.66, N 13.30. C24H20N4O4 (428.45). Requires,
%: C 67.28, H 4.71, N 13.08.

4.3.6. 2-(2-Nitro-5-pyrrolidinophenyl)-4-phenyl-1,2-di-
hydro-1-phthalazinone 8f. From phthalazinone 3c (3.78 g)
and pyrrolidine after recrystallization from chloroform–
ethanol 3.25 g (78%) of product 8f were obtained as yellow
crystals, mp 211–213 �C. dH (DMSO): 8.40 (1H, m, H1), 8.14
(1H, d, J¼9.2 Hz, H11), 8.04–7.91 (2H, m, H2, 3), 7.80 (1H, m,
H4), 7.67–7.51 (5H, m, C6H5), 6.83 (1H, s, H8), 6.71 (1H, d,
J¼9.2 Hz, H10), 3.40 (4H, m, CH2NCH2), 1.98 (4H, m,
CH2CH2). dC (DMSO): 157.86, 151.23, 146.47, 137.83,
134.28, 133.51, 131.88, 131.67, 129.12, 128.90, 128.57,
128.20, 127.65, 127.43, 126.62, 126.48, 111.71, 110.37,
47.59, 24.75. Found, %: C 69.67, H 4.75, N 13.73.
C24H20N4O3 (412.45). Requires, %: C 69.89, H 4.89, N 13.58.

4.3.7. 2-(2-Nitro-5-piperidinophenyl)-4-phenyl-1,2-dihy-
dro-1-phthalazinone 8g. From phthalazinone 3c (3.78 g)
and piperidine after recrystallization from chloroform–
ethanol 3.45 g (81%) of product 8g were obtained as yellow
crystals, mp 235–237 �C. dH (DMSO): 8.41 (1H, m, H1),
8.09 (1H, d, J¼9.5 Hz, H11), 8.01–7.89 (2H, m, H2, 3),
7.79 (1H, m, H4), 7.67–7.51 (5H, m, C6H5), 7.11 (1H, d,
J¼2.4 Hz, H8), 7.02 (1H, dd, J¼9.5 and 2.4 Hz, H10), 3.49
(4H, s, CH2NCH2), 1.63 (6H, s, CH2CH2CH2). Found, %:
C 70.29, H 4.96, N 13.32. C25H22N4O3 (426.48). Requires,
%: C 70.41, H 5.20, N 13.14.

4.3.8. 4-(4-Methylphenyl)-2-(2-nitro-5-morpholino-
phenyl)-1,2-dihydro-1-phthalazinone 8h. From phthalazi-
none 3d (3.92 g) and morpholine after recrystallization from
chloroform–methanol 2.48 g (56%) of product 8h were
obtained as yellow crystals, mp 240–242 �C. dH (DMSO):
8.40 (1H, m, H1), 8.12 (1H, d, J¼9.2 Hz, H11), 7.98–7.87
(2H, m, H2, 3), 7.81 (1H, m, H4), 7.35 (2H, d, J¼7.7 Hz,
CH–C(Alk)–CH), 7.32 (2H, d, J¼7.7 Hz, CH–C(Ar)–CH),
7.15 (1H, d, J¼2.1 Hz, H8), 7.08 (1H, dd, J¼9.2 and
2.1 Hz, H10), 3.73 (4H, m, CH2OCH2), 3.41 (4H, m,
CH2NCH2), 2.42 (3H, s, CH3). Found, %: C 67.62, H 4.75,
N 12.85. C25H22N4O4 (442.48). Requires, %: C 67.86, H
5.01, N 12.66.

4.3.9. 4-(4-Methylphenyl)-2-(2-nitro-5-pyrrolidino-
phenyl)-1,2-dihydro-1-phthalazinone 8i. From phthalazi-
none 3d (3.92 g) and pyrrolidine after recrystallization
from chloroform–ethanol 3.49 g (82%) of product 8i were
obtained as yellow crystals, mp>260 �C. dH (DMSO): 8.39
(1H, m, H1), 8.12 (1H, d, J¼8.8 Hz, H11), 7.99–7.87
(2H, m, H2, 3), 7.82 (1H, m, H4), 7.50 (2H, d, J¼7.2 Hz,
CH–C(Ar)–CH), 7.35 (2H, d, J¼7.2 Hz, CH–C(Alk)–CH),
6.75–6.62 (2H, m, H8, 10), 3.41 (4H, s, CH2NCH2), 2.42
(3H, s, CH3), 2.02 (4H, s, CH2CH2). Found, %: C 70.31,
H 5.17, N 13.29. C25H22N4O3 (426.48). Requires, %:
C 70.41, H 5.20, N 13.14.

4.3.10. 4-(4-Methylphenyl)-2-(2-nitro-5-piperidino-
phenyl)-1,2-dihydro-1-phthalazinone 8j. From phthalazi-
none 3d (3.92 g) and piperidine after recrystallization from
chloroform–ethanol 3.34 g (76%) of product 8j were
obtained as yellow crystals, mp 161–163 �C. dH (DMSO):
8.40 (1H, m, H1), 8.09 (1H, d, J¼9.3 Hz, H11), 7.99–7.88
(2H, m, H2, 3), 7.81 (1H, m, H4), 7.51 (2H, d, J¼7.6 Hz,
CH–C(Ar)–CH), 7.35 (2H, d, J¼7.6 Hz, CH–C(Alk)–CH),
7.11 (1H, d, J¼2.3 Hz, H8), 7.04 (1H, dd, J¼9.3 and
2.3 Hz, H10), 3.49 (4H, s, CH2NCH2), 2.42 (3H, s, CH3),
1.63 (6H, s, CH2CH2CH2). Found, %: C 70.78, H 5.25,
N 12.93. C26H24N4O3 (440.51). Requires, %: C 70.89,
H 5.49, N 12.72.

4.3.11. 2-(2-Nitro-5-morpholinophenyl)-4-(4-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 8k. From phthalazi-
none 3e (4.12 g) and morpholine after recrystallization from
chloroform–methanol 3.57 g (77%) of product 8k were
obtained as yellow crystals, mp 230–232 �C. dH (DMSO):
8.41 (1H, m, H1), 8.13 (1H, d, J¼9.3 Hz, H11), 8.02–7.90
(2H, m, H2, 3), 7.79 (1H, m, H4), 7.67 (2H, d, J¼8.7 Hz,
CH–C(Cl)–CH), 7.59 (2H, d, J¼8.7 Hz, CH–C(Ar)–CH),
7.19 (1H, d, J¼2.1 Hz, H8), 7.09 (1H, dd, J¼9.3 and
2.1 Hz, H10), 3.74 (4H, m, CH2OCH2), 3.43 (4H, m,
CH2NCH2). dC (DMSO): 157.83, 154.29, 145.65, 137.32,
134.35, 134.04, 133.70, 132.94, 131.90, 130.95, 128.44,
127.56, 127.07, 126.85, 126.40, 113.45, 112.11, 65.57,
46.35. Found, %: C 62.19, H 4.25, N 12.31. C24H19ClN4O4

(462.90). Requires, %: C 62.27, H 4.14, N 12.10.
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4.3.12. 2-(2-Nitro-5-pyrrolidinophenyl)-4-(4-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 8l. From phthalazi-
none 3e (4.12 g) and pyrrolidine after recrystallization
from chloroform–ethanol 3.89 g (87%) of product 8l were
obtained as yellow crystals, mp 265–267 �C. dH (DMSO):
8.40 (1H, m, H1), 8.10 (1H, d, J¼9.1 Hz, H11), 8.01–7.89
(2H, m, H2, 3), 7.78 (1H, m, H4), 7.66 (2H, d, J¼8.5 Hz,
CH–C(Cl)–CH), 7.58 (2H, d, J¼8.5 Hz, CH–C(Ar)–CH),
6.74 (1H, d, J¼2.5 Hz, H8), 6.70 (1H, dd, J¼9.1 and
2.5 Hz, H10), 3.39 (4H, m, CH2NCH2), 2.00 (4H, m,
CH2CH2). dC (DMSO): 157.83, 151.30, 145.40, 137.75,
134.24, 133.69, 133.07, 131.88, 130.97, 128.42, 127.67,
127.53, 126.82, 126.37, 111.68, 110.50, 47.70, 24.84.
Found, %: C 64.56, H 4.27, N 12.73. C24H19ClN4O3

(446.90). Requires, %: C 64.50, H 4.29, N 12.54.

4.3.13. 2-(2-Nitro-5-piperidinophenyl)-4-(4-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 8m. From phthala-
zinone 3e (4.12 g) and piperidine after recrystallization
from chloroform–methanol 3.92 g (85%) of product 8m
were obtained as yellow crystals, mp 221–223 �C. dH

(DMSO): 8.41 (1H, m, H1), 8.08 (1H, d, J¼9.2 Hz, H11),
8.01–7.88 (2H, m, H2, 3), 7.78 (1H, m, H4), 7.66 (2H, d,
J¼8.5 Hz, CH–C(Cl)–CH), 7.58 (2H, d, J¼8.5 Hz, CH–
C(Ar)–CH), 7.10 (1H, d, J¼2.2 Hz, H8), 7.03 (1H, dd,
J¼9.2 and 2.2 Hz, H10), 3.49 (4H, s, CH2NCH2), 1.62
(6H, s, CH2CH2CH2). Found, %: C 65.08, H 4.61, N
12.35. C25H21ClN4O3 (460.92). Requires, %: C 65.15, H
4.59, N 12.16.

4.3.14. 2-(2-Nitro-5-piperazinophenyl)-4-(4-chloro-
phenyl)-1,2-dihydro-1-phthalazinone 8n. From phthalazi-
none 3e (4.12 g) and piperazine after recrystallization from
chloroform–ethanol 3.97 g (86%) of product 8n were
obtained as yellow crystals, mp 225–227 �C. dH (DMSO):
8.40 (1H, m, H1), 8.11 (1H, d, J¼9.4 Hz, H11), 7.96 (2H,
m, H2, 3), 7.78 (1H, m, H4), 7.65 (4H, m, p-Cl–C6H4), 7.14
(1H, d, J¼2.2 Hz, H8), 7.06 (1H, dd, J¼9.4 and 2.2 Hz,
H10), 3.41 (4H, m, CH2–N(Ar)–CH2), 3.34 (1H, s, NH),
2.85 (4H, m, CH2–NH–CH2). Found, %: C 62.46, H 4.47,
N 15.35. C24H20ClN5O3 (461.91). Requires, %: C 62.41, H
4.36, N 15.16.

4.3.15. 2-(2-Nitro-5-piperidinophenyl)-4-(4-ethyl-
phenyl)-1,2-dihydro-1-phthalazinone 8o. From phthalazi-
none 3f (4.06 g) and piperidine after recrystallization from
chloroform–methanol 2.87 g (63%) of product 8o were
obtained as yellow crystals, mp 222–224 �C. dH (DMSO):
8.40 (1H, m, H1), 8.08 (1H, d, J¼10.2 Hz, H11), 7.97–7.87
(2H, m, H2, 3), 7.83 (1H, m, H4), 7.53 (2H, d, J¼7.8 Hz,
CH–C(Ar)–CH), 7.36 (2H, d, J¼7.8 Hz, CH–C(Alk)–CH),
7.07–6.98 (2H, m, H8, 10), 3.50 (4H, s, CH2NCH2), 2.73
(2H, q, J¼7.6 Hz, CH2), 1.66 (6H, s, CH2CH2CH2), 1.29
(3H, t, J¼7.6 Hz, CH3). Found, %: C 71.13, H 5.59, N
12.51. C27H26N4O3 (454.53). Requires, %: C 71.35, H
5.77, N 12.33.

4.3.16. 4-(3,4-Dimethylphenyl)-2-(2-nitro-5-piperidino-
phenyl)-1,2-dihydro-1-phthalazinone 8p. From phthalazi-
none 3g (4.06 g) and piperidine after recrystallization from
chloroform–methanol 3.64 g (80%) of product 8p were
obtained as yellow crystals, mp 238–240 �C. dH (DMSO):
8.39 (1H, m, H1), 8.10 (1H, d, J¼8.9 Hz, H11), 7.97–7.78
(3H, m, H2, 3, 4), 7.41–7.23 (3H, m, (CH3)2–C6H3), 7.08–
6.95 (2H, m, H8, 10), 3.50 (4H, s, CH2NCH2), 2.34 (6H, s,
2CH3), 1.67 (6H, s, CH2CH2CH2). Found, %: C 71.25, H
5.61, N 12.55. C27H26N4O3 (454.53). Requires, %: C
71.35, H 5.77, N 12.33.

4.3.17. 4-(2,5-Dimethylphenyl)-2-(2-nitro-5-piperidino-
phenyl)-1,2-dihydro-1-phthalazinone 8q. From phthalazi-
none 3i (4.06 g) and piperidine after recrystallization from
chloroform–methanol 3.00 g (66%) of product 8q were
obtained as yellow crystals, mp 205–207 �C. dH (DMSO):
8.41 (1H, m, H1), 8.09 (1H, d, J¼9.0 Hz, H11), 7.93–7.80
(2H, m, H2, 3), 7.35 (1H, m, H4), 7.25–7.12 (3H, m,
(CH3)2–C6H3), 7.05–6.95 (2H, m, H8, 10), 3.49 (4H, s,
CH2NCH2), 2.37 (3H, s, 20-CH3), 2.13 (3H, s, 50-CH3),
1.67 (6H, s, CH2CH2CH2). Found, %: C 71.02, H 5.76, N
12.53. C27H26N4O3 (454.53). Requires, %: C 71.35, H
5.77, N 12.33.

4.4. Aminophthalazinones 4 and 9

General method for nitro group catalytic reduction. Solution
of 0.004 mol of nitrophthalazinone in 40 ml of THF was
hydrogenated over 100 mg of 5% palladium charcoal with
shaking at room temperature and atmospheric pressure. On
absorption of the calculated volume of hydrogen the catalyst
powder was filtered off and the solution was concentrated
under reduced pressure to 10 ml volume. The product was
precipitated by dilution with light petroleum ether to total
volume of 100 ml. The product was filtered off, washed
with petroleum ether, and air-dried. As recrystallization of
amines 4, 9 leads to accumulation of impurities they are
described as being isolated from the reaction mixture.

4.4.1. 2-(2-Amino-5-chlorophenyl)-4-methyl-1,2-di-
hydro-1-phthalazinone 4a. From of nitrophthalazinone
3b (1.24 g) was obtained 0.74 g (65%) of aminophthalazi-
none 4a as greenish-yellow crystals, mp 195–196 �C. nmax

(KBr): 3422, 3341, 1656, 1632, 1589, 1499, 1345, 771,
695 cm�1. dH (CDCl3): 8.51 (1H, d, J¼7.2 Hz, H1), 7.93–
7.75 (3H, m, H2, 3, 4), 7.30 (1H, s, H8), 7.16 (1H, d,
J¼8.4 Hz, H10), 6.79 (1H, d, J¼8.4 Hz, H11), 3.92 (2H, s,
NH2), 2.63 (3H, s, CH3). dH (DMSO): 157.86, 144.26,
143.04, 133.09, 131.21, 129.37, 128.23, 127.80, 127.75,
127.62, 126.37, 125.14, 118.66, 117.22, 18.39. Found, %:
C 63.10, H 4.22, N 14.94. C15H12ClN3O (285.74). Requires,
%: C 63.05, H 4.23, N 14.71.

4.4.2. 2-(2-Amino-5-chlorophenyl)-4-phenyl-1,2-di-
hydro-1-phthalazinone 4b. From nitrophthalazinone 3c
(1.51 g) was obtained 0.96 g (69%) of aminophthalazinone
4b as colorless crystal, mp 185–187 �C. nmax (KBr): 3400,
3327, 1647, 1492, 1334, 789, 698 cm�1. dH (CDCl3): 8.60
(1H, m, H1), 7.90–7.77 (3H, m, H2, 3, 4), 7.68–7.48 (5H,
m, C6H5), 7.39 (1H, d, J¼2.3 Hz, H8), 7.17 (1H, dd, J¼8.7
and 2.3 Hz, H10), 6.77 (1H, d, J¼8.7 Hz, H11), 3.98 (2H, s,
NH2). dH (DMSO): 157.72, 147.24, 143.26, 134.57,
133.00, 131.24, 129.18, 128.81, 128.70, 128.45, 128.07,
127.68, 127.48, 126.67, 126.36, 118.47, 117.15. Found, %:
C 69.01, H 4.00, N 12.29. C20H14ClN3O (347.81). Requires,
%: C 69.07, H 4.06, N 12.08.

4.4.3. 2-(2-Amino-5-chlorophenyl)-4-(4-chlorophenyl)-
1,2-dihydro-1-phthalazinone 4c. From nitrophthalazinone
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3e (1.65 g) was obtained 1.27 g (83%) of aminophthalazi-
none 4c as colorless crystal, mp 193–195 �C. dH (DMSO):
8.46 (1H, m, H1), 7.98–7.86 (2H, m, H2, 3), 7.75 (1H, m,
H4), 7.66 (2H, d, J¼8.4 Hz, CH–C(Cl)–CH), 7.54 (2H, d,
J¼8.4 Hz, CH–C(Ar)–CH), 7.37 (1H, d, J¼1.9 Hz, H8),
7.32 (1H, dd, J¼8.7 and 1.9 Hz, H10), 7.18 (1H, d,
J¼8.7 Hz, H11), 5.74 (2H, s, NH2). Found, %: C 62.89, H
3.39, N 11.20. C20H13Cl2N3O (382.25). Requires, %: C
62.84, H 3.43, N 10.99.

4.4.4. 2-(2-Amino-5-chlorophenyl)-4-(4-ethylphenyl)-
1,2-dihydro-1-phthalazinone 4d. From nitrophthalazinone
3f (1.62 g) was obtained 1.19 g (79%) of aminophthalazi-
none 4d as colorless crystal, mp 168–170 �S. dH (DMSO):
8.40 (1H, m, H1), 8.01–7.85 (2H, m, H2, 3), 7.75 (1H, m,
H4), 7.58–7.34 (4H, m, p-Et–C6H4), 7.22 (1H, d,
J¼1.9 Hz, H8), 7.16 (1H, dd, J¼8.7 and 1.9 Hz, H10), 6.84
(1H, d, J¼8.7 Hz, H11), 5.36 (2H, s, NH2), 2.65 (2H, q,
J¼7.5 Hz, CH2), 1.23 (3H, t, J¼7.5 Hz, CH3). Found, %:
C 70.24, H 4.77, N 11.41. C22H18ClN3O (375.86). Requires,
%: C 70.30, H 4.83, N 11.18.

4.4.5. 2-(2-Amino-5-chlorophenyl)-4-(3,4-dimethyl-
phenyl)-1,2-dihydro-1-phthalazinone 4e. From nitro-
phthalazinone 3h (1.62 g) was obtained 1.25 g (83%) of
aminophthalazinone 4e as colorless crystal, mp 190–
192 �S. dH (DMSO): 8.39 (1H, m, H1), 8.01–7.85 (2H, m,
H2, 3), 7.75 (1H, m, H4), 7.39–7.30 (3H, m, (CH3)2–C6H3),
7.22 (1H, d, J¼2.1 Hz, H8), 7.15 (1H, dd, J¼8.7 and
2.1 Hz, H10), 6.81 (1H, d, J¼8.7 Hz, H11), 5.35 (2H, s,
NH2), 2.31 (6H, s, 2CH3). Found, %: C 70.24, H 4.77, N
11.41. C22H18ClN3O (375.86). Requires, %: C 70.30, H
4.83, N 11.18.

4.4.6. 2-(2-Amino-5-morpholinophenyl)-4-methyl-1,2-
dihydro-1-phthalazinone 9a. From nitrophthalazinone 8a
(1.46 g) was obtained 0.96 g (71%) of aminophthalazinone
9a as colorless crystal, mp 155–157 �C. nmax (KBr): 3395,
3302, 1663, 1508, 1329, 1115, 768 cm�1. dH (DMSO):
8.38 (1H, d, J¼7.4 Hz, H1), 7.98–7.90 (2H, m, H3, 4), 7.86
(1H, m, H2), 6.91–6.65 (3H, m, H8, 10, 11), 4.29 (2H, s,
NH2), 3.73 (4H, m, CH2OCH2), 2.96 (4H, m, CH2NCH2),
2.60 (3H, s, CH3). dH (DMSO): 157.80, 143.86, 142.81,
137.31, 133.10, 131.26, 129.32, 128.39, 127.77, 126.45,
125.15, 117.85, 117.35, 116.07, 66.16, 50.28, 18.48. Found,
%: C 67.56, H 5.90, N 16.86. C19H20N4O2 (336.40).
Requires, %: C 67.84, H 5.99, N 16.65.

4.4.7. 2-(2-Amino-5-piperidinophenyl)-4-methyl-1,2-
dihydro-1-phthalazinone 9b. From nitrophthalazinone 8c
(1.46 g) was obtained 1.06 g (79%) of aminophthalazinone
9b as colorless crystal, mp 95–97 �C. dH (DMSO): 8.36
(1H, d, J¼7.3 Hz, H1), 7.99–7.91 (2H, m, H3, 4), 7.87 (1H,
m, H2), 6.88–6.67 (3H, m, H8, 10, 11), 4.34 (2H, s, NH2),
2.95 (4H, m, CH2NCH2), 2.59 (3H, s, CH3), 1.64 (4H, m,
CH2–CH2–CH2), 1.51 (2H, m, CH2–CH2–CH2). Found, %:
C 71.78, H 6.39, N 16.89. C20H22N4O (334.42). Requires,
%: C 71.83, H 6.63, N 16.75.

4.5. Benzo[4,5]imidazo[2,1-a]phthalazines

Method A. BIPH preparation from aminophthalazinones.
The mixture of 0.004 mol of aminophthalazinone and 15 g
of PPAwas heated to 130 �C and stirred for 10 min. On cool-
ing it was diluted with water to 70 ml volume, neutralized
with aqueous NaOH, and extracted with chloroform
(3�30 ml). Combined extracts were dried over Na2SO4,
filtered off, and evaporated. The residue was recrystallized
from an appropriate solvent.

Method B. BIPH preparation from nitrophthalazinones.
Mixture of 0.004 mol of nitrophthalazinone in 50 ml of
85% phosphoric acid was heated to 100 �C. Iron powder
was added in small portions (to avoid foaming) with efficient
stirring. After consumption of all the starting material (TLC
control) the temperature was raised to 140 �C and the reac-
tion mixture was stirred for 15 min. On cooling it was diluted
with water to 400 ml, neutralized with aqueous NaOH, and
extracted with chloroform (3�50 ml). Combined extracts
were dried over Na2SO4, filtered off, and evaporated. The
residue was recrystallized from an appropriate solvent.

4.5.1. 9-Chlorobenzo[4,5]imidazo[2,1-a]phthalazine 5a.
Method B. From 1.21 g of nitrophthalazinone 3a and 1.8 g
of iron powder after recrystallization from 80% aqueous
ethanol 0.69 g (68%) of the product 5a were obtained as
colorless crystals, mp 180–182 �C. nmax (KBr): 1450, 1342,
1308, 1086, 762 cm�1. dH (DMSO): 8.93 (1H, s, H5), 8.62
(1H, d, J¼7.8 Hz, H1), 8.14 (1H, d, J¼7.6 Hz, H4), 8.06–
7.87 (3H, m, H2, 3, 8), 7.83 (1H, d, J¼8.6 Hz, H11), 7.43
(1H, dd, J¼8.6 and 1.9 Hz, H10). dC (DMSO): 144.30,
141.42, 140.14, 132.93, 131.27, 130.72, 128.25, 127.24,
124.72, 124.52, 124.20, 123.05, 120.62, 110.38. Found, %:
C 66.17, H 3.20, N 16.75. C14H8ClN3 (253.69). Requires,
%: C 66.28, H 3.18, N 16.56.

4.5.2. 9-Chloro-5-methylbenzo[4,5]imidazo[2,1-a]phtha-
lazine 5b. Method A. From aminophthalazinone 4a
(1.14 g) after recrystallization from 80% aqueous ethanol
0.65 g (61%) of the product 5b were obtained as colorless
crystals, mp 180–181 �C. nmax (KBr): 1616, 1520, 1450,
1346, 1331, 1272, 806, 768 cm�1. dH (DMSO): 8.56 (1H,
d, J¼7.6 Hz, H1), 7.97–7.66 (5H, m, H2, 3, 4, 8, 11), 7.30
(1H, d, J¼8.4 Hz, H10), 2.69 (3H, s, CH3). dC (DMSO):
151.01, 141.98, 140.26, 133.17, 131.46, 131.32, 127.14,
124.83, 124.62, 124.46, 123.64, 120.95, 110.52, 19.49.
Found, %: C 67.50, H 3.51, N 15.66. C15H10ClN3

(267.72). Requires, %: C 67.30, H 3.77, N 15.70.

Method B. From nitrophthalazinone 3b (1.26 g) and 1.3 g
of iron powder after recrystallization from ethanol were
obtained 0.62 g (58%) of product 5b.

4.5.3. 9-Chloro-5-phenylbenzo[4,5]imidazo[2,1-a]phtha-
lazine 5c. Method A. From aminophthalazinone 4b
(1.39 g) after recrystallization from chloroform–ethanol
0.84 g (64%) of product 5c were obtained as colorless crys-
tals, mp 223–225 �C. nmax (KBr): 1449, 1359, 1344, 1273,
772, 710, 690 cm�1. dH (DMSO): 8.66 (1H, d, J¼7.8 Hz,
H1), 8.00–7.75 (5H, m, H2, 3, 4, 8, 11), 7.75–7.56 (5H, m,
C6H5), 7.40 (1H, d, J¼8.6 Hz, H10). dC (DMSO): 153.11,
141.66, 140.59, 134.54, 133.12, 131.69, 131.09, 129.78,
129.66, 128.60, 128.28, 127.48, 125.30, 125.14, 123.94,
120.96, 110.78. Found, %: C 72.70, H 3.43, N 12.87.
C20H12ClN3 (329.79). Requires, %: C 72.84, H 3.67,
N 12.74.
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Method B. From 1.51 g nitrophthalazinone 3c and 1.5 g of
iron powder after recrystallization from dichloromethane–
methanol were obtained 0.91 g (69%) of product 5c.

4.5.4. 9-Chloro-5-(4-methylphenyl)benzo[4,5]imi-
dazo[2,1-a]phthalazine 5d. Method B. From nitrophthalazi-
none 3d (1.57 g) and of 1.6 g of iron powder after
recrystallization from chloroform–ethanol 0.76 g (55%) of
product 5d were obtained as yellow crystals, mp 241–
243 �C. dH (DMSO): 8.72 (1H, d, J¼7.8 Hz, H1), 8.13–7.86
(5H, m, H2, 3, 4, 8, 11), 7.68 (2H, d, J¼7.5 Hz, CH–C(Ar)–
CH), 7.52 (1H, m, H10), 7.46 (2H, d, J¼7.5 Hz, CH–
C(Alk)–CH), 2.49 (3H, s, CH3). dC (CDCl3): 153.05,
141.62, 140.33, 139.47, 132.22, 131.65, 131.58, 130.12,
129.36, 129.00, 128.14, 125.39, 125.18, 124.12, 123.78,
120.27, 110.98, 21.02. Found, %: C 73.12, H 3.91, N 12.41.
C21H14ClN3 (343.82). Requires, %: C 73.36, H 4.10, N 12.22.

4.5.5. 9-Chloro-5-(4-chlorophenyl)benzo[4,5]imi-
dazo[2,1-a]phthalazine 5e. Method A. From aminophthala-
zinone 4c (1.53 g) after recrystallization from chloroform–
ethanol 0.76 g (52%) of product 5e were obtained as color-
less crystals, mp 235–237 �C. dH (DMSO): 8.67 (1H, d,
J¼7.7 Hz, H1), 8.06–7.95 (2H, m, ArH), 7.90–7.81 (3H,
m, ArH), 7.77 (2H, d, J¼7.9 Hz, CH–C(Cl)–CH), 7.66
(2H, d, J¼7.9 Hz, CH–C(Ar)–CH), 7.44 (1H, dd, J¼8.5
and 1.6 Hz, H10). dC (DMSO): 151.78, 141.38, 140.14,
135.22, 132.78, 132.55, 131.37, 130.89, 130.50, 128.45,
127.75, 127.70, 125.03, 123.64, 123.50, 120.25, 110.63.
Found, %: C 65.77, H 2.85, N 11.76. C20H11Cl2N3

(364.24). Requires, %: C 65.95, H 3.04, N 11.54.

Method B. From nitrophthalazinone 3e (1.65 g) and 2.5 g of
iron powder after recrystallization from chloroform–ethanol
were obtained 0.73 g (50%) of product 5e.

4.5.6. 9-Chloro-5-(4-ethylphenyl)benzo[4,5]imidazo[2,1-
a]phthalazine 5f. Method A. From aminophthalazinone 4d
(1.50 g) after recrystallization from chloroform–ethanol
0.97 g (68%) of product 5f were obtained as colorless crys-
tals, mp 195–197 �C. dH (DMSO): 8.68 (1H, d, J¼7.8 Hz,
H1), 8.02–7.72 (5H, m, H2, 3, 4, 8, 11), 7.64 (2H, d,
J¼7.8 Hz, CH–C(Ar)–CH), 7.46–7.36 (3H, m, H10, CH–
C(Alk)–CH), 2.80 (2H, q, J¼7.4 Hz, CH2), 1.35 (3H, t,
J¼7.4 Hz, CH3). dC (DMSO): 152.70, 145.23, 141.25,
140.31, 132.52, 131.74, 131.44, 130.46, 129.49, 127.96,
127.67, 127.30, 125.19, 124.76, 123.77, 120.52, 110.49,
28.18, 15.29. Found, %: C 73.76, H 4.37, N 11.97.
C22H16ClN3 (357.85). Requires, %: C 73.84, H 4.51, N 11.74.

Method B. From nitrophthalazinone 3f (1.62 g) and 2.4 g
of iron powder after recrystallization from ethanol were
obtained 0.89 g (62%) of product 5f.

4.5.7. 9-Chloro-5-(3,4-dimethylphenyl)benzo[4,5]imi-
dazo[2,1-a]phthalazine 5g. Method A. From aminophthala-
zinone 4e (1.50 g) after recrystallization from chloroform–
ethanol 1.00 g (70%) of product 5g were obtained as colorless
crystals, mp 203–205 �C. dH (DMSO): 8.66 (1H, d, J¼7.8 Hz,
H1), 7.99 (1H, d, J¼1.8 Hz, H8), 7.97–7.72 (4H, m, H2, 3, 4, 11),
7.41 (1H, dd, J¼8.5 and 1.8 Hz, H10), 7.49–7.29 (3H, m,
(CH3)2–C6H3), 2.39 (6H, s, 2CH3). dC (DMSO): 153.93,
142.36, 141.23, 138.82, 137.42, 133.75, 132.76, 132.31,
131.84, 131.46, 130.36, 129.14, 128.04, 127.93, 125.75,
124.72, 124.46, 121.74, 111.39, 20.18, 20.09. Found, %: C
73.63, H 4.34, N 11.94. C22H16ClN3 (357.85). Requires, %:
C 73.84, H 4.51, N 11.74.

Method B. From nitrophthalazinone 3g (1.62 g) and 2.4 g
of iron powder after recrystallization from ethanol were
obtained 1.22 g (85%) of product 5g.

4.5.8. 9-Chloro-5-(2,4-dimethylphenyl)benzo[4,5]imi-
dazo[2,1-a]phthalazine 5h. Method B. From nitrophthala-
zinone 3h (1.62 g) and 2.4 g of iron powder after
recrystallization from ethanol 0.47 g (33%) of product 5h
were obtained as colorless crystals, mp 142–144 �C. dH

(DMSO): 8.69 (1H, d, J¼7.9 Hz, H1), 8.05–7.89 (3H, m,
H2, 3, 8), 7.84 (1H, d, J¼8.8 Hz, H11), 7.73 (1H, m, H3 or 2),
7.50 (1H, d, J¼8.0 Hz, H4), 7.40 (1H, dd, J¼8.8 and
1.8 Hz, H10), 7.33–7.13 (3H, m, (CH3)2–C6H3), 2.45 (3H,
s, 20-CH3), 2.14 (3H, s, 40-CH3). dC (DMSO): 153.00,
141.29, 140.30, 138.63, 136.16, 132.62, 131.46, 130.89,
130.77, 130.59, 129.52, 127.70, 127.35, 126.19, 124.96,
124.72, 124.42, 123.68, 120.57, 110.58, 20.86, 19.31. Found,
%: C 73.84, H 4.42, N 11.89. C22H16ClN3 (357.85).
Requires, %: C 73.84, H 4.51, N 11.74.

4.5.9. 9-Chloro-5-(2,5-dimethylphenyl)benzo[4,5]imi-
dazo[2,1-a]phthalazine 5i. Method B. From nitrophthal-
azinone 3i (1.62 g) and 2.4 g of iron powder after
recrystallization from ethanol 0.95 g (66%) of product 5i
were obtained as colorless crystals, mp 160–162 �C. dH

(DMSO): 8.71 (1H, d, J¼8.0 Hz, H1), 8.02 (1H, d,
J¼1.8 Hz, H8), 8.00 (1H, m, H2 or 3), 7.84 (1H, d, J¼
8.5 Hz, H11), 7.78 (1H, m, H3 or 2), 7.53 (1H, d, J¼8.0 Hz,
H4), 7.44 (1H, dd, J¼8.5 and 1.8 Hz, H10), 7.32–7.19
(3H, m, (CH3)2–C6H3), 2.40 (3H, s, 20-CH3), 2.11 (3H, s,
50-CH3). dC (DMSO): 154.31, 142.58, 141.23, 135.91,
134.55, 134.32, 134.20, 132.40, 132.31, 131.14, 131.06,
128.91, 128.08, 125.92, 125.61, 125.22, 124.55, 121.84,
111.61, 21.31, 19.74. Found, %: C 73.76, H 4.35, N 11.93.
C22H16ClN3 (357.85). Requires, %: C 73.84, H 4.51,
N 11.74.

4.5.10. 5-Methylbenzo[4,5]imidazo[2,1-a]phthalazine 7a.
Method B. From nitrophthalazinone 6a (1.12 g) and 1.6 g of
iron powder after recrystallization from 80% aqueous meth-
anol 0.59 g (63%) of product 7a were obtained as colorless
crystals, mp 159–161 �C (lit. mp 163 �C1). nmax (KBr):
1522, 1450, 1348, 1334, 1240, 743 cm�1. dH (CDCl3):
8.68 (1H, d, J¼7.4 Hz, H1), 7.99 (1H, d, J¼7.2, H4), 7.97–
7.84 (2H, m, H8, 11), 7.81 (1H, d, J¼7.6 Hz, H2), 7.68 (1H,
m, H3), 7.52–7.35 (2H, m, H9, 10), 2.79 (3H, s, CH3). dC

(DMSO): 149.64, 141.42, 140.64, 132.44, 130.77, 130.47,
126.44, 124.50, 124.22, 124.04, 123.31, 122.16, 119.29,
110.51, 19.19. Found, %: C 77.35, H 4.59, N 18.20.
C15H11N3 (233.28). Requires, %: C 77.23, H 4.75, N 18.01.

4.5.11. 10-Amino-5-methylbenzo[4,5]imidazo[2,1-a]-
phthalazine 7b. Method B. From nitrophthalazinone 6b
(1.30 g) and 1.9 g of iron powder after recrystallization
from chloroform–ethanol 0.56 g (58%) of product 7b were
obtained as colorless crystals, mp >270 �C (dec). nmax

(KBr): 3395, 3311, 3184, 1627, 1519, 1443, 1349, 1162,
762, 689 cm�1. dH (DMSO): 8.55 (1H, d, J¼7.7 Hz, H1),
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8.05 (1H, d, J¼7.7 Hz, H4), 7.89 (1H, m, H2 or 3), 7.76 (1H,
m, H3 or 2), 7.67 (1H, d, J¼8.6 Hz, H8), 6.96 (1H, s, H11),
6.78 (1H, d, J¼8.6 Hz, H9), 4.33 (2H, s, NH2), 2.82 (3H,
s, CH3). dC (DMSO): 148.34, 146.18, 143.07, 140.08,
132.08, 129.72, 126.21, 124.40, 123.81, 123.66, 122.94,
112.83, 110.49, 101.33, 19.10. Found, %: C 72.48, H 4.61,
N 22.32. C15H12N4 (248.29). Requires, %: C 72.56, H 4.87,
N 22.57.

4.5.12. 5-(4-Shlorophenyl)benzo[4,5]imidazo[2,1-a]-
phthalazine 7c. Method B. From nitrophthalazinone 6c
(1.51 g) and 1.5 g of iron powder after recrystallization
from chloroform–ethanol 0.75 g (57%) of product 7c were
obtained as yellow crystals, mp 217–219 �C. dH (DMSO):
8.74 (1H, d, J¼7.9 Hz, H1), 8.06–7.37 (11H, m, ArH). dC

(DMSO): 152.43, 142.71, 141.60, 135.45, 134.43, 134.03,
132.57, 131.90, 129.60, 128.91, 126.04, 125.70, 124.58,
123.69, 120.55, 111.81. Found, %: C 72.81, H 3.47, N
12.94. C20H12ClN3 (329.79). Requires, %: C 72.84, H
3.67, N 12.74.

4.5.13. 5-Methyl-9-morpholinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10a. Method A. From aminophthalazinone 9a
(1.34 g) after recrystallization from 80% aqueous ethanol
0.95 g (75%) of product 10a were obtained as colorless crys-
tals, mp 199–201 �C. nmax (KBr): 1613, 1494, 1448, 1218,
1126, 908 cm�1. dH (DMSO): 8.52 (1H, d, J¼7.5 Hz, H1),
8.11–7.74 (3H, m, H2, 3, 4), 7.68 (1H, dd, J¼9.0 and
2.0 Hz, H11), 7.34 (1H, s, H8), 7.17 (1H, d, J¼9.0 Hz,
H10), 3.82 (4H, s, CH2OCH2), 3.22 (4H, m, CH2NCH2),
2.80 (3H, s, CH3). dC (DMSO): 151.31, 148.46, 139.28,
133.30, 132.59, 131.29, 131.09, 127.19, 124.41, 123.53,
118.51, 116.87, 95.75, 66.22, 49.77, 19.48. Found, %: C
71.61, H 5.58, N 17.77. C19H18N4O (318.38). Requires,
%: C 71.68, H 5.70, N 17.60.

Method B. From nitrophthalazinone 8a (1.47 g) and 1.5 g
of iron powder after recrystallization from ethanol were
obtained 0.88 g (69%) of product 10a.

4.5.14. 5-Methyl-9-pyrrolidinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10b. Method B. From nitrophthalazinone 8b
(1.40 g) and 1.4 g of iron powder after recrystallization
from ethanol 0.72 g (59%) of product 10b were obtained
as yellow crystals, mp 250–252 �C. dH (DMSO): 8.52 (1H,
d, J¼7.6 Hz, H1), 8.13 (1H, d, J¼7.6 Hz, H4), 7.96 (1H,
m, H2 or 3), 7.82 (1H, m, H3 or 2), 7.71 (1H, d, J¼8.3 Hz,
H11), 6.92–6.81 (2H, m, H8, 10), 3.33 (4H, s, CH2NCH2),
2.82 (3H, s, CH3) 2.02 (4H, m, CH2CH2). dC (CDCl3):
148.40, 144.89, 139.09, 133.43, 132.34, 131.69, 128.78,
125.47, 123.84, 123.00, 119.62, 111.95, 90.48, 47.97,
25.13, 19.19. Found, %: C 75.02, H 5.75, N 18.70.
C19H18N4 (302.38). Requires, %: C 75.47, H 6.00, N 18.53.

4.5.15. 5-Methyl-9-piperidinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10c. Method A. From aminophthalazinone 9b
(1.34 g) after recrystallization from 80% aqueous ethanol
1.10 g (87%) of product 10c were obtained as colorless crys-
tals, mp 175–177 �C. dH (CDCl3): 8.58 (1H, d, J¼8.1 Hz,
H1), 7.85–7.52 (4H, m, H2, 3, 4, 11), 7.41 (1H, d, J¼1.9 Hz,
H8), 7.18 (1H, dd, J¼8.9 and 1.9 Hz, H10), 3.22 (4H, m,
CH2NCH2), 2.72 (3H, s, CH3), 1.76 (4H, m, CH2CH2CH2),
1.58 (2H, m, CH2CH2CH2). dC (CDCl3): 148.96, 148.61,
139.90, 135.57, 131.64, 131.52, 129.07, 125.39, 125.05,
123.78, 123.02, 119.29, 117.38, 96.45, 51.61, 25.54,
23.80, 19.03. Found, %: C 75.45, H 6.16, N 17.87.
C20H20N4 (316.41). Requires, %: C 75.92, H 6.37, N 17.71.

Method B. From nitrophthalazinone 8c (1.34 g) and 1.3 g
of iron powder after recrystallization from ethanol were
obtained 0.57 g (45%) of product 10c.

4.5.16. 5-Methyl-9-piperazinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10d. Method B. From nitrophthalazinone 8d
(1.46 g) and 1.5 g of iron powder after recrystallization
from chloroform–ethanol 1.02 g (81%) of product 10d
were obtained as yellow crystals, mp 262–264 �C. dH

(CDCl3): 8.68 (1H, d, J¼7.8 Hz, H1), 7.92 (1H, d,
J¼7.8 Hz, H4), 7.89–7.64 (3H, m, H2, 3, 11), 7.49 (1H, d,
J¼1.8 Hz, H8), 7.22 (1H, dd, J¼9.0 and 1.8 Hz, H10), 3.26
(4H, m, CH2NCH2), 3.08 (4H, m, CH2NHCH2), 2.84 (3H,
s, CH3), 1.75 (1H, s, NH). dC (CDCl3): 149.10, 148.79,
140.53, 136.25, 132.08, 131.90, 129.56, 125.83, 125.51,
124.30, 123.52, 119.82, 117.03, 96.62, 51.71, 46.10,
19.42. Found, %: C 71.33, H 5.90, N 22.25. C19H19N5

(317.40). Requires, %: C 71.90, H 6.03, N 22.06.

4.5.17. 9-Morpholino-5-phenylbenzo[4,5]imidazo[2,1-a]-
phthalazine 10e. Method B. From nitrophthalazinone 8e
(1.71 g) and 1.7 g of iron powder after recrystallization
from toluene–petroleum ether 1.16 g (76%) of product 10e
were obtained as yellow crystals, mp 223–225 �C. nmax

(KBr): 1612, 1495, 1447, 1220, 1122, 960, 908, 771,
766 cm�1. dH (CDCl3): 8.71 (1H, d, J¼7.9 Hz, H1),
7.89�7.46 (10H, m, H2, 3, 4, 8, 11, C6H5), 7.19 (1H, dd,
J¼9.0 and 1.8 Hz, H10), 3.85 (4H, m, CH2OCH2), 3.21
(4H, m, CH2NCH2). dC (CDCl3): 152.31, 148.13, 140.25,
136.53, 134.95, 132.12, 131.99, 129.63, 129.40, 129.26,
128.38, 128.00, 125.93, 123.62, 123.43, 119.92, 116.58,
96.59, 66.67, 50.41. Found, %: C 75.59, H 5.33, N 14.91.
C24H20N4O (380.45). Requires, %: C 75.77, H 5.30, N 14.73.

4.5.18. 5-Phenyl-9-pyrrolidinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10f. Method B. From nitrophthalazinone 8f
(1.65 g) and 1.7 g of iron powder after recrystallization
from chloroform–ethanol 0.91 g (62%) of product 10f
were obtained as yellow crystals, mp >270 �C. dH

(CDCl3): 8.81 (1H, d, J¼8.1 Hz, H1), 7.93–7.49 (9H, m,
H2, 3, 4, 11, C6H5), 7.11 (1H, d, J¼1.8 Hz, H8), 6.94 (1H,
dd, J¼8.6 and 1.8 Hz, H10), 3.40 (4H, m, CH2NCH2), 2.05
(4H, m, CH2CH2). dC (CDCl3): 151.95, 145.20, 139.02,
135.24, 133.79, 132.74, 132.10, 129.71, 129.71, 129.23,
128.98, 128.43, 128.43, 128.01, 126.25, 123.49, 123.30,
119.84, 112.51, 91.02, 48.17, 25.34. Found, %: C 78.77, H
5.22, N 15.50. C24H20N4 (364.45). Requires, %: C 79.10,
H 5.53, N 15.37.

4.5.19. 5-Phenyl-9-piperidinobenzo[4,5]imidazo[2,1-a]-
phthalazine 10g. Method B. From nitrophthalazinone 8g
(1.70 g) and 1.7 g of iron powder after recrystallization
from chloroform–ethanol 0.98 g (65%) of product 10g
were obtained as yellow crystals, mp 230–232 �C. dH

(CDCl3): 8.76 (1H, d, J¼8.3 Hz, H1), 7.90–7.52 (10H, m,
H2, 3, 4, 8, 11, C6H5), 7.26 (1H, dd, J¼8.0 and 2.1 Hz, H10),
3.24 (4H, m, CH2NCH2), 1.74 (4H, m, CH2CH2CH2), 1.58
(2H, m, CH2CH2CH2). dC (CDCl3): 152.24, 149.39,
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140.07, 136.24, 135.16, 132.16, 129.74, 129.28, 128.46,
128.06, 126.10, 123.65, 123.49, 119.75, 117.99, 97.05,
51.88, 25.83, 24.12. Found, %: C 78.83, H 5.71, N 14.94.
C25H22N4 (378.48). Requires, %: C 79.34, H 5.86, N 14.80.

4.5.20. 5-(4-Methylphenyl)-9-morpholinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10h. Method B. From nitro-
phthalazinone 8h (1.77 g) and 1.8 g of iron powder after
recrystallization from chloroform–ethanol 0.79 g (50%)
of product 10h were obtained as yellow crystals, mp
188–190 �C. dH (CDCl3): 8.73 (1H, d, J¼7.9 Hz, H1),
7.92–7.78 (3H, m, H2 or 3, 4, 11), 7.67–7.55 (3H, m, H3 or 2,
CH–C(Ar)–CH), 7.51 (1H, d, J¼1.9 Hz, H8), 7.37 (2H, d,
J¼7.6 Hz, CH–C(Alk)–CH), 7.20 (1H, dd, J¼8.8 and
1.9 Hz, H10), 3.88 (4H, m, CH2OCH2), 3.22 (4H, m,
CH2NCH2), 2.46 (3H, s, CH3). dC (CDCl3): 152.56,
148.23, 140.45, 139.45, 136.65, 132.19, 129.60, 129.51,
129.15, 128.21, 126.05, 123.89, 123.58, 120.00, 116.70,
96.79, 66.80, 50.58, 21.24. Found, %: C 76.02, H 5.35, N
14.42. C25H22N4O (394.48). Requires, %: C 76.12, H 5.62,
N 14.20.

4.5.21. 5-(4-Methylphenyl)-9-pyrrolidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10i. Method B. From nitro-
phthalazinone 8i (1.70 g) and 1.7 g of iron powder after
recrystallization from chloroform–ethanol 1.10 g (73%) of
product 10i were obtained as yellow crystals, mp 238–
240 �C. dH (CDCl3): 8.74 (1H, d, J¼8.0 Hz, H1), 7.92–
7.78 (3H, m, H2 or 3, 4, 11), 7.70–7.55 (3H, m, H3 or 2,
CH–C(Ar)–CH), 7.39 (2H, d, J¼7.5 Hz, CH–C(Alk)–CH),
7.11 (1H, d, J¼1.8 Hz, H8), 6.90 (1H, dd, J¼8.8 and
1.8 Hz, H10), 3.40 (4H, m, CH2NCH2), 2.49 (3H, s, CH3),
2.05 (4H, m, CH2CH2). dC (CDCl3): 151.08, 144.14,
138.24, 137.85, 132.35, 131.62, 131.25, 130.99, 128.56,
128.05, 127.95, 126.99, 125.00, 122.56, 122.32, 118.60,
111.45, 90.00, 47.06, 24.24, 20.13. Found, %: C 79.04, H
5.52, N 14.93. C25H22N4 (378.48). Requires, %: C 79.34,
H 5.86, N 14.80.

4.5.22. 5-(4-Methylphenyl)-9-piperidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10j. Method B. From nitro-
phthalazinone 8j (1.76 g) and 1.8 g of iron powder after
recrystallization from chloroform–ethanol 0.91 g (58%) of
product 10j were obtained as yellow crystals, mp 205–
207 �C. nmax (KBr): 2935, 2851, 1666, 1601, 1501, 1327,
1103 cm�1. dH (CDCl3): 8.75 (1H, d, J¼7.9 Hz, H1), 7.95–
7.78 (3H, m, H2 or 3, 4, 11), 7.68–7.58 (3H, m, H3 or 2,
CH–C(Ar)–CH), 7.61 (1H, d, J¼1.9 Hz, H8), 7.39 (2H, d,
J¼7.6 Hz, CH–C(Alk)–CH), 7.27 (1H, dd, J¼7.9 and
1.9 Hz, H10), 3.24 (4H, m, CH2NCH2), 2.49 (3H, s, CH3),
1.76 (4H, m, CH2CH2CH2), 1.60 (2H, m, CH2CH2CH2).
dC (CDCl3): 152.32, 149.36, 140.14, 139.34, 136.26,
132.31, 132.10, 129.63, 129.28, 129.12, 128.14, 126.15,
123.81, 123.48, 119.72, 117.97, 97.11, 51.91, 25.88,
24.13, 21.24. Found, %: C 79.33, H 5.74, N 14.41.
C26H24N4 (392.51). Requires, %: C 79.56, H 6.16, N 14.27.

4.5.23. 5-(4-Chlorophenyl)-9-morpholino-benzo[4,5]-
imidazo[2,1-a]phthalazine 10k. Method B. From nitro-
phthalazinone 8k (1.85 g) and 1.9 g of iron powder after
recrystallization from chloroform–ethanol 1.41 g (85%)
of product 10k were obtained as yellow crystals, mp
220–222 �C. dH (CDCl3): 8.71 (1H, d, J¼7.7 Hz, H1),
7.89–7.73 (3H, m, H2, 4, 11), 7.67 (2H, d, J¼7.7 Hz, CH–
C(Cl)–CH), 7.62–7.45 (3H, m, H3, CH–C(Ar)–CH), 7.46
(1H, d, J¼1.8 Hz, H8), 7.20 (1H, dd, J¼8.9 and 1.8 Hz,
H10), 3.88 (4H, m, CH2OCH2), 3.23 (4H, m, CH2NCH2).
dC (CDCl3): 151.21, 148.30, 140.17, 136.56, 135.60,
133.44, 132.37, 131.95, 131.06, 129.56, 128.74, 127.66,
125.98, 123.62, 123.36, 120.03, 116.75, 96.52, 66.75,
50.45. Found, %: C 69.45, H 4.42, N 13.71. C24H19ClN4O
(414.90). Requires, %: C 69.48, H 4.62, N 13.50.

4.5.24. 5-(4-Chlorophenyl)-9-pyrrolidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10l. Method B. From nitro-
phthalazinone 8l (1.79 g) and 1.8 g of iron powder after
recrystallization from chloroform–ethanol 1.16 g (73%)
of product 10l were obtained as yellow crystals, mp
234–236 �C. dH (CDCl3): 8.72 (1H, d, J¼8.0 Hz, H1),
7.89–7.75 (3H, m, H2 or 3, 4, 11), 7.70 (2H, d, J¼7.4 Hz,
CH–C(Cl)–CH), 7.65–7.52 (3H, m, H3, CH–C(Ar)–CH),
7.06 (1H, s, H8), 6.90 (1H, d, J¼8.6 Hz, H10), 3.39 (4H,
m, CH2NCH2), 2.04 (4H, m, CH2CH2). dC (CDCl3):
150.71, 145.24, 138.90, 135.46, 133.90, 133.74, 132.72,
132.19, 131.12, 129.02, 128.73, 127.59, 126.34, 123.41,
123.16, 119.98, 112.58, 90.89, 48.16, 25.34. Found, %:
C 72.15, H 4.62, N 14.22. C24H19ClN4 (398.90). Requires,
%: C 72.27, H 4.80, N 14.05.

4.5.25. 5-(4-Chlorophenyl)-9-piperidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10m. Method B. From nitro-
phthalazinone 8m (1.84 g) and 1.8 g of iron powder after
recrystallization from chloroform–ethanol 1.06 g (64%) of
product 10m were obtained as yellow crystals, mp 160–
162 �C. dH (CDCl3): 8.73 (1H, d, J¼7.8 Hz, H1), 7.90–7.75
(3H, m, H2 or 3, 4, 11), 7.72–7.60 (3H, m, H3 or 2, CH–C(Cl)–
CH), 7.51 (2H, d, J¼7.7 Hz, CH–C(Ar)–CH), 7.41 (1H, d,
J¼1.8 Hz, H8), 7.31 (1H, dd, J¼8.8 Hz, H10), 3.23 (4H, m,
CH2NCH2), 1.75 (4H, m, CH2CH2CH2), 1.59 (2H, m,
CH2CH2CH2). dC (CDCl3): 151.04, 149.52, 139.90, 136.19,
135.53, 133.62, 132.31, 132.06, 131.11, 129.40, 128.72,
127.61, 126.14, 123.62, 123.36, 119.80, 118.05, 96.89,
51.81, 25.84, 24.08. Found, %: C 72.65, H 5.01, N 13.75.
C25H21ClN4 (412.93). Requires, %: C 72.72, H 5.13, N 13.57.

4.5.26. 5-(4-Chlorophenyl)-9-piperazinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10n. Method B. From nitro-
phthalazinone 8n (1.84 g) and 1.8 g of iron powder after
recrystallization from ethanol 1.04 g (63%) of product
10n were obtained as yellow crystals, mp 216–218 �C.
dH (CDCl3): 8.72 (1H, d, J¼7.9, H1), 7.91–7.76 (3H, m,
H2 or 3, 4, 11), 7.72–7.61 (3H, m, H3 or 2, CH–C(Cl)–CH),
7.56 (2H, d, J¼8.5 Hz, CH–C(Ar)–CH), 7.48 (1H, d,
J¼2.0 Hz, H8), 7.25 (1H, dd, J¼8.6 and 2.0 Hz, H10),
3.22 (4H, m, CH2NCH2), 3.07 (4H, m, CH2NHCH2), 1.71
(1H, s, NH). dC (CDCl3): 151.14, 148.96, 140.10, 136.46,
135.60, 133.55, 132.37, 132.04, 131.09, 129.53, 128.76,
127.69, 126.09, 123.67, 123.38, 119.95, 117.31, 96.74,
51.59, 46.07. Found, %: C 69.40, H 4.87, N 17.08.
C24H20ClN5 (413.91). Requires, %: C 69.64, H 4.87,
N 16.92.

4.5.27. 5-(4-Ethylphenyl)-9-piperidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10o. Method B. From nitro-
phthalazinone 8o (1.82 g) and 1.8 g of iron powder after
recrystallization from ethanol 1.07 g (66%) of product 10o
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were obtained as yellow crystals, mp 185–187 �C. dH

(DMSO): 8.65 (1H, d, J¼7.7 Hz, H1), 7.91 (1H, m, H2 or 3),
7.82 (1H, d, J¼7.2 Hz, H4), 7.69 (1H, d, J¼9.0 Hz, H11),
7.68 (1H, m, H3 or 2), 7.62 (2H, d, J¼7.5 Hz, CH–C(Ar)–
CH), 7.45–7.36 (3H, m, H8, CH–C(Alk)–CH), 7.18 (1H,
dd, J¼9.0 and 1.8 Hz, H10), 3.21 (4H, m, CH2NCH2), 2.77
(2H, q, J¼7.5 Hz, CH2), 1.74 (4H, m, CH2CH2CH2), 1.60
(2H, m, CH2CH2CH2), 1.34 (3H, t, CH3). dC (DMSO):
151.80, 144.92, 139.42, 136.05, 132.13, 131.52, 129.52,
127.79, 127.60, 125.67, 123.29, 119.43, 117.42, 97.04,
51.64, 28.19, 25.23, 23.60, 15.36. Found, %: C 79.55,
H 6.01, N 13.92. C27H26N4 (406.54). Requires, C 79.77,
H 6.45, N 13.78.

4.5.28. 5-(3,4-Dimethylphenyl)-9-piperidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10p. Method B. From nitro-
phthalazinone 8p (1.82 g) and 1.8 g of iron powder after
recrystallization from ethanol 1.07 g (66%) of product 10p
were obtained as yellow crystals, mp 162–164 �C. dH

(DMSO): 8.60 (1H, d, J¼7.8 Hz, H1), 7.90 (1H, m, H2 or 3),
7.83 (1H, d, J¼8.1 Hz, H4), 7.69 (1H, d, J¼8.8 Hz, H11),
7.68 (1H, m, H3 or 2), 7.49–7.28 (4H, m, H8, (CH3)2–
C6H3), 7.18 (1H, dd, J¼8.8 and 2.0 Hz, H10), 3.20 (4H, m,
CH2NCH2), 2.39 (6H, s, 2CH3), 1.71 (4H, m, CH2CH2CH2),
1.59 (2H, m, CH2CH2CH2). dC (DMSO): 152.91, 149.65,
140.25, 138.47, 137.30, 136.56, 133.40, 133.21, 132.60,
131.42, 130.68, 130.26, 128.94, 127.97, 126.37, 124.13,
123.86, 120.56, 118.14, 96.93, 51.84, 26.28, 24.64, 20.14,
20.02. Found, %: C 79.62, H 5.91, N 13.95. C27H26N4

(406.54). Requires, C 79.77, H 6.45, N 13.78.

4.5.29. 5-(2,5-Dimethylphenyl)-9-piperidinobenzo[4,5]-
imidazo[2,1-a]phthalazine 10q. Method B. From nitro-
phthalazinone 8q (1.82 g) and 1.8 g of iron powder after
recrystallization from ethanol 0.82 g (57%) of product
10q were obtained as yellow crystals, mp 220–222 �C.
dH (DMSO): 8.63 (1H, d, J¼7.8 Hz, H1), 7.92 (1H, m,
H3 or 2), 7.71 (1H, d, J¼9.2 Hz, H11), 7.68 (1H, m, H2 or 3),
7.43 (1H, d, J¼8.2 Hz, H4), 7.39 (1H, d, J¼2.0 Hz, H8),
7.31–7.20 (3H, m, (CH3)2–C6H3), 7.19 (1H, dd, J¼9.2 and
2.0 Hz, H10), 3.21 (4H, m, CH2NCH2), 2.40 (3H, s,
20-CH3), 2.11 (3H, s, 50-CH3), 1.72 (4H, m, CH2CH2CH2),
1.58 (2H, m, CH2CH2CH2). dC (DMSO): 153.24, 149.87,
140.34, 136.47, 135.85, 135.02, 134.24, 133.87, 133.72,
132.70, 131.12, 131.03, 130.84, 128.71, 126.27, 124.63,
123.96, 120.66, 118.18, 96.79, 51.76, 26.27, 24.72, 21.24,
19.65. Found, %: C 79.41, H 6.09, N 13.99. C27H26N4

(406.54). Requires, C 79.77, H 6.45, N 13.78.
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